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Preface

acadcm.lc, stop reading this book and put it down right now. Go back to
have a nice cup of tea, and review one of those papers you set aside six
f you do this, you'll feel better. If you keep reading, you will just get
‘book is not for you, anyway.
 time ago, when I was a tender, young undergraduate at the
f Pennsylvania (OK, although I never was tender and have a hard time
it I was ever young; there is documentary evidence that I was an
vever, so | believe this story), I took a course in engineering math
iromagnetics professor. At one point, he turned to the blackboard to
ition, then half turned back to the class and said, “We must study this
s important! After all, we don’t want to become hardware engineers!”
k is my separate peace as a full member of the crowd for whom that
howed so much disdain. Most of us are practical, hardware engineers,
now a lot more than the academics think we do. Furthermore, that
hard to obtain, probably harder than theoretical knowledge. After all,
ollege classrooms full of students learning electromagnetic theory, but
those students learn how to avoid ground problems. Too trivial, I

0 much of an exaggeration to say that most technical books are written
who don’t need them. They are written by academics for people like
Who is looking after the rest of us? Certainly, precious few books
> practical aspects of engineering and technology, yet both new and
d engineers continually ask for them. 1 have always admired those few
aei, Young, and Jones® book on filters, Wadell's Transmission Line
ook, and Press. Flannery, Teukolsy. and Vetterling's Numerical
dare anyone to accuse these authors of triviality or superficiality. While
dump a huge amount of theory on the reader, and leave him alone to
what to do with it, these texts emphasize the use of the material, while
® reader just enough theory so he knows what he’s doing. With this book,

xwvil
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I'm staking out a claim in the same territory.

This book is designed primarily for engineers in their first few years of practjce
as they struggle to develop some new skills while under pressure to build hardw ,'
and get it out the door. Perhaps this will bootstrap the process of gaining Bxpenem
and will ease their struggle with their first few designs. More experienced engineers.
may know much of the material presented here. Still, there are things in this book
that took me years to learn, so I hope that almost everyone will find somcthmgg
useful. i

The first two chapters cover basic theory of solid-state devices and circyjy
structures. They are not intended to be exhaustive; if they were, each would be g
book in itself. Instead, they are designed to present the most important aspects of the
material necessary for designing microwave circuits. The remaining chapters a
organized similarly. The first section covers basic theory, and the following sectiong
describe the design of a single type of circuit. These are organized into five.
subsections: “Characteristics,” the properties of the circuit; “Description,” the circuit
itself; “Design.” the design procedure, as specific and “cookbook-like” as possiblé
“Variations,” other useful modifications of the circuit: and “Cautions,” pitfalls in the
design process or in the circuit’s implementation.

Each chapter begins with the description of a single-device version of the circuit.
Even if a single-device circuit is not what you want, it's a good idea to read this
section before the others. Single-device circuits are prototypes for balanced circuits,
and the descriptions of multiple-device circuits later in the chapter make frequent.
references to the single-device circuit. '

This cookbook approach has the obvious advantage of simplifying the design
process. By being specific instead of general, however, it has a potentially serious
disadvantage: it fails to address the variety of design approaches that a broad
understanding of the technology allows. Indeed, developing and using this kind of
broad technical knowledge is really what engineering is all about, and we purposely
sidestep it here. Is that a good idea? I'll be so bold as to defend it. We all have t0.
start somewhere, and by explaining the process of designing certain specific circuits,
perhaps this approach may show the beginner the underlying logic. He then can
apply that logic to a much broader range of designs. In the long run, this may help:
him develop the broad-range design skills faster and more completely than a focus.
solely on theory.

_ Chapter 1
dicrowave Circuits and Circuit Elements

that distinguishes microwave and radio-frequency (RF) circuits from
oy circuits is the need to include distributed effects. In low-frequency
ors are inductors, capacitors are capacitors, resistors are resistors, and
how long, are simply nodes. Not so in the RF and microwave world.
uency circuits, capacitors and inductors often are realized by
n-line segments. Transmission lines often must be used for circuit
ions as well. Even when lumped circuit elements are employed,
: Ixne segments may be needed to model them accurately. Clearly, before
h of anything useful, we need to deal with the subject of transmission

[ISSION LINES DESCRIBED IN THIS CHAPTER

s concerned primarily with planar transmission lines (flat conductors
tric substrate), since these are the most practical for use in the
‘considered in later chapters. Table 1.1 shows the types of transmission
d in this chapter. We begin with a review of transmission-line theory in
A description of the properties of planar transmission lines and
ins in Section 1.3.

mcentrate on these few structures because they are fundamental. Many
are possible. For example, microstrip can be placed in an enclosure
a box™) or can have a cover. Coplanar waveguide (CPW) can have an
und plane under the substrate or a ground plane on only one side of the
These variants have many of the same basic characteristics as the
tructure from which they are derived.

er information on such structures, see Wadell [1].

Steve Maas,
Nonlinear Technologies, [né
Long Beach, Californid
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SMISSION LINE THEORY

vn devices, an electromagnetic wave propagates in a straight line. Often

Transmission Structure Properties . Getting a wave to go where we want it to go, as long as it’s some
e than a straight line, is the job of a transmission line.
i i - _a number of ways to approach the subject of transmission lines. One is
Microstrip The most common type of ‘anum iy : i S A
transmission line, Suil::ble_fﬂf ! well’s equations consistent wnl} boundary conditions impe.sed .by the
both hybrids and monolithic | If. This is necessary for certain types of structures (cylindrical or
circuits. Moderately dispersive I waveguides, for example), but it isn’t very general. A more gcne_ral
SEBIgh ficquengies. See | .ws the transmission-line’s conductors as uniform structures having
Section 1.3.3, 4 ance, shunt capacitance, and perhaps resistance to account for the
. line’s loss. This approach is applicable to a wide variety of
Copianar Somewhat lossier and more :' lines. Determining the inductance and capacitance of a particular type
waveguide dispersive than microstrip, but " 26 elecies o,
(CPW) minimizes the parasitic indue- | ourse, a problem i SRaER
tance of ground connections,
Good transition to coaxial Ideal LC Transmission Line
lines. Spurious slotline and x
microstrip modes are infinite cascade of LC sections shown in Figure 1.1. This is a low-pass
possible. See Section 1.3.4, ing the cutoff frequency '
Stripline Does not allow convenient
mounting of discrete circuit . = 2 (1.1)
elements; best for passive 2 J{T‘
components. Difficult to cas-
S-S mgc“’s“iph"r °ﬂi':'w. C are the inductance and capacitance per section. The phase shift of a
planar transmission lines. ; p 5
Joss, TEM, gb0d trasisitiod 0 onal propagating on the cascade is
coax. See Section 1.3.5.
. (@)
Suspended- Similar to stripline, but easier | ¢ = 2351“(5«-‘[-(:) (1.2)
substrate to fabricate in many types of |
stripline (SSSL) circuits. Low loss, low effec- |

tive dieleétric constant, good " [ nating impedance giving this result is

transition to coax. Waveguide- |

like modes can be a problem. - 7
See Section 1.3.6. | Z! e J(:: (1.3)
| _e
| Y'Y YYN rYYy@ry :
L + L L
—L ¥ ——
C - Cc Cc

A transmission line is modeled as a cascade of series inductance and shunt capacitance.
Sections.
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Now imagine that the values of L and C are reduced, keeping the ratio L/C consy nple
and the number of sections is increased so that the capacitance and inductance i |
meter are kept constant as L, C — 0. Clearly, the terminating impedance remaing
same, but @ —»ee. This means that a signal can propagate unattenuated from seey

to section, at any frequency. As L, C — 0, the phase shift per section becomes

¢ = oJLC (14)

which obviously approaches zero. However, since the total capacitance ang
inductance per unit of length are constant, we can say

most practical transmission lines consists of a metallic tube, called the
wctor, and a concentric center conductor. The center conductor is usually
v a solid dielectric. The electric field is radial and the magnetic field is
: . Figure 1.2 shows the geometry of such a line.
all transmission lines, we can view its operation in two ways. One is (0
\e currents in the conductors and the voltage between them. This gives us
is comfortably consistent with the discussion so far and is easily
ith Figure 1.1. On the other hand, we can view the transmission line as
se of wave-guiding structure and focus on the wave nestled comfortably between
0, = »,/L,C, (15) 3 concentric conductors. Either view works, as long as it is properly
T . Both views tell us something complementary about the way the
on line works, so it is especially helpful to be able to switch easily
em. We do a lot of this in the following discussion.
st consider the capacitance between the inner and outer conductors. The
tor has a uniform charge per unit length, Q). which is balanced by an
of opposite sign on the inside of the outer conductor. From Gauss’s
states that the electric flux must equal the enclosed charge, the electric
the region between the conductors must be

where the subscript / indicates the quantity per meter. The phase shift per meter i
simply the radian frequency divided by the phase velocity, so "

1
Vo= —
i JLC)
0
L g o i b o
indicating that a signal can propagate happily along this line unattenuated and at 4 " 2xe (L&)

velocity that is independent of its frequency. Finally, the appropriate terminating
ttopedance, which we now shall call the charactsristic impedance of the line’, il the electric permittivity of the dielectric material in the region between
tors. € is sometimes written keg, where € is the permittivity of free space,
= F/m, and k is the dielectric constant. The voltage V between the inner

r conductors is

Zy= [— (1.7)

Although this result is based on sinusoidal signals, it has an imporh_iﬂt; i $ 0, 9 b
implication for general, nonsinusoidal signals. From Fourier analysis we know ﬂWt ¥e J-Erd’ il - ﬁ]“(gj (1.3)
any such signal can be viewed as the sum of a number (sometimes an infinité a a ‘

number) of sinusoids. If all the frequency components of such a signal ar€
unattenuated and propagate at the same velocity, the signal itself also must b
undistorted as it propagates along the line. Thus, the above results are valid for any
signal, and the line is distortionless. ' !

We now need to face the problem of determining L; and C; for a practic_af;
transmission line. In many cases this is a difficult problem, and a delightful source 0%
productive labor for academic electromagneticists. In others, however, it is relativel)
simple. The task is best illustrated by an example.

A coaxial transmission line consists of two concentric conductors. A wave is guided
along the region between the conductors. The electric field, E. is entirely radial and the
Magnetic field, H, has only circumferential components.

L. Relax. We define this term more precisely on page 10.
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Finally, the capacitance per unit of length is

Moisse Lt (1.16)
% 2me €0
5 Vv b (1 h . 7 5 . .
ID[E) the permeability of free space, 4m - 10 H/m. With these two relations,

be manipulated into the convenient form

Zoz%l g(2) = ‘}: og(2) (117)

the base 10 logarithm. If k= 1.0, a 50Q transmission line requires
This is a nice number to remember.
be ple::_::;am2 if all transmission-line analyses were so simple,
y, for most types of transmission lines it is not possible to find simple,
form expressions like (1.17). Furthermore, this approach obscures a
et about all transmission lines: we have quietly assumed that the wave
between the inner and outer conductors is a transverse electromagnetic
in effect a plane wave whose electric and magnetic fields are
r to the axis of the coaxial line. Although this is valid for most practical

Now for the inductance. Here we use a sneaky trick to avoid a lot of work, E
(1.6) we find that

B s (L

vp = 7]} (1

where ¢ is the velocity of light and k is the dielectric constant of the material in
space between the conductors. Substituting (1.12) into (1.11) gives us th
inductance. y “O@N :
This trick is very useful. Even in complex structures, we can find the inducta ' s approaches one half wavelength, other field structures (called modes) can
by setting all dielectric constants equal to 1.0, calculating the capacitance, : nd the characteristic impedances and phase velocities of the various
applying (1.11) with v, =c. This way, finding L; and C; requires analyzing th different. The effect of mode generation is sometimes minor but often
structure twice, once with € =¢; and once with €= kgy. Since only a constant i 1 mponents that depend on a purely TEM mode for proper operation
different, these two analyses are essentially the same, and the approach is much example) may operate poorly when unwanted modes are present.
easier than creating separate analyses for the inductance and the capacitance. ' ximate expression for the cutoff frequency of the first non-TEM mode
Finally, substituting (1.11) into (1.7) gives i

1 o '
Zy= L (1.13) 8 __ 191 (1.18)
v,C ' fe Jk(a+b)

= b are in millimeters and f, is in GHz. This expression implies that, as
b types of transmission lines, modes are a problem only when we try to
ln(—) : atively large transmission lines at very high frequencies.
Zf? = —a-- (1.1
che{,ﬁ 2: Dispersion
We now obtain some help from two well-known relations, ' 1enomenon to worry about is dispersion. To illustrate this, suppose that the

Figure 1.2 is loaded with two different dielectrics, as shown in Figure
s L (1.15) Slly.‘Wc assume that the dielectric has the value €, = k€ from radius a

Ho€p

aiid is; for electromagnetics Ph.D. students in need of a dissertation topic, it would be a
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ties in the two dielectrics, a clear impossibility. To satisfy Maxwell’s
ch a structure, the field must have longitudinal components. Those
depend on frequency, so the frequency-independent velocity implied by
ssible.
is based on electrostatic calculations, (1.22) is strictly correct only as
aches zero; for this reason the derivation is sometimes called a
alysis. In essence, we have assumed that the line’s characteristics are
gh frequencies as at de. At high frequencies the phase velocity deviates
e given by (1.22). One effect of this frequency-dependent phase
o distort 2 complex waveform as it propagates down the transmission
waveform is a pulse, for example, dispersion “smears” it out in time,
rise and fall times. This phenomenon is appropriately called dispersion.
pends on the frequency, the diameters of the inner and outer
the ratio of the dielectric constants. If the dielectric discontinuity is
the diameters @ and b are small relative to a wavelength, dispersion often
d and (1.22) is accurate. The problem faced by a designer is to know
assumption is valid and when it isn’t. This is less of a problem with
which rarely use nonhomogeneous dielectrics, than in microstrip or
transmission lines, which are nonhomogeneous by their very nature. In
of lines, determining the need for dispersion corrections and making
orrections when they are warranted are important parts of the design

Quter Conductor

Inner Conductor

| Figure 1.3 End view of a coaxial transmission line containing two different dielectrics,

to ry and &; = ky€g from radius ry to b. The expression for voltage becomes, instead
[ of (1. 9), ;

! \ . Y= I"‘Eﬁld +-[2'II:82 (

i

|
i ‘ The resulting capacitance is

?.‘11:!-:0

yagating Waves on a Transmission Line

be a little more specific about waves on transmission lines. The current /

Once we determine the phase velocity, the inductance and characteristic imped: V on the line (Figure 1.1) satisfy the equations

follow as before.
I Now, what about the phase velocity? Since the dielectric is not homogeneous,

| simple equation like (i.12) clearly is not valid. However, the inductance e L ar
independent of the dielectric, so = gk
. (1.23)
. ol av
L= ——-21 =_1 (1.21) 3 .7
VFCI Czca L

e longitudinal position on the line. Differentiating both equations with

where Cy is the capacitance of the structure per unit length when k; = k, = 1.0. Froat ; : : :
: and z and equating them give the telegrapher’s equations,

(1.21) we find that

f 2
(& d I
PO . ) . AP A
P €, az? dt
! . ; (1.24)
This result is simple and elegant. Too bad it’s wrong! The problem lies ift F hos ' 91 _ B, - V
assumption that the region between the conductors supports a TEM wave. In 7 922 o

a TEM wave is impossible in such a structure, because it would have to propagﬂw-
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The solution is

V(tz) = fl(r—vi) +f2(r+;z~) + +
i - i \i' =gy
10.2) = g 1-£) g1+ 2) o
Vp vP

oad interface of the transmission line, the forward- and reverse-propagating

where f1, /5, |, and g, are arbitrary, continuous, real functions and v_ = 1/ [ = 1 and currents must satisfy Kirchoff's laws
voltages | 7

At first glance it seems surprising that an arbitrary function shoul(i, satisfy
equations, but in reality it simply means that any waveform can propagate 'Qn
line. The function’s argument shows that the function is displaced in time by éﬁ.j
it propagates down the line, f] in the +z direction and f; in the —z direction. In'
words, any waveform can propagate undistorted in either direction on an
transmission line at a velocity v = 1/ ,/LICJ. What a revelation!

We are especially interested in the case where f] and f; are sinusoidal functios
Expressing these sinusoids as phasors, we have, for the voltage wave, \

Ha ppens at a Discontinuity?

transmission line to send a signal from one place to another, and
ed at the possibility that part of our signal might be reflected by the
to its place of origin. For better or worse, (1.25) shows this to be a
‘What conditions might cause it actually to happen?

ows the interface between a transmission line and a load. If we have
d-propagating wave, there is a clear problem: at the interface
are violated, since /y=1 and Vy=V, but Vy/l;=Zyand V/1=27;. To
s laws at the interface there must be a reverse-propagating wave.

V = Vyexp(-yz) + V,exp(yz)

where Vyand V, are the forward- and reverse-propagating waves, respectively; th
dependence is not explicit; and vy is the propagation constant.

Y=jB

Ve+V
|, I
p=2 T S i Z, (1.30)
vy !
B is the phase shift per unit of distance along the line. The expression for the cu
is analogous. Vs
We are now in a position to describe the characteristic impedance more prec ?; =%
Substituting expressions for the forward-propagating current and voltage wave (1.31)
the first equation of (1.23) gives E‘L =Z
g =
V= -Ljol, (1.28) fooa Hi 4 i
s can be solved, although the algebra is a little sticky. The result is
Substituting (1.27) giv _
B % L B
' F=7=T=z = (1.32)
YJ_‘ . \/E .!.;": ] T Lty
]f Cf o "

flection coefficient. If you are wondering why we chose different
ions for Zzand /,, there is a good reason: if we had made the reference
same, the current and voltage reflection coefficients would be the
other. Most people feel that this arrangement is more convenient.

Hection coefficients are worth remembering. When the load is matched,

w@ch looks a lot like (1.7). In other words, the characteristic impedance, Zp: is
rauo‘af voltage to current in the propagating wave on the line. Of course, the
relation applies to the reverse-propagating waves.
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of information can be used to make very nice inductors, capacitors,
out of short- or open-circuited transmission lines. (We consider this
Section 1.5.)
the input impedance, we can make sure that all the available power of
delivered to the load. We simply conjugate-match the input impedance
.cause the line is lossless, all available power must be delivered to the
ce, conjugate-matching the input creates a situation where the
re-reflected from the input with just the right magnitude and phase
ta deliver all power to the load. We say “eventually” because it may
ive round trips along the line before all the power ends up in the
and signals on ideal, lossless lines, this is not much of a problem.
broadband systems with real, lossy, dispersive lines, the signal loses
omes more distorted with each trip along the line. We therefore try to
*dispersive transmission lines.

Z;, = Zp and the reflection coefficient is zero. A short-circuit load has "= ]

open circuit has I"' = 1.0. i

1.24  Input Impedance

Inevitably we need to know the input impedance of the line,
44 i
B L (1

where V;, and I;, are the voltage and the current at the terminals of the line where
excitation is applied. Once we know the refiection coefficient, the input impe

of the line is easy to determine. As we move / meters away from the load and'tow
the excitation source, the phase of the forward wave is advanced by yl and
reflected wave is delayed by the same quantity. The resulting expression for

input reflection coefficient is ng Waves, VSWR, and Return Loss

k a little more deeply about the forward-propagating wave, the load, and
ve. The phase difference between the voltage of the forward wave
wave, at any point in the line, is the sum of three components:

e shift, Bl, that the forward wave undergoes between the point on the
d the load;

ngle of the reflection coefficient;

e shift, again B/, that the reflected wave undergoes between the load
point on the line.

i =T, exp(=2jyl) (1

where T';, is the input reflection coefficient and Iy is the load reflection coefficient,
On an ideal line the magnitude of the reflection coefficient does not change v

position; only the phase changes. To find the input impedance, we first recogniz
that (1.32), although formulated for the load, is valid for any point in the line. Then,
by inverting we obtain A

14T i
Zin =2y 1= Fm (1.35). hifts do not vary with time, so the phase difference between the voltage
Bt -propagating wave and the reflected wave is constant. At some points
. _ e, the voltages of the forward and reflected waves are in phase, resulting in
The explicit formula is at these points, the voltage is
Z, cos(Pl) + jZ, sin(Pl) 1) e ARA (1.37)

V4

in = “0Z cos(Bl)~jZ, sin(Pl
0 cos(BD~jZ, sin(B) the waves have a 180-degree phase difference, and the voltage
A few interesting facts can be extracted from (1.36):
* A quarter-wavelength, shorted transmission line looks like an open circuit atits Vigia = |Vf | _!Vrl (1.38)
input;
* A quarter-wavelength, open-circuited transmission line looks like a short €It
cuit at its input;
* A shorted line less than one-quarter wavelength long is inductive;
* An open-circuited line less than one-quarter wavelength long is capacitive:
* A line that is an integer number of half-wavelengths long has Z;, = Z;.

f maxima and minima repeats every half wavelength along the line.
not really a wave, in the classical sense, this pattern of high and low
9 i d a standing wave, The line also has standing waves of current. The
coincide with the voltage maxima, and the current maxima coincide
minima.

¢ standing wave ratio (VSWR) is the ratio of the magnitudes of
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maximum and minimum voltage along the line.

=t e

v
[\ T

1+
VSWR = Vma.r - W = 1+|1"1_
Vmin I__lv:ri IFI”
Vil

The current standing wave ratio has the same value. (Prove it to yourself!
brings up the question of the need for a V in VSWR. Tt is clearly unneces_sary‘.
sometimes the simplified expression SWR is used. The persistence of the V. in g
absence of any real need for it, must remain one of the great mysteries of elect
science. Even more perplexing is the fact that most people using the term
don't care at all about the voltages on the line; they use VSWR simply as an alte
way of stating the magnitude of a reflection coefficient.
Return loss is an even sillier concept. Return loss, RL, is

y transmission line has both series resistance, R, and shunt conductance, Gy,
resent skin-effect losses in the conductors and various types of losses in the

y = a+jp (1.41)

ge Equation (1.26) is still valid. Note that, for the forward-

Vilt,2) = Vi (1, 0) exp(-0.z) exp(~jBz) (1.42)

V attenuated exponentially with distance. Equations (1.23) and (1.24)
RL =20 108( 'L_’L rmulated with R, + joL, instead of joL; and G, + joC; instead of joC). We

) = 20 log(|r)
£

that is, the power “lost” in the load between the incident and the reflected waves. T
main reason for the use of this quantity is that engineers like to express everythin
decibels. Most have trouble dealing with a scalar quantity.

¥ = J(R;+ij;)(G!+ij,) (1.43)

ss lines this can be manipulated into the form

. . R
1.2.6  Transmission-Line Loss y = %(Z—; + szo)‘f jo JL,C, (1.44)
Every thirteen-year-old amateur radio operator knows that some of the power i
transmitter pumps into his transmission line does not reach his antenna. re easily extracted.

dissipated in resistive losses in the line. These resistances are generally gre
high frequencies than at dc, because as frequency increases, the current
transmission line is concentrated in a progressively thinner region near the surface
the conductors. This phenomenon is called skin effect. The dielectric that inst
the transmission line’s conductors also may introduce loss. This loss may arise

of the line in nepers per unit of length: the loss in decibels per length
©. The conventional wisdom about transmission line loss is that
e” as frequency increases. Indeed, in virtually all practical lines,
resistance dominates, the loss per length increases approximately as

dielectric’s finite bulk resistance, but more often it results from molcc i the loss per wavelength decreases as the square root of frequency.
resonances that absorb energy and mimic conduction. In most practical transmi> A microwave components use fractional-wavelength transmission lines,

lines, the skin-effect losses are far greater than the dielectric losses. We include b
however, for completeness.

The lossy transmission-line model is shown in Figure 1.5, In any P
transmission line R; << ®L; and G; << ®C;. This results in a line with toler
losses, in practice, and leads to a low-loss approximation. This approximation
life much easier and is entirely valid for any practical transmission line.

With this assumption, it is easy to modify the preceding equations 0 in
losses. First, the propagation constant y becomes

ich components generally decrease as frequency increases.
ical transmission lines, the loss in G; is much less than the loss in
son losses in the shunt conductance frequently are ignored.

ed Lines

variety of useful components can be made by placing two transmission
Proximity, so that energy from one is coupled to the other. Usually two
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are used for microwave hybrids and directional couplers; these are
ctions 1.7.1 and 1.7.2. Coupled-line baluns are essential parts of
s, frequency multipliers, and other balanced circuits. In balun
(Chapter 3), an appreciation of the even-mode and odd-mode

such lines is essential.

TRANSMISSION LINES

on lines are unbalanced transmission lines consisting of one or
s on a thin dielectric substrate with a ground surface. Such lines
of modern RF and microwave hybrid and monolithic circuit
For most circuits, some type of planar transmission medium is the only
ense.

planar is used somewhat loosely. Most planar transmission lines are
anar, in the sense that they are confined to a single, flat surface. We
s category such transmission media as stripline, suspended-substrate

Figure 1.6 Symmetrical coupled microstrip lines.

identical symmetrical lines are used, although in some cases an asymmetrical
multiple coupled lines can be valuable. We'll try to resist the urge to co
possibilities and focus on the symmetrical pair only.
Figure 1.6 shows a set of coupled microstrip transmission lines (see Sec
1.3.3). Analyzing the coupling can be done easily by making use of another sli
trick. We first make the obvious observation that the set of lines is a linear s
As such, it obeys superposition. Because of this property, we can convert the
in Figure 1.7(a) to the two in Figure 1.7(b), analyze the individual circuits, and
the results. The two circuits in Figure 1.7(b) are symmetrical and thus much easier
analyze than the circuit in Figure 1.7(a) alone. They are called the even-mode :
odd-mode circuits. The characteristic impedance of a wave on a single conductor
each circuit is called the even-mode or odd-mode characteristic impedas
respectively. The even-mode and odd-mode phase velocity and loss are defing
similarly.
As with single transmission lines, determining the even-mode and odd-m:
properties of coupled lines is a problem in electromagnetics. The general rema
Section 1.3 regarding planar transmission lines are valid for planar coupled lines

trate Materials

f substrates are used in RF and microwave technology. including
morphous crystalline, ceramic, and composite materials, In a
the substrate is an undoped semiconductor.

material is an important part of the transmission line, as it
characteristics of the circuit in which it is used. Table 1.2 lists

well.
quariz, its single-crystal form, fused silica has a number of very good
= = e ' rties. It is one of the few high-quality materials that have a low
= c o __..‘ = t. Its dielectric constant is 3.78, much lower than other hard
S : not as low as the composite materials. This low dielectric constant,
+ = | low loss and good smoothness, makes fused silica seemingly ideal
vi2 @ @ vi2 ave circuits. Unfortunately, fused silica is also very brittle, making
= @ [ i 1dle and 1o fabricate, and its smoothness makes good metal adhesion
= ) Fused silica has a low thermal expansion coefficient; it is matched
Even Mode Odd Mode Kovar, metal alloys that are expensive and difficult to machine. If

@) (b) $S or aluminum, stress caused by temperature changes can crack the

Figure 1.7 An asymmetrically excited pair of coupled lines (a) is equivalent to two_Sa‘-s'
symmetrically excited coupled lines (b), The results of analyzing the two circuits 255
are simply added.




18 The RF and Microwave Circuit Design Cookbook

Table 1.2 Substrate Materials
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vions on fused silica usually consist of a very thin sputtered adhesion
» layer of plated gold. The adhesion layer is lossy, and its thickness

Material Type f’f Dielectric Loss Other the loss of transmission lines fabricated on this substrate material.
Material Constant Tangent Characteristicg
Fused Silica Amorphous 3.78 < 0.0001 to Expensive, brittle; diff,
212: ;510 y a(;l;ﬁm o ::;;bmn good meta] se of those wonderful materials that does nothing especially well but
: R s at least adequately. As such, it is one of the most frequently used
Alumina Ceramic 9.0-10.0 <D.00ISto | Characteristics depe ave technology.
form of alu- 25 GHz manufacture; k= 9.8 j5 the ceramic form of sapphire (see below). It is a moderately
Tina (AL00) g : e but still the least expensive of the “hard™ substrates. It is very
Sapphire Crystalline 8.6 horizontal, | <0.0015 in Electrically anisotropic, | g good el conductlysty. Akhm_lgh .lts Seaial
alumina 10.55 vertical all directions ' cient is not well matched to brass or aluminum, alumina is so strong
(Al;04) k easily when bonded to a thermally mismatched surface, even at
es. Alumina can be polished to high smoothness, if necessary,
id® ite; 2 & : 3 : 2 i
RT Duroid Comppattes« | 220 010009 g Ligw-cost “S0lt? sbe ion is good. Although hard, alumina can be cut easily with a
S880% PTFE"-fibes- 10 GHz widely used. i . .
glass te saw or a laser; holes can be made with a laser or a carbide tool.
: _ a high dielectric constant, usually 9.5 to 10.0. The precise value
RT Dum;dE g;;ng?ég_ 2.33 ?60?31; at t‘_’:‘l"“i:ej"ﬁ substs the manufacturing process and therefore must be specified by the
5870" slans ) G ) Because of this high value, millimeter-wave circuits on alumina are
: i y small and dispersive. For this reason alumina is not used extensively
RT Duroid® | Composite; 6.15 0.0019 at Not mechanically as good YOVe z.
6006° ;'.’I’,;Emw‘ 16: 6 B ottiey chutenls ' common metallization is gold. A very thin adhesion layer is used
e > old and the substrate. Occasionally a barrier layer is deposited between
Silicon Crystal (Si) 11.9 Very lossy Dielectric loss is a prob- . | adhesion layers to prevent chemical reactions at high processing
lem for RE/MW circuits, 7} . Circuits that require soldering often use a copper metallization with a
Gallium Crystal 12.9 Typically Used for monofithic cir- & | ing _fo prevent corrgsion. Commaon metals for the adhesion layer are
Arsenide (GaAs) 0.001 cuits only. titanium-tungsten. When nichrome is used, the adhesion layer also can
—— o thin-film resistors. A layer of tantalum nitride also can be used for
iy e M s Spially o't ming by ot aterial handles high t > tures bett lhaxtun ich but tantal
Phosphide 0_001; monolithie-circuit p £ : 1g ﬂmpﬂra ures : elier nicaorome, bu um-
depends on material, presumably you have a higher temperature coefficient.
purity know something about ﬁt__ ./

a. Rogers Corp., Chandler, Arizona
b. Polytetrafluoroethylene, or Teflon®

the crystalline form of aluminum oxide (Al,0,). It is relatively
on}y advantage over alumina is its extreme smoothness, which
, loss, and slightly lower dielectric loss. Sapphire is electrically
535 dielectric constant depends on the direction of the electric field in the
-6 in a plane and 10.55 in the direction parallel to that plane. Sapphire
50 that the & = 8.6 plane is parallel to the ground plane. This makes the
 of microstrip lines independent of their orientation, but it causes the
en even- and odd-mode phase velocities in coupled lines to be
1 isotropic material.

1Zation is invariably gold with an adhesion layer.
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Composite Materials ‘microwave circuits where transmission-line structures are not
T . it i ost as nsive as GaAs
Table 1.2 lists three different composite substrates. Duroid® 5880 and 5 Wﬂ?ﬁ:ﬂﬁgg < by e kb o
widely used. Duroid® 6006 is used somewhat less widely, but it is a good exam i
the main advantage of such substrates: they are available in a wide vﬁm
dielectric constants. The three substrates listed in the table are typical; many
types of composite materials are available, from many manufacturers.
Composite materials often are called “soft substrates,” because they are
made from flexible plastics. The most common form is polytetrafluoroeth
(better known by its trade name, Teflon®), loaded with glass fibers or ce
powder. This is both an advantage and disadvantage; the soft material is
handle and inexpensive to fabricate, but the mechanical and thermal propertj
not as good as those of “hard” substrates. The thermal conductivity may be very
Composite substrates are not as consistent in their characteristics as other
materials. Anyone who uses them should demand from the manufacturer f
guarantees about their characteristics. The following are some concerns: -

cteristics of Planar Transmission Lines

a number of characteristics of transmission lines in Section 1.2:
‘impedance, phase velocity, dispersion, and loss. Clearly, we need to
_characteristics for planar transmission lines. In some cases we
atter a little differently from the methods in Section 1.2, more for
dition than technology. We also look into special kinds of problems and
nted by each type of transmission line.

‘determine these characteristics? One of two ways: the hard way or
e hard way is to make an electromagnetic analysis of the line.
western, Calvinist ethic may tempt us to assume that this method must
not necessarily optimum in any sense, sometimes not even the most
example, the first electromagnetic analyses of microstrip were based
transformations, which were not accurate for very wide or very narrow
lyses, based on moment methods, required even more work but were
curate; the best known of these is by Bryant and Weiss [2]. The easy
a set of empirical formulas (usually derived by fitting to the most
erical data). Especially for the most common transmission lines, such
the empirical formulas have been so refined that their error is often
o for practical dimensions.

* Tolerance of the dielectric constant;

* Variation of the dielectric constant and loss tangent with frequency and
temperature;

* Electrical anisotropy;

» Thermal expansion coefficient;

* Moisture absorption;

* Volume and surface resistivity.

Composite materials almost always use copper for their conductors:
Occasionally a light gold plating is applied to prevent corrosion. Strangely, the mel
thickness is specified in ounces per square foot; a “1-0z.” copper metallization i§
mils (35 um) thick. Typical thicknesses vary from 1/8 oz., used where fine def niti
is needed, to 2 oz, for high current densities. To survive flexing, metallizations
composite substrates generally are thicker than metallizations on hard substr
Because of their thickness, they are subject to greater undercutting along the
of conductors when etched.

stic Impedance

don’t need to know anything else about a transmission line, you
‘to know its characteristic impedance. This is very straightforward.
ymplication, in the case of microstrip, CPW, and similar “open”
t housing components—both the top and the sidewalls of the
osure—can affect the characteristic impedance. The simple solution to
M is to keep the top and the sidewalls well away from the line and to

e t the proble ircuits, however, this may not be possible.
MO?IOII.HIIC SHbSU’GIBS p - Iﬂ many LGRS, 1O ¥ y p

Your choice of monolithic substrates probably will be based on cost
performance of semiconductor devices. Nonetheless, microstrip characteristics @
still be factors in the choice of monolithic technologies.

The properties of gallium arsenide (GaAs) and indium phosphide (InP) are ¥
for related heterojunction technologies as well as simple GaAs and [nP mon !
circuits. GaAs and InP have the significant advantage, compared to silicon (51
very low bulk conductivity. Silicon, in contrast, has such high conductivity l'h_at :
almost useless for monolithic circuits requiring microstrip structures. Silicon 15

velocity is not explicitly calculated. Instead, the quantity of interest is
ectric constant. The phase velocity is

(1.45)
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-s are accurately modeled, they can be surprisingly high. High
ed by a combination of standing waves and lossy circuit elements.
a lossy interconnection is located at a high-current point in the line,
increased substantially.

where £, is the effective dielectric constant and, as before, ¢ is the velocity of
free space. In other words, the phase velocity has the value of a line
homogeneous dielectric of k,. k, is always less than the substrate’s g
constant. It can also be expressed as »

C

ke':FG

¢ Phenomena

- phenomena cannot be quantified easily but still can cause trouble.
phenomena are the following:

An open transmission line, like an antenna, can radiate. Radiation is
, a loss mechanism but also causes coupling to other structures in the
imarily the housing and the substrate, that can act as resonators. The
urious resonances (or, to use the technical term, gl itches).
waves: Lines on low-dielectric-constant substrates radiate. On high-
nstant substrates, they excite surface waves, which are guided by
ic discontinuity between the substrate and the air above it. Although
and surface waves are distinctly different phenomena, from the
standpoint there is little practical difference. Both cause the same
problems: loss and spurious resonances.
»s: Discontinuities can generate unwanted modes on the line. The
. acling like a dielectric resonator, can have several modes, each
spurious resonance at its own resonant frequency. Certain types of
ially CPW, are notorious for generating substrate resonances.
like modes can be generated in the housing.

where, as before, C is the capacitance per unit of length and Cj is the capag;
per unit of length when the substrate’s dielectric constant is 1.0.

Phase velocity, like characteristic impedance, is affected by the proximity of the
housing’s top and sidewalls. -

Dispersion

Here's where things get sticky. All the structures in Table 1.1 except stripline,
it has a homogeneous dielectric, are inherently dispersive, and, especially at
frequencies, we must take dispersion seriously. The usual method for dealing
dispersion is to determine the line's characteristic impedance and effective dielec
constant by a quasistatic analysis and to correct for dispersion by means of a Y
empirical equations. Unfortunately, the various sets of empirical disp
equations are not nearly as accurate as those for characteristic impedance
effective dielectric constant, and people are still arguing the question of wh
is best. '

for these problems is to keep both the substrate and the housing as
‘ideally less than one-half wavelength in any dimension. If such
-are impossible, keeping the housing less than one half wavelength
good enough. Mounting lossy material in the housing, to absorb
2y, is another useful, if inelegant, technique.

Loss

Transmission-line loss is another sticky consideration. Again, empirical analyse
loss are reasonably accurate for microstrip and somewhat less accurate for ol
types of lines. The greater problem is to determine the conductivity of the i
conductors, the most important parameter in establishing a line's loss.
conductivity is always lower than the textbook values, which apply to perfect,
conductors measured at dc. Skin effect combined with surface roughness ¢
conductor decreases the apparent surface conductivity at high frequencies, and jority of planar circuits are realized in microstrip. Microstrip is a
graininess of electroplated metallizations decreases its bulk conductivity conipé ' for a wide variety of components and is a natural choice for large,
to the dc value. In some substrates the resistance of the adhesion layer can h# ke ems.
measurable effect on the loss; if the thickness of the layer is not well controll ‘wide variety of sets of empirical equations for microstrip. Bahl and
mgnufac_turg. the loss can be surprisingly high. Remember, the current ent an excellent treatment of microstrip, including design equations
MICrostrip line is mostly on the underside of the conductor. That’s where we P Ic impedance, effective dielectric constant, and loss. March [4]
adhesion layer. . | updates those equations somewhat and includes the effects of a
One good way to determine the conductivity is to measure the transmission ‘er. March’s equations are quite accurate for practical values of
loss and to work backward through the empirical equations to obtaif proximately 25 to 100 ohms), usually well within 1%. Wadell [1]
Zt?nduc'tivily. This value then can be used to estimate the losses of lines having ©Of microstrip equations and treats 2 number of variations, as well:
1mensions.
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micfrostrip with a truncated ground plane, a dielectric overlay, and o
variants. The program WINLIN, a component of the program C/NL2 [5] :
microstrip by both an empirical method and a numerical, quasistatic anal is s
to that of Bryant and Weiss [2]. For single lines (but not necessarily couy?s:?
the difference in accuracy between the best empirical methods andp i
analyses is virtually insignificant. 9
Microstrip, like most planar circuits, is a “quasi-TEM” transmission [j
means that it is usually treated as a TEM line at frequencies low eng
dispersion to be negligible. At higher frequencies, dispersion corrections are
necessary. Again, a number of methods exist. One of the most popular
accurate is that of Kirschning and Jansen [6]. Another good one is by We
Pramanick [10]. Some of these methods are compared in other references {7.
Higher-order modes in microstrip are, of course, possible. A simple app‘
expression for the cutoff frequency of the lowest non-TEM mode is

_ CPW has significant advantages over microstrip for monolithic
st important is that ground connections can be made on the surface
e there is no need for “via” holes, which are used to make ground
microstrip circuits. CPW grounds usually have much less inductance
vias, an important consideration for many types of high-frequency
- important advantage is size. CPW conductors can be very narrow,
characteristic impedances. Low-impedance microstrip lines often are
de. Finally, CPW is much less sensitive to substrate thickness than
‘o the thinning of the monolithic substrate is much less critical. CPW
cuits often are not thinned at all.
advanced quasi-TEM treatment of CPW has been presented by
. This analysis includes explicit expressions for inductance,
nd resistance. From these expressions and the equations in Section 1.2,
(;uanﬁties can be calculated. Wadell [1] gives further information on
uations for related geometries.
iect to moding. The fields in CPW are especially adept at generating
te resonator mode in the dielectric substrate. The effects of this mode
where f. is in gigahertz and & is in millimeters. This expression implies that m ?'" o] making Fhe dim.e el mt, tie ('.‘,iI'Clllt le_ss Lha.n m:le-half
is most troublesome at high frequencies on thick, high-dielectric-constant sub _ s d 4 the.phase vc!oc:ty .0 f 2 yrave: e dlelectr}c) ey
Empirical models for coupled microstrip lines are not as accurate as the 78 P mpossible, occgsml:lal e between the top.and fie
single lines. The best empirical model, which includes dispersion, is hoLLo nd surfaces can be effective in removing spurious resonances.
Kirschning and Jansen [9]. Their model was designed for hybrid circuits; the
of dimensions over which it is accurate may not be applicable to monolithi
particular, the mode] is formulated for zero-thickness conductors, a limitation
may be troublesome in many types of monolithic coupled-line components.
Djordjevic et al. [11] have published a program that performs a qu
moment-method analysis of a wide variety of symmetrical and asymm
coupled lines. It accommodates up to 12 lines, tolerates extreme dimensions,
accounts for conductor thickness. Since monolithic circuits are very
qlspcrsion correction rarely is required. This program is ideal for designing ¢0
line components in monolithic circuits, |

75

f:___—
S Y o=

e of the oldest types of planar transmission media, developed in the
i originally called rriplate.” O the lines listed in Table 1.1, stripline is
TEM transmission line. As such, it is nondispersive, but it is not
oding, especially if the strip conductor is not centered evenly between

components invariably use composite substrates. One technique is to
*h of two substrates, one having a ground plane and a strip
ther having only the ground plane. These two substrates are clamped
to prevent the formation of an air gap, which would create variations
constant of the medium between the ground planes.

conductors are relatively broad, making circuits larger than microstrip
w loss. Because stripline uses a homogeneous dielectric, its effective
stant is equal to the substrate’s dielectric constant. Conformal
N gives an accurate algebraic expression for the characteristic

1.3.4  Coplanar Waveguide

For many purposes CPW is a good alternative to microstrip. In CPW the gl
surfaces are alongside the strip conductor instead of underneath it
configuration causes many characteristics to differ from those of microstrip:
the fields are not as fully contained in the dielectric and into

extend farther int@ | : ; Lo d ; :

: ; ; e : as thy ;

ab'ove thg substrate. This causes dispersion and radiation to be worse in CPW & thigcknes: Slglc?r;l:lld!lﬂil;]lstn&g;;gl blr}: tgm fTﬂ;s‘ngn bzszinlaczd tfk?;
microstrip. Second, the currents are more strongly concentrated in the edges 13, 14] : AR N e b P
conductors. Because the edges are likely to be much rougher than the SU% L
losses are higher.
zistered trademark of Sanders Associates, now Lockheed Sanders Co.
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A factor-of-2 error that existed in one of the early Papers on strip)i
propagated through time and publications to the present-day literature. g-
your calculations, use the conformal-transformation equations for the ch. -
impedance. The characteristic impedance for the zero-thickness case is ‘

jed-Substrate Stripline

blem of stripline is that it cannot be used with hard substrates. Itis
. unless the substrates are perfectly flat, an irregular air gap is left
substrate layers in the sandwich, and this gap has an unpredictable
characteristic impedance and phase velocity. Of course, even if the
,-:-'pafectly fiat, the metallization prevents the dielectric slabs from
ectly, and clamping them together creates stresses that can result
‘many applications the mechanical properties of composite substrates
-high thermal expansion coefficients) make them unacceptable. Yet,
problems, some form of stripline may be best for the component.

e possibility is suspended-substrate stripline (SSSL). It has many
es of stripline but can be realized with either a hard or a soft substrate.
eous dielectric gives SSSL a very low effective dielectric constant,
slightly lower loss than stripline. It is, however, slightly dispersive.
: W16, ] so is subject to waveguide-like modes, so its cross-sectional
ﬂ;&;jﬂgﬁ0‘;0;;13;3;;3)32111;:{19 lt;;egraéiof tbsthﬁrzt _kin}cll, No=377 Q is the _ albz kept cc:lmfortably les§ than one-half wavelength in both width

: e, w 15 the s width, 15 t i ouni 3 g
planes, and k, as before, is the dieleclrlijc constant. Vallfe:p;;mf?(lge;;ﬁ? 2 ' :'3 R ot fo ti et el Arecusiny 5% el
found in books of mathematical tables. A simple approximation for this quanti '

_ Mo K(x)
07 4.k K(x)

where

_ 150 [, _h(k-1) (1.51)

f-’”al bk

0.7<x<1.0

K(x) _ 1 1+ %
K(<) "= "‘[21 . Jf;J

-1
z[lm(zl’“/‘?)] 0<k<07
T\ 1-J

Stripline is a great medium for directional couplers. Stripline couplers can
broadside coupling to achieve high values of coupling or offset broadside coup
to achieve weaker coupling in the same structure. This is virtually impos
microstrip or CPW, which can use only edge coupling. The homogeneous dielé!
of stripline makes its even-mode and odd-mode phase velocities equal, resulti
high directivity. Broadside coupling is also possible in suspended-substrate strip
but the mismatch between even-mode and odd-mode phase velocities, which isT
unless the dielectric constant is small, obviates its use for high-perfo
couplers.

Stripline is not a favored transmission medium these days, probably because
not really suitable for components that include chip diodes, transistors, OF
discrete circuit elements, and it does not integrate well with the media that do-
occasionally used successfully with packaged solid-state devices.) It is a
choice for many types of connectorized passive components, including #5
directional couplers, and hybrids.

The book by Howe [13] is a classic reference on stripline.

b are the width and the height of the channel in millimeters, & is the
kness, and k is the dielectric constant.
to be best for high-impedance lines. Achieving a low characteristic
ally requires a close clearance between the conductor and the
this creates a risk of short circuits. It also is difficult to design low-
s accurately, because the sidewall usually has a notch for supporting
and most analyses of SSSL assume that the sidewall is flat.
s can be a problem in SSSL. Because low-impedance lines must be
ere is a large step discontinuity between cascaded high- and low-
(SSSL is similar to coaxial line in this regard.) Evanescent-field
discontinuities in SSSL is relatively great as well, unless the
hich the substrate is mounted is very narrow. Unfortunately, little
o0 on modeling such discontinuities is available.

] gives a good treatment of SSSL. We have found Yamashita and
ional calculation of SSSL characteristics [15] to be useful for most
of impedance, although the empirical equations in Wadell [1] are
e ~3% accuracy, which is almost as good. Smith [16] presents an
~coupled lines, with the charming inclusion of a Fortran listing in the
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e HEERRE -k-film resistor is essentially an RC transmission line having series
unt capacitance. If its length is much less than a wavelength, it can
shown in Figure 1.8. The capacitance can be found from microstrip-

bstituting (1.12) into (1.13) and using kg instead of k gives

= JQ; (1.52)

Th cZ,

Back in the dark ages, before the ascendancy of microwave monolithic tech
we used either distributed elements or lumped elements in RF and ..”
cr.rcuirs. Lumped elements were simple resistors, inductors, and capacitors.
distributed elements were segments of transmission lines. In gcneralms' i
lumped elements at low frequencies and distributed elements at )?'l‘eql.naru:it‘:{;We
for lumped ones. Everything was in its place, and everything made sense t
Today, life is not so simple. Lumped elements are used even at high -fre
and are modeled as combinations of lumped and distributed circuit elememsq y
relatively low frequencies, distributed models are sometimes used. COI.!W..
distributed elements (transmission-line discontinuities, for example) often
modeled by lumped elements. Everything has been turned on its head, Why?' '
The most important reason is the need for accuracy. Monolithic circuits
be tuned after manufacture, so they must be designed by a form of technolos
dead reckoning: design the circuit, simulate it on the computer, and expect
work. This requires accurate models. Another reason is cost. Customers
cannot afford to pay for an engineer to sit at a bench and “tweak” circuits for day
c:_1d. It is much less expensive to do the modeling once and to apply it to all fi
circuits. A good model is, in effect, a valuable investment with an immedi
high rate of return.

length of the resistor and Zy and kg are those of a microstrip line
ne dimensions as the resistor. The resistance of a film resistor is given
e, Ry,: a square resistor of any size has the same resistance. Thus,

R =R, (1.53)

e the length and width of the resistor, respectively.

1 limitation of this model is that it does not account fully for the
e of the resistor. Nonetheless, it usually is adequate as long as the
fraction of one wavelength. Modeling longer resistors is much more
1’t be tempted to treat a long resistor as a lossy microstrip line;
e microstrip loss equations are a low-loss approximation, and a resistor
low loss. It generally is a bad idea to use long resistors in circuits that
¢ on the resistor’s RF characteristics.

e limited in power dissipation and current density. You are most
ding these limits in monolithic circuits.

1.4.1 Resistors

In planar circuits a resistor is realized as a patch of resistive material deposite
the substrate or as a chip component mounted on the substrate and connected
bonded wires, solder, or conductive adhesives. In thin-film circuits the resis
material usually is made from the adhesion layer, which is exposed by etching g pacitors
the gold top metal. In thick-film circuits the resistor usually is a patch of resisti
deposited on the substrate. In monolithic circuits resistors are fabricated
deposition of metal onto the substrate. Chip resistors consist of a tiny piece ¢
ceramic (usually alumina) with a resistive film deposited on one surface.
terminals usually are copper or nickel with a gold-plated layer. This nickel &
allows the chip to be soldered into the circuit.

Itiplate structures embedded in a ceramic dielectric. Their contacts
ariety of metallizations; gold, nickel-gold, silver, palladium-silver, and
are the most common. Hybrid circuits usually use chip capacitors.
acitors occasionally are realized in both hybrid and monolithic
terdigital capacitors; these consist of a number of short coupled-line
llel. Monolithic circuits usually use metal-insulator-metal (MIM)
entially parallel-plate devices. Because MIM and chip capacitors
it models, we view them separately.

o—AN AN—o
rR2 1 Re

Sa | _

ent circuit of an RF chip capacitor is shown in Figure 1.9. The
Figure 1.8 A film resistor is model ansmission li ich is i s : £ ra
iz modeied a5 @y RC transwintion lins. Which it nes from the length of the chip, and the resistance models both the

lumped elements.
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oo

Le R c

Microstrip Interconnections

Top Metal

Bottom Metal

Figure 1.9 A chip capacitor is modeled as a series RLC circuit. Occasionally a shunt resis
to model dielectric losses, but this presents obvious problems at low frequencj

(@
metal and dielectric losses. The capacitance, C, is simply the low-f
capacitance of the chip; the inductance, L, is found by measuring the cap
series resonant frequency. Since the capacitor’s losses are frequency-depend
equivalent series resistance, R, should be determined from im
measurements over a range of frequencies. Often only the capacitor’s O is sp
at some standard test frequency:

Remember, R, as well as oC, is frequency dependent, so (1.54) generally cam
used to scale the Q in frequency.

The capacitor’s series resonant frequency is an important quantity. The ¢
has its expected capacitance only at frequencies well below resonance. On the
hand, a capacitor used as a dc block is best operated at its series resonant frequ
At high frequencies some chip capacitors exhibit a parallel resonance as well,
by the chip’s inductance and the fringing capacitance between the terminals.
parallel resonant frequency can be difficult to specify, because it is affected b
way the chip is mounted.

Although ideal capacitors do not dissipate power, the equivalent series ¢
of practical capacitors does indeed dissipate power. Capacitors can get quil
when operated at high currents if the losses are not low. Capacitor heating 18
likely to occur in the output stages of RF power amplifiers, where hot chip cap
have even been known to melt solder connections.

s its width. L”and W~ are respective quantities for the top plate.

ieet capacitance, a constant of Lhc process, and A is the area of the
s usually 150 to 300 pE/mm?. The segments connected to the
account for the length of the capacitor; the open stub accounts for
itance between the bottom metal and the ground plane.
included a resistor in the model and thus have not accounted for
tric or metallization. There is some justification for this. MIM
monolithic circuits are very small, and for most purposes their
MIM Capacitors in Monolithic Circuits ar gible. Losses can be included in the microstrip lines if necessary,

- in these conductors may be substantially different from those of
 on the semiconductor substrate.

"

Monolithic MIM capacitors are much smaller, less lossy, and used at @
frequencies than RF chips. This dictates a different model. The model consi
ideal capacitor and a number of microstrip transmission-line segments.

Figure 1.10 shows an MIM capacitor and its equivalent circuit. The ¢
consists of a dielectric layer deposited on a thin metal layer, which may be SO

; . : o inductors are used in RF and microwave circuits that it is virtually
larger than the dielectric, and a top metal layer. The capacitance is simply

te a general model for them. At the lower RF frequencies wire-
are common, although as frequency increases, (say, above 400

C=CA : S :
¥ Srate into a one- or two-turn loop, a “hairpin,” or even a straight
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piece of ‘wirc. (When inductors get this small, it probably is time to start
about usi ng distributed components!) As well as inductance, wire-wound ;
have capacitance between their turns. This capacitance creates a paralle] ren'
and unless the inductor is operated well below this resonant frequency, the
of the inductor may be very different from what was expected. iJnfu
predicting this resonant frequency is not easy, especially in view of the widea
of shapes and sizes used in such inductors. Chip inductors, however
available in discrete values and sizes, can be measured, and their Qs 'aud.
resonant frequencies should be available from their manufacturers,

Planar spiral inductors are used in monolithic circuits and occasionally in g,
circuits. They are a good way to achieve a high inductance (well, high by mig;
standards) in a small space. Figure 1.11 shows a microstrip spiral inductor ap
model. The model consists of three capacitors and a resistor as well as the indy
The resistor models the resistive losses in the spiral. The capacitor, C,, mode]
interwinding capacitance, and C; and C; model the capacitance betwgen the
and ground. Determining the values of these elements is no smalil task. The
practical method is to measure S parameters of test inductors and to fit the ele
values to measured S parameters on the computer by numerical optimization,
values of these elements then can be scaled by the number of terms accord
scaling formula.

tors. like wirewound inductors, exhibit a parallel resonance. This
ishes the upper limit of their practical frequency range: the greater
turns, the lower the resonant frequency.

D CIRCUIT ELEMENTS

the conventional wisdom, distributed circuit elements are used at high
where the parasitics of lumped elements become so great as to make
s impractical. In fact, as long as the parasitics are predictable,
nts can be used at remarkably high frequencies, well into the
e range. The key is predictability, and this is what we obtain from
models. Even so, distributed elements—essentially, transmission-
sually can be characterized more accurately than lumped elements.
elements may be too big for many types of RF circuits, especially
Distributed circuit elements must be an appreciable fraction of a
at 1 GHz, this is at [east a few centimeters. This requirement
ma for the designer, especially for circuits between 1 and 5 GHz. In
range, the sizes of distributed elements may make them impractical,
cs of lumped elements in chip form may be too great.

3 summarizes the characteristics of the most important distributed
in RF and microwave circuits. These elements can approximate
tors, or resonators. We emphasize the word approximate; although
~do indeed exhibit inductive or capacitive reactance, their reactance
with frequency in the same way as a lumped inductor or capacitor.

=

Air Bridge

ission-Line Stubs

i ¢ most important of the elements in Table 1.3. A stub is a length of
sion line that is short- or open-circuited at one end and connected to
- opposite end. Stubs can approximate inductors, capacilors, or
- or low-impedance series lines also approximate series inductors or
respectively, but not as accurately. Stubs are used almost
unt elements. Although they could, in theory, be used to realize
there are a couple of problems in doing so. First, the stub would
lized by a parallel-coupled line. The even mode on such a line would
It capacitance, so the stub would not be a series element. Second, such
are difficult to realize both mechanically and electrically. Usually
work.
ICe of such a stub is easy to determine. We use (1.36) with Z; =0 or
Short- or an open-circuit stub, respectively. This gives, for the short-

(@)

(b)

Figure 1.11 A spiral inductor (a) and its equivalent circuit (b). The resistor accounts far 1039
spiral, €, accounts for capacitance between the windings, and C) and Cz M€
capacitance between the turns and the ground plane.

Z;, = jZytan(fi) (1.56)
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Table 1.3 Distributed Circuit Elements

oY W T T

Structure Chaﬂ;‘::g;;ssﬁcs Equation 5 Exact or |
PProximate l\
Short-circuit | Inductive when X =7 E
= tan xact
stub Bl <m2 otan(BD)
Open-circuit | Capacitive when B = Y.tan(Bl Exact
stub Bl <m2 otan (1)
Quarter- Equivalent to a T ZO Approximate;
wave, open- series LC resonator L=— based on ite:
cireuit stub 4y dX / do atequa:mg._ |
1 resonance
C = T A
wuL i
Quarter- Equivalent to a Y Approximate; .
wave, short- parallel LC resona- C=2 based on equating
circuit stub tor 4wy dB / do at '
1 resonance |
i = g
wC “
Radial stub Used almost exclu- | (No simple equation No exact !
sively to realize a describes this element expression exists
broadband short adequately)
circuit
High-imped- Equivalent to a X = Z,tan( B 1) A fairly crude
ance series series inductance g approximation;
line OK when
Pl << 4
Low-imped- | Equivalent to a B = Y tan(Bl) A fairly crude
ance series shunt capacitance 9 approximation;
line OK when
Bl << w4
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-circuit stub,
Z,, = —jZ, cot(Bl) (1.57)

easily manipulated into the forms shown in the table, which are
to illustrate their duality.

g "i_s an integral multiple of one-quarter wavelength long, it behaves as

quarter-wave short-circuit stub operates as a parallel LC resonator
1it as a series LC resonator. The two are not exact equivalents. The
and C of an “equivalent” LC resonator given in the table are derived
slope parameters of the resonators [14]. The slope parameter of a

i)
x= 04 (1.58)
resonator the slope parameter is
- 6]
=2 (1.59)

resonant frequency. A little experimentation shows that the slope
series LC resonator is simply wpl and a quarter-wave, open-circuit
uating these gives the entries in the table. The equivalences are
oximately a 20% bandwidth.

S a microstrip radial stub., A radial stub is an open-circuit stub
transmission line instead of straight transmission line. It is a very

ach broader than a simple open-circuit stub. It is especially useful on
frequency amplifiers and similar components. Unfortunately, no
cribes this a radial stub adequately. Atwater [17] approximates it
_Short sections, a treatment that provides a good trade-off between
Ceuracy. March [18] and Giannini [19] give other useful models.
are used almost exclusively in microstrip circuits; they could be
well. Although radial stubs are shorter than uniform stubs, they
or bent; therefore they take up a lot of substrate area. For this
are used primarily at high frequencies, where they are relatively

the reactance of the equivalent inductor in the series LC resonator should
stic impedance of the line. This is ¢lose enough,
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Figure 1.12 Microstrip radial stub connected in shunt with a microstrip line.

1.5.3  Series Lines

The expressions for the series lines will not be derived here. We will merely repeat
the point that they are valid when Bl << 7/4, and under these conditions tan(p/) = pI.
We should also guantify what we mean by high and low impedances: we mean tha
they are high or low compared to the impedances locally in the circuit. For example,
a filter designed for S0Q terminations requires Zp >> 50Q or Zy << 50Q

In all candor, series lines do not provide very good approximations of shunt
capacitors or series inductors unless the capacitance or inductance is fairly low. Even
then, the discontinuities introduced by cascading low- and high-impedance sections,
as would exist in a low-pass filter, for example, can be difficult to characterize
accurately.

1.5.4 Discontinuities

Once we start using transmission lines to approximate circuit elements, we collide
headlong with a fundamental truth: the lines must be interconnected, and each
interconnection introduces discontinuities. Typical discontinuities are microstrip teg
junctions, crosses, and steps in width. Especially at high frequencies, the effects of
these discontinuities simply cannot be ignored.

For example, consider the microstrip step junction in Figure 1.13. The dominant
effects are the inductance, caused by current crowding at the junction, and the
capacitance, caused by the fringing electric field. These phenomena are modeled by
the equivalent circuit in Figure 1.13 (b). The values of the inductance and
capacitance depend on the dimensions of the microstrip lines and on frequency:
Determining expressions for these values has been a wonderful source of
employment for electromagneticists; for some examples, see Wadell [1].

Although transmission-line discontinuities can be difficult to model, we don't
need very many of them. We can make a lot of nice circuits with only a microstrip
tee, step, cross, bend, and open circuit. Models for these discontinuities included i
circuit simulators usually are adequate for most purposes, but more extreme cases
such as a very large step in line width, might be outside the range over which the¥
are accurate. Be careful!
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Fringing Capacitance

A | i i
urren

- (a)

L (b)

ire 1.13 The dominant parasitics in a microstrip step junction are the fringing capacitance at the
step and the inductance caused by current crowding at the junction. (a) Illustration of the
source of the parasitics; (b) equivalent circuit of the step junction.

SCATTERING PARAMETERS

‘Wave Variables

ns logical that, in circuits where traveling waves are easy to define and
s and currents difficult, some type of wave representation would be the best
ization for a multiport. Certainly, wave characteristics are easier to measure
circuits than voltages and currents; after all, have you ever seen a 60-GHz
er? Even though RF and microwave measurements must use components that
ensitive to waves (directional couplers, for example), the circuits themselves
e described in terms of either port voltages and currents or waves incident on
ected from those ports.

distinction between wave variables and voltage/current variables is not as
as it might appear. Sometimes we must speak of voltages and currents in places
hey are difficult to define precisely; for example, in a waveguide component.
same time, wave variables can be defined in lumped, nondistributed circuits.
nately, we can develop an equivalence between wave variables and terminal
€s and currents, so either can be used for analysis.

start by considering a simple one-port circuit, with source impedance R and
‘impedance Z. This circuit, shown in Figure 1.14(a) can be converted into the
Figure 1.14 (b), where the input impedance Z has been replaced by a resistor
sistance R and an impedance Z— R. Finally, in Figure 1.14 (c) we replace the
dance Z — R by a controlled voltage source. To do this, we note that



38 The RF and Microwave Circuit Design Cookbook

e e B = R
+ +
(\} VS v z {\) V-s v Z-R
(a) (b)
R -—IP
(c)

(d)

Figure 1.14 !Jerivan'on of_forwm'd+ and reverse-propagating waves al a single port. The two circuits
in (d) are equivalent to the original one-port (a).

v,

£

i o o
- Z+R (1.60)
and
Z-R
(Z-—R)f: ‘,& =Z+—~RV; (1.61)
where V, is the controlled-source voltage and the other quantities are defined in

Figure_l.l4. Equation (1.61) looks a lot like (1.32), the equation for reflection
cpcfﬁ_cnent. '.I‘u make this more explicit, we can use superposition to convert the
circuit of Figure 1.14(c) to the pair of circuits in Figure 1.14(d). The terminal
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(1.62)

I
=
=

ie current, /, is

I=1—1 (1.63)

Now we want to express the excitation and controlled source voltages in terms of
rminal voltage. This can be done by inspection:

V, = V+RI
(1.64)
V, = V-RI
arly, from the circuits we can see that
V., = RI
£ (1.65)
V, = RI,
algebraic manipulation of (1.62) through (1.65) gives
v, =lwerny = 12H
£~ 2 2R
1 V—RI (1:0)
Vr =§(V--R]) !r =~—~'-2—R—

ow have fundamental relationships between the wave variables Vj, V,., I, and I,
e port voltages and currents. By manipulating them further, we can develop
onships between multiport parameters (for example, admittance parameters or
lance parameters) and similar multiport parameters defined in terms of wave
les.

We could stop at this point, but, like good microwave engineers, we wish (1) to
e all quantities, so they don’t depend on the resistance R, and (2) to put the
€ variables into a form that expresses power, not voltage or current. Fortunately,
1s easy to do. We define two new wave variables, a and b, as follows:

£ 2, S e
b= VI =VJR'=LJR

e we have the best of both worlds. We can square a or b and obtain a value that is
ortional to power but also treat each of them as normalized voltages or currents,
ere R is the normalization resistance. For reasons that will become clear in a

(1.67)
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moment, we call these scattering variables. Finally, substituting (1.66) into (1.67)

gives us a relationship between @ and b and the terminal voltage and current;

o= YL

b= %(%_m‘e)

From (1.67) it is easy to show that the relationship between @ and b is just the
reflection coefficient:

(1.68)

. % L o
2 o o ) BOL 1.69
a Vf If ( )
and whenZ=R=V/I,
12 _ V12
ilﬂ] = ﬁ (1.70)

wl'tich is the available power of the source. The analogous quantity |b[* / 2 also has
units of power, of course; it represents the power in the reflected wave. The power
delivered to the load, P, is just the difference between these two quantities:

Pa = S =1b) = B, (1-ITP) 7

This is a very useful relationship.

1.6.2 Traveling Waves

From the similarity between (1.61) through (1.67) and (1.30) through (1.38), we can
interpret @ and b as traveling waves on a transmission line, of characteristic
impedance R, connected to the port. The wave a is the incident wave on the port and
b is the reflected wave. These quantities are complex, so we must define a reference
position for their phases. Usually this position is the plane of the port.

We use the term reflected wave somewhat loosely. More precisely, it is the wave
traveling away from the port; it need not be a reflection in the sense used in Section
1.2.3. For example, if the component contained an independent source, b would be
the outward-propagating wave generated by that source.

1.6.3  Multiport Scattering Variables

T“he concept we have just developed can be extended easily to multiports. In the
single-port case we had

Microwave Circuits and Circuit Elements 41

b =Ta (1.72)

for multiports we have

re the underline signifies a vector, and the tilde indicates a matrix. § is called a
ering matrix, or a set of S parameters:

by Sy1 Siz - S| | @
byl _ | S Sy -o- Say|| @2 (1.74)
by Sni Snz - Snn| (9N

From what we have seen so far, it is easy to identify some of the characteristics
f this matrix:

« §;; is the input reflection coefficient at port i when all the other ports are termi-
nated in their normalizing resistances (which, by the way, need not be identi-
cal).

. ]S‘-'-‘,-I2 is the rransducer gain between an input at port j and an output at port 1,
again when all the other ports are terminated in their normalizing resistances.

The first point is obvious: S;; = b; / a; when incident waves at all other ports, a,,
i, are zero. This means that all other ports are terminated in their normalizing
stances and are not excited. The multiport is, in effect, reduced to a one-port and
2) applies.
“The second point requires a little more explanation. As we claimed earlier, |;E:|,v|2 is
portional to the power in the reflected wave (to be specific, it's twice that power).
the line is terminated in its characteristic impedance, all that power is
red to the load at port i. Similarly, |a_,-{?' is twice the available power at port j.
efore,

T Llﬁ - Fael
|S£.r b |a-|2 TP

] av

(1.75)

Where P, is the power delivered to the load and F,, is the available power of the
rce. The ratio of these quantities is the definition of the rransducer gain.

1.6.4 Conversions Between Scattering Parameters and Other Parameter Sets

B

N a manner analogous to (1.68), we can say, for the matrices and vectors,
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(1.76)

where V and [ are vectors of port voltage and current, and R'/? is a diagonal matrix
whose elements are the square roots of the normalizing resistances at each
R~V/2 is the inverse of R!/2. g
Equation (1.76) is the key to converting between scattering parameters and other
parameter sets, This conversion simply involves (1.76) and matrix ménipulaliﬁns
For example, let’s convert the § matrix to an impedance (Z) matrix: '

V=gl (1.77)

which can be written

R-12y = R-V2ZR-V2R112] (1.78)

We define Z, = R-V2ZR-12 which we call the normalized impedance matrix, and
substitute (1.76): .

a+b=27,(a-b) (1.79)
After a little manipulation we obtain
b=(Z,+1)'(Z,~Da (1.80)
or
S = (Z,+DZ,- 1) (1.81)
This looks a lot like (1.32), doesn’t it?
Now, if you think this is a lot of fun, try to derive a few of these:
$ = RU2(Z+R)-1R? (1.82)
Z = BV2(2(1-§)y - 1)R2 (1.83)
b 4= 13”2(1~§)"(!+'§)8”2 (1‘34)
and, for admittance matrices,
$=(1+Y,)(1-1,) (1.85)
¥ = B2+ 8y (L- 9B (156
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> Y, the normalized admittance matrix, is the inverse of Z, and 1 is the
atity matrix. For a complete table of conversions between two-port matrices, see

=nce [20].

Useful Expressions for Two-Ports

of the components we encounter are two-ports. Even devices that are not
two-ports, such as transistors, often are characterized by two-port S

seters. Therefore, it is valuable to have a set of expressions that tell us the

we most want to know about two-port components,

onsider the S parameters of a two-port:

by _ [Su Sl{l a
by Sa1 Sxf |a2

ose the output is terminated in a resistance other than the normalizing
ce. The termination has a reflection coefficient I';, so

(1.87)

ituting (1.88) into (1.87) gives, with a little algebra,
b 85554
5 L 129214 L (1.89)
a, 1 anl"L

I;, is the input reflection coefficient. Similarly, the output reflection

ficient, I',,,,;. s

S S') F
L, = St o2t 2 9
out 22 l_SllrS (1 0)
e [y is the source reflection coefficient.
An expression for the transducer gain is a little more difficult to derive. It is

[S2]2(1 =T DA = )

= 1.91)
il T B e i ;

G

MICROWAVE COMPONENTS

We need to be aware of a number of passive microwave components: baluns, hybrid
Couplers (usually just called hybrids), directional couplers, and isolators. These
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components are used in a wide variety of system applications and as parts of other
components, both active and passive.

1.7.1  Hybrid Couplers and Baluns

Hybrids

A hybrid coupler is a lossless reciprocal four-port microwave component having g

specific set of properties. There are two types: 90-degree and 180-degree hybri
The properties of an ideal hybrid are as follows: oy

L. All four ports are matched, in the sense that the ports’ input impedances are
equal to their normalizing impedances.

2. When any port is excited, the output power is divided equally between two
other ports. The fourth port is isolated.

3. Ina 180—dcgree l?yhrid, depending on the port chosen for the input, the
outputs are either in-phase or differ in phase by 180 degrees.

4. In a 90-degree hybrid, the two outputs always differ in phase by 90 degrees,
regardless of the choice of the input port.

An ideal 180-degree hybrid has the S matrix

0011
100 1-1
W2l 100

1=10 ©

Sigo = (1.92)

The S matrix of a 90-degree hybrid is

(1.93)

Hybrids have a variety of uses. This book explores their applications in balanced
struc{ures, especially balanced mixers and frequency multipliers.

Ninety-degree hybrids have a surprising and useful property: if the loads
connec’ted to the output ports have equal reflection coefficients, the input reflection
coefficient is always zero. (If you have a free afternoon, you can prove this t0
yourslef. The proof is similar to the derivation of (1.89).) This property is frequently
exploited to create balanced or, more correctly, quadrature-coupled amplifiers,
shown in Figure 1.15. In this circuit, the input power is split by a 90-degree hybrid
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90-Degree Hvbi|_|>—-|_
Input O— Y

Amplifiers

K —QO Output
—l—D_J-QO-Degree Hybrid

ire 1.15 Quadrature-coupled amplifiers. By combining two amplifiers in this way, the circuit has
a very low input reflection coefficient over a broad range of frequencies. Other types of
components can be quadrature-coupled as well.

d applied to the inputs of two identical amplifiers. The output power is combined
a similar manner. This amplifier has the same gain as a single amplifier and the
e noise figure, minus the small losses in the hybrids, of course. However,
use there are now two amplifiers, the combination has twice the power-handling
bility. The input and output VSWRs are very low. In theory, the input and output
perfectly matched, but imperfections in the hybrids and discontinuities in the
uits limit the input return loss to 15 to 20 dB at best.

This circuit is practical because of another interesting property of coupled-line
-degree hybrids: although the bandwidth of the power split is limited to about an
, the phase difference between the outputs is independent of frequency. As a
such amplifiers frequently have bandwidths of one or two octaves, even more
me degradation from the unequal power split at the band edges can be tolerated.
Although it is most frequently applied to amplifiers, this technique can improve
e input VSWR of almost any two-port. The main disadvantage is the obvious one:
components are required, but most performance characteristics are no better
an a single component.

ns

alun is a contraction of the words balanced and unbalanced. A balun is simply a
ansducer between a balanced transmission structure, such as a coaxial line, and an
nced structure, such as a parallel-wire line. Baluns are used most often to
nect an unbalanced transmission line to a component that requires balanced
ion. We use them often in balanced mixers (Chapter 3).

is important to distinguish between a balun and a 180-degree hybrid. A 180-
¢ hybrid can be used as a balun, but a balun is not a hybrid. We examine this
1t, along with other useful balun structures, in Section 3.1.4.
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Types of Hybrids

In this book we examine only a few types of baluns and hybrids.
types can be found in Rcfcrezces [I4]y:nd [21]. e D o
The hybrids we use in the circuits in later chapters are pretty simple: the 18(0.
degree rat-race hybrid and the 90-degree branch-line hybrid. The design of thege
hybrifls is described in Sections 3.2 and 3.3, respectively. Sections 3.4 and 33;
describe two types of very useful baluns, the parallel-strip coupled-line balun and'a
“h‘orseshoe‘" section that enhances its performance. Section 3.6 describes the star
mixer and its all-important Marchand balun. Finally, the Lange coupler, perhaps the
most important type of 90-degree hybrid, is described in Section 1.7.2, below.

1.7.2  Directional Couplers

Suppose we design a set of coupled lines (see Section 1.2.7 and Figure 1.6) so that
(1) they are one-quarter wavelength Jong, and (2) the even-mode and odd-mode
characteristic impedances satisfy the following relations:

1+k
Zy, = R -
1-%
%o = R\TTR 3

where k is a constant between 0 and 1.0, called the coupling coefficient, and R is the
port-normalizing impedance. We find that the structure has the S matrix,

0 0 —j1 -2 k
- 0 —iJ1-r2

§= 0 k JN1-k (1.95)

—j1=K? k 0 0

k —j1-E 0 0

This looks a lot like the S matrix of a 90-degree hybrid, but the power split is
unequal; the power coupling to one port is &> and to the other 1 — &2,

Figure 1.16 shows the coupled lines and describes the conventional nomenclature
for the ports. Most interesting is the fact that the coupled port is on the same side of
the co_upler as the input line. This implies that the coupled wave travels in the
opposite direction as the excitation wave; for this reason, these sometimes are called
backward-wave couplers. There is no simple, intuitive explanation for this
phenomenon,
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& 1.16 Coupled-line directional coupler, with port numbering that corresponds to Equation
(1.95). Port 1 is the input port, port 4 is the coupled port, port 3 is the “through™ port,
and port 2 is isolated.

iksin(0)
Sy = J (1.96)
, U 1—#2 cos(8) + jsin(6)

; ,ﬂae through-port response is

1-k2
= ~ (1.97)
A1 =k2 cos(0) + jsin(0)

0 is the electrical length of the coupler,

S5

1
0 = gnx (1.98)

s the length of the coupled lines and A is the wavelength. These expressions
yased on an assumption that the phase velocities of the even and odd modes are
. If they are not, as is often the case, (1.96) and (1.97) may lose accuracy.
e importantly, the coupler will not work well if the phase velocities are very
ent. This is especially true when the coupling is weak, below 15 — 20 dB.
~ Finally, we define two more coupler parameters: isolation and directivity.
on is simply |S5y|% it is the ratio of output power at the isolated port to
ble input power. Directivity is the ratio of power at the isolated port to power at
e coupled port; thus, it is [S5,[? / |Sai*.

egree Hybrid Couplers Revisited

aparison of (1.95) and (1.93) shows that a 90-degree hybrid is just a directional
upler with 3-dB coupling, or k = 0.707. Unfortunately, in edge-coupled microstrip,
impossible to get enough coupling with a single pair of strips to achieve the
ary even- and odd-mode impedances (Zg, = 120.7Q and Zg, = 20.7Q when
Q). The solution, originally suggested by Julius Lange [22], is to split the two
into four and to connect alternating strips in parallel. This increases the
pling enough to make a 3-dB coupler practical. Finally, to put the outputs on the
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Figure 1.17 A Lange coupler is just a modified two-strip coupled-line directional coupler, similar 1o

the one shown in Figure 1.16. The strips are split, rearranged and connected as shown tg

increase coupling and to put both outputs on the same side of the structure.

same _side of the coupler, one outer strip is cut and moved to the opposite side. The
resulting structure is called a Lange coupler.

For no parti.cularly good reason, Lange couplers are not used very often in mixers
and other nonlinear circuits; branch-line hybrids, discussed in Chapter 3, are more

rlzo]rgnon. Lange couplers are always used in quadrature-coupled amplifiers (Figure

1.7.3  Circulators and Isolators

The symbol for a circulator, shown in Figure 1.18, tells almost the whole story. A
wave incident on port 1 emerges from port 2, a wave incident on port 2 emerges from
port 3, and so on. Circulators usually are three-port components, but by
interconnecting several of them, multiport circulators can be made.

.The most common type of isolator is simply a circulator with a terminated port,
which makes it a two-port. A signal incident on port 1 emerges from port 2, but a
signal incident on port 2 disappears into the termination on what had been port 3,
never to be heard from again. No matter how bad the VSWR of the port 2
termination, the input VSWR at port 1 is always unity.

A circulator is a passive, nonreciprocal component. Passive structures realized
fl:DD] lumped elements or ordinary materials are always reciprocal, so to realize a
circulator we must use a nonreciprocal material. Circulators use a resonator made

S

(a) (b)

Figure 1.18 (a) Three-port ¢irculator; (b) five-port circulator; (¢) isolator:
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/ Stripﬁnes/

1.19 A three-port stripline junction circulator. The ferrite disks are biased by a dc magnetic
field, provided by a permanent magnet.

bility and permittivity. Ferrites have the unusual property of becoming
siprocal when biased by a dc magnetic field.

three-port circulator, the most common type, is shown in Figure 1.19. The
are 120 degrees apart, and the ferrite disks are, in fact, a heavily loaded
cal resonator. When a port is excited, two modes are excited, and because of
biased ferrite’s nonreciprocity, they propagate around the disks in opposite
ons. With careful selection of the ferrite’s properties and dimensions, a null
reated at one of the ports, so no power emerges from that port and, as long as
her port is matched, all power emerges from it. (Note that, if the port is not
ched, its reflection will emerge from the purportedly isolated port. Clearly, a
d port VSWR is essential for good isolation.)
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Chapter 2
Solid-State Devices

lly all RF and microwave electronic circuits use one or more of three general
of devices: Schottky-barrier diodes, junction transistors, or field-effect
rs (FETs). Within these broad categories are many different types of
es: a wide variety of Schottky-barrier diodes, optimized for either low cost or
- performance; bipolar-junction transistors (BJTs); heterojunction bipolar
istors (HBTs):; and various types of FETs, including metal-epitaxial
conductor FETs (MESFETs), high-electron-mobility transistors (HEMTs),
l-oxide semiconductor FETs (MOSFETs), and junction FETs (JFETs),

e devices have distinctly different characteristics, so in most cases the
ate device for a particular circuil is obvious. The choice of a device also
colored by the available technologies and, above all, cost.

[able 2.1 lists the solid-state devices described in this chapter. The suggestions
pplications and frequency ranges are weak; ofien there are good reasons to use a
outside its optimum frequency range or for applications where it might not, at
inspection, seem appropriate. This information is valid for late 1997; it may be

e by the time you read this.

21 SCHOTTKY-BARRIER DIODES

Schottky-barrier diode is the cockroach of microwave technology: it is has been
since the beginning and is impossible to exterminate. Schottky-barrier diodes
d before any other microwave electronic devices and will be around long after
the others are gone. The galena detector used in crystal radios in the 1920s is a
of crude Schottky diode, and the earliest microwave mixers used point-contact
es, a type of Schottky-barrier diode only slightly less crude than a chunk of
and an adjustable wire contact. Even now, with the existence of microwave
stors, Schottky-barrier-diode mixers and frequency multipliers still have
-al advantages over their active counterparts and still are widely used.
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Table 2.1 Solid-State Devices Described in This Chapter

Device Frequency
Range? Uses and Characteristics
Schottky- The RF to the submil- | Mi
; - ixers, mod LOrS; i
barrier diode limeter range, 15 e

for frequency multipliers and switches.

Varactor and
step-recovery
diode (SRD)

Pn-junction varactor:
to =50 GHz;
Schottky varactor: to
several hundred GHz:
SRD: to =18 GHz.

Frequency multipliers; SRDs are used to generate fast
pulses and for high-order frequency multiplication,

Bipolar junc-
tion transistor
(BIT)

Usually X band and
below; millimeter-
wave BITs have been
made.

S‘mal Il-signa[ amplifiers: not low noise. Fast digital
t:rrcm_ls. Good power devices. Low /T noise makes
them ideal for low-noise oscillators.

Heterojunc-
tion bipolar
transistor
(HBT)

Some types may have
gain at 60 GHz; practi-
cal limits are around
30 GHz.

P‘uwcr amplifiers, low-noise oscillators. Fast analog
crr:::uits. MESFETs and HEMTs have much better
noise figures, but HBTs have lower 1/f noise. making
them preferable for oscillators.

Junction field-
effect transis-
tar (JFET)

Up to the VHF/UHF
range.

Low-cost, moderately low-noise applications in
amplifiers, mixers, oscillators, and switches.

Metal-
epitaxial semi-
conductor FET
(MESFET)

Microwave workhorse
up to 26 GHz, Can go
higher, but HEMTs are
usually preferred.

Amplifiers, oscillators, mixers, modulators, frequency
multipliers, control components; in short, everything.
Bipolar devices have lower 1/f noise and are pr;:ferrcd
for oscillators.

High-electron-
mobility tran-
sistor (HEMT)

Highest frequency
device available; over
200 GHz.

Much the same as MESFETS; best suited for small-
signal. low-noise uses, but power devices are possible.

Metal-oxide
semicondue-
tor FET
(MOSEET)

Up to ~6 GHz for
advanced technolo-
gies; 2-3 GHz more

common.

Analog, digital, and RF Si IC applications.
MESFETs and HEMTs have much lower noise fi gures
at microwave frequencies.

a. As of late 1997, These ranges change yearly.
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- §chottky-barrier diodes can be used in frequency multipliers, as well as mixers,
in many types of detectors and wave-shaping circuits, The uses of these diodes

 such applications are covered in later chapters.

Fundamental Properties

chottky barrier is a metal-to-semiconductor junction that can recti fy. A Schottky-
jer diode is simply a Schottky junction used as a diode. These devices are used
t often in mixers and detectors, but they also are used in resistive-diode
quency multipliers, millimeter-wave reactive frequency multipliers, and in other
es of circuits where fast-switching diodes are needed.

Schottky-barrier diodes, or simply Schottky diodes, are about as simple in
cture as microwave electronic devices get. The structural simplicity is deceiving,
er, because a great amount of effort has been applied to the perfection of these
jons. In fact, for many years, the development of Schottky diodes for

‘Why does a metal-to-semiconductor junction rectify? A better question is why
@'t some junctions rectify? Schottky junctions rectify because the metal’s work
ction is greater than the semiconductor’s. This creates an energy barrier between
semiconductor and the metal, which decreases when the junction is forward
sed and increases when the junction is reverse biased. To achieve a contact that
't rectify, called an ohmic contact, we need a metal whose work function is
er than the semiconductor’s. Most practical metals and semiconductors don’t
e this property. As a result, making a good ohmic contact takes a lot more effort
m simply selecting materials.
Why are Schottky diodes used instead of pn-junction diodes? In a Schottky
de, current consists entirely of majority carriers, invariably electrons. For this
reason, a Schottky diode is called a majority-carrier device. In a pn-junction diode,
nduction is dominated by minority carriers. When the pn diode is forward biased,
 substantial amount of minority charge is stored in the junction, and, if the diode is
ddenly reverse biased, the charge must be removed before the diode can turn off.
his process is relatively slow and prevents the use of such diodes as rectifiers at
frequencies. pn-junction devices, however, can be used as voltage-variable
pacitors, called varactors, and may have advantages over Schottky diodes in such
applications. In these devices, charge storage is actually a benefit.
Many different types of Schotiky diodes are used in RF and microwave circuits,
They can be realized in virtually any type of semiconductor, although only silicon
and GaAs are commonly used for discrete devices. The great majority of
Commercially available diodes are silicon, as is the widest variety of types of devices
d packages. Nevertheless, we can generalize a bit about such devices. All Schottky
diodes have the general structure shown in Figure 2.1. The diode is built on a high-
nductivity n-type substrate or at least has a high-conductivity layer underneath it,
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n mzften‘a] is used exclusively for high-frequency devices: ial is disti
mfen or to n in both GaAs and silicon, Abovg the sibsu;f: ?s :rgzi?\?e?ly It;;i?l:t(‘: ':f:tl
msf:rons) n+ buffer layer, whose purpose is to separate the epitaxial layer -
_epzlayer,- from the impurities and imperfections in the substrate. The cpitaxis ]. -
15 grown on top of the buffer. This is quite thin, 1,000 to 2,000 A, and is much ;yer
lightly dopcd. Finally, a metal layer, the anode, is deposited on the epilayer I(‘}}:e
metal, whl_ch establishes the area of the junction, usually is in the form of a cil:cul ;
dot._A variety of metals can be used: the selection of metal, anode shape and an:&r
dop_mg density, and epilayer thickness are about the only degrees of freed %
aval‘iable for adjusting the diode’s characteristics. | b
n ohmic contact, the cathode, is formed on the n+ substrate. It
on the underside of the diode's substrate or, by removing the epi]aye: ﬁdexfchEd
the buffer, on the top. If the ohmic contact is made at the upper surface of the diodeg
ic s'ubstratc need not be high conductivity, although an n+ region under the epila e;
is still needed. (This is how diodes in monolithic circuits are made.) The oh:in'c
contact usually is an alloy—gold-germanium is common—and is gold plated.

‘FI gure 2.1 shows a few other details. The top of the substrate has an oxide layer
'I'_hls [':assw:flres the surface, preventing contamination from foreign substances in Ih(’:
diode’s environment, and defines the anode during processing. Finally, the anode is
gold plated to facilitate making the anode’s electrical connection. ’

2.1.2  Electrical Characteristics

The cont.act between the anode metal and the semiconductor causes electrons from
the semiconductor to move to the surface of the metal. This depletes the

Anode Metal Plated Contact (Gold) ‘ l‘_ h |
M Oxide Ne—— .3
szm

n Epitaxial Layer
n* Buffer 3.0 um
n* Substrate I
75.0 um
———— 1

/

Gold Nickel Gold-Germanium Ohmic Contact {Cathode)

Figure 2.1 Cross section of a Schoitky-barrier diode.
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onductor of electrons in a region underneath the anode, predictably called a
tion layer. The movement of charge creates a negative charge on the surface of
‘anode and a positive charge (from ionized dopant atoms) in the semiconductor.
Jectric field created by this charge dipole opposes further movement of charge,
¢ an equilibrium in the metal-semiconductor system. Applying a voltage to
junction increases or decreases this field, and charge moves between the metal
the semiconductor to teestablish equilibrium, widening or narrowing the
Jetion region in the process. In this way—as charge moves between the two
s” (the anode surface and the semiconductor)—the junction behaves as a
ear capacitor.

When the device is in equilibrium, and no external voltage is applied to the
ction, electrons move as easily from the metal to the semiconductor as from the
iconductor to the metal, resulting in no net current. However, if a positive
is applied to the anode, the barrier is lowered, allowing more electrons to
it from the semiconductor to the metal, and a current results. This current is a
strongly nonlinear function of the voltage.

. From this description it is apparent that the Schottky junction behaves as a
nlinear resistor in parallel with a nonlinear capacitor. A Schottky junction is a
ice—one of the few microwave devices—that can be described adequately for
st all purposes by simple, closed-form equations. The current-voltage (1/V)
steristic of the junction is

(V) =1 9v;
1(V;) = Lexp n—ﬁ]

here [; is the junction current and V; is the junction voltage.

- These parameters require some explanation. I, is often called the reverse
aturation current, since the equation implies that /;(V; — —eo) = I. In fact, this is a
small constant, 10-2% to 10-8 A, depending on the type of diode, and the reverse
tis rarely so low. /; adjusts the forward I/V characteristic: I; affects the “knee”
e characteristic, the voltage at which the junction current has some standard
ue, usually 10 pA or 100 pA. 7 is the ideality factor, a parameter that accounts for
nonideality of the junction. In a good diode, 1 is between 1.05 and 1.25; an ideal

on has m = 1.0. The other terms are familiar physical constants: g is electron
rge (1.6 x 10719 C.), K is Boltzmann's constant (1.37 x 107 J/K) and T is
olute temperature in Kelvins.
The capacitance-voltage (C/ V) characteristic is

2.1

Cio (2.2)
I =

Cyvy) =

|

Vhere Cjp is the junction capacitance at zero voltage and ¢ is the built-in voltage of
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the junction. ¢ is the potential difference between the semiconductor and the me
anode when no external voltage is applied; it is the quantity obtained by integraﬁ[al
the falectric field across the depletion region. ¢ depends on the type of metal ..
gmwonductor used in the junction. For silicon diodes ¢ typically is 0.6V; for Gm
diodes ¢ = 0.75V. This expression is valid as long as the epilayer is thick’enou h .
prevent the depletion region from “punching through™ to the substrate at high I‘efer:)
vclnltages. When the depletion region does punch through, the capacitance variati ;
with voltage suddenly becomes very weak, This phenomenon is used in some typ?
of frfaquency-m ultiplier diodes, to minimize the multiplier’s output-power vari ations
and in Mott diodes, which have very low noise in cooled millimeter-wave mixers,

Equation (2.2) has an obvious difficulty: Ci(Vj) > oeas If:, — ¢. This is more (;f a
paradqx than a real problem. At V;=¢ the depletion region disappears, so the
depletion charge Q, is zero. The capacitance, defined as dQ,/ dV; is indeed infinite
but this definition of capacitance is valid only for infinitesimal Ri? junction volzage'
_Properly designed nonlinear-circuit simulators circumvent this problem by usin'
increments of charge, instead of the capacitance function, to estimate current. :

Figure 2.2 shows the equivalent circuit of the intrinsic diode; that is, the junction
a;ope, not including package or other parasitics. The circuit includes a constant
serges resistance, R, as well as the Cj( P}_) and Ij(lf}) elements. The series resistance,
wiych is an unavoidable component of any diode, comes from the undepleted
epilayer under the junction and may have a small component from the ohmic contact
and substrate resistances as well. Although this resistance is weakly nonlinear, we
normally treat it as a linear element,

2.1.3  Practical Schottky Diodes

Many types of Schottky diodes are available and can be obtained in a wide variety of
packag.es. The b_e§t selection is in silicon; GaAs devices, being considerably more
expensive than silicon, are normally reserved for high-performance applications and

Figure 2.2 Equi'vah.:nl.cirf:uit l?f the junction of a Schottky-barrier diode. This circuit describes only
the intrinsic junction; additional elements may be needed to describe the parasitié
elements of some types of diodes. See (2.1) and (2.2) for the I/ V and C / V expressions.
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ailable in a narrower variety of packages. It makes no sense to put a high-
ormance diode in a low-performance package.

y far, the most widely used diodes are plastic-packaged devices and beam-lead
-es. The most common type of “plastic” package is really a tiny disk of ceramic
. metal leads. The chip is mounted on the ceramic, wire bonds connect it to the

's ribbon leads, and a blob of epoxy covers the whole thing. Such a package
t hermetic and cannot be used for high-reliability applications. Hermetic
mic-metal packages, which are considerably more expensive, can be used for
-reliability components.
beam-lead diode is a chip that has integral gold ribbons, which are formed in
sde-fabrication process. The main disadvantages of beam-lead diodes are their
side ohmic contact, which increases the series resistance, and a troublesome
parasitic capacitance between the anode ribbon and the substrate, which is in
with the junction. This overlay capacitance can be reduced in conventional
-ads only at the expense of making the device very fragile. Beam-lead diodes
well-deserved reputation for fragility. Fortunately, new types of beam-lead
s offer greatly reduced overlay parasitics and greater ruggedness at little
additional expense.

" A type of device deservedly gaining in popularity is the so-called leadless beam-
device. This device has thick, integral mounting pads and can be mounted
down on a substrate. Unlike beam-leads, these devices are rugged enough for
~hine insertion into circuits. They are attached by solder or conductive adhesives.
Uly, diodes are available in a variety of small, epoxy surface-mount packages.
have relatively large parasitics and therefore are not suitable for high
cies.

Diodes are available as single devices, “tees” (two diodes) or “quads” (four
des) in a single package or on a single chip. (The need for such devices will be
ified in Chapters 3 and 4.) Silicon diodes are also available in various barrier
- a low-barrier diode has a knee in its // V characteristic around 0.3V; a high-
ier device around 0.6V. The low-barrier devices generally operate at lower local
illator (LO) power in mixers or at lower input levels in resistive frequency
ipliers, but they are not as good at large-signal handling.

reating an equivalent circuit of a package is not a simple matter. Again, the
technique is to measure the package’s S parameters, or to calculate them by an
omagnetic simulator, and to fit them numerically to the equivalent circuit. In
dme cases elements in the package model can be isolated by measuring the package
h internal nodes short-circuited or open-circuited. Occasionally the diodes’
nufacturer can provide package models. Some manufacturers do a better job of
s than others; this is one place where skepticism is in order.

P

10

-4  Diode Selection

*quations (2.1) and (2.2) show that the circuit designer does not have many degrees
freedom in selecting a diode, and a moment's consideration indicates that many of
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i};lir[a)iarpcéers are linked. The only parameters available for adjusting a diode!
i 'ends cs are I, Cjp, and R; a]l_ others are physical constants, are nurmalﬁ
nimized (M), or are so strongly linked to the materials or device-fabricat: :
pro::;ess Llc-llat they are not really adjustable (). -
s an Cjp are roughly proportional to the anode's area, and is i
proportional. Thus, the quantity R Cjo 1s roughly constant :J?t'h anodf:s a;se; n:::;sely
can define a figure of merit, £, called the diode's cutoff frequency, ' b

By 1
 21R.C,

Je (23)

Cutoff freguencies can be startlingly high: 2,000 GHz is quite common, and 4,00
Gsz ft_:n:: hlgh-performal?ce diodes is not unheard of. Remember, this is j;.lsl'. a ﬁ‘gu;g
]c;j ::?I'n, 4 2,000-GHz diode cannot necessarily be used successfully in a 2,000-GHz

These parameters also are linked through the physical c isti
device. For example, as doping density is incfcased, RP‘, )c;ecmascezzjrg?tigts:;;c;scosf atjl;l;
revers?-.breakdown voltage decreases. GaAs devices have higher e:igctmn mol;ilit
than s_lhccm. so they can be doped more lightly, achieving higher cutoff frequenciei
::d _hl gh;:r brcakdowr_; vo_] tages. I, depends strongly on doping density and the metal-
g aﬁ;??,e?;ht?: combination; these are selected to provide high, medium, or low

The diode manufacturer selects the anode and epilayer para i
certain barrier height and to optimize f,. Diodes haviI:-_:g : nupmbc:'n s;g;rfot;epaﬁ\:sd:r:
then produced, resulting in diodes with low Cjg but relatively high R, or higher C
and lower R.. A diode then is selected by the éﬁcuil desi 0 Ry
| - gner to have the best R -C
trade-off. This trade depends on the type of circuit; we examine it in more deu:jl 1}3
Chaopters Z;‘a:;d 4 when we discuss specific circuits.

ne of the worst ways to select a diode is on the basis i

characteristics, usually noise figure and conversion loss, fijit:::is [iisl’f:mé?;l;:
manufacturer’s catalog. These specifications are meaningless. Manufacturers
measure these quantities in standard test fixtures. Unfortunately. they are really
measuring t.he test fixture, not the diode! Diode mixers and frequenéy multipliers are
circuit .hmzred; the circuit, not the diode, generally limits the performance
Theoretically, any diode is capable of far better performance than any of us will evcn"
see. We never achieve this theoretical capability because the circuit needed to
achieve optimum performance is not realizable in any practical manner.

2.1.5 Diodes for Monolithic Circuits

In Principie. Scho.tlky (Eliodﬂs can be fabricated in any monolithic technology. The
]wtar!ety_ of diodes available in such technologies is dictated Iess by intrinsic
imitations o_f the technology than by the need for process compatibility with FETs
bipolar transistors, or other solid-state devices, !
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Various monolithic technologies have their own compatible diode structures.
ar technologies may use a metal deposition on a collector junction, FETs may
a gate-to-channel junction, and some silicon technologies do not include
ttky diodes at all. Occasionally a foundry develops an independent diode
s, one that is not a child of a FET or HBT technology.

Rfjgure 2.3 shows a mesa diode. Such diodes are used by the few of us lucky
h to have an uncompromised diode technology. The semiconductor portion of
ode consists of an n+ layer capped by an n epilayer. The epilayer is removed on
. sides of the anode, allowing access to the n+ layer for the ohmic cathode
rct. To minimize overlay capacitance, the anode connection is formed by an air
- to minimize series resistance, the anode often is relatively long and narrow.

1’

er, it must not be so narrow that the anode metal itself has appreciable

—

4

nce.
y monolithic technologies use the gate-to-channel junction of a MESFET

ion 2.7) as a Schottky diode. The high gate resistance of such diodes causes the
resistance to be high. Furthermore, the voltage drop along the gate causes the
t density to be greater near the gate-connection pad than at the end farthest
p the pad. The result is a poor ideality factor and a relatively high junction

citance.

Diode Measurements

uring a diode’s // V characteristic is extraordinarily easy, in part because any
nt Schottky diode exhibits an accurate exponential characteristic over several
des of current. To find I, and n we first determine the slope of the I/V curve in
volts per decade of current. From (2.1) we find that the change in voltage, AV,

ng a decade change in current is

Barrier Metal

Ohmic Contact

and Buffer
Semi-Insulating Substrate

igure 2.3 Mesa diode for monolithic circuits. The cathode ohmic contact surrounds the anode on
three sides and minimizes the series resistance. The air bridge minimizes overlay

capacitance.
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nKT
glog(e)

where e is the base of natural logari i
garithms. This comes to 57.8 1 mV/decad
temperature (295K). Knowing AV, we sol W  oaTher
s o et g AV, solve for 1. Once 1 is known, I, can be foung
Finding R, is a little trickier. R, is on the order of 10Q When the junction currepg

exceeds | mA, a few millivolts are dropped acr
deviates from the ideal. R, is ' e, e g v

R.&.z‘l—-
J

1%
. (2.5)

where 6V is the voltage deviati i
ion from the ideal curve at 7, the di i
: 3 ode curre
2.4 summarizes these measurements. % a——-—
Because it is such a s i 1
. mall capacitance, C; ider i
Bl i + ap v Cjg is cpnsxderably more difficult to
i . s use L in the past are outlined in Reference [1]. More
Y. since accurate automatic network analyzers have become available, C i
now measured in the same way as the c i i ionig
s . . y € capacitances of transistor models: the device is
p 4 test nixture, its S parameters or reflection coefficient are measured. and

Current
}:I‘OJ:;)O ; Closest-Fit Line — 3
0 - — I=1mA
&V =0.017V
V =0520 HS=SVJ’|=T7Q
100.0 [~ =10
Ig = 1 exp(-qV / nKT)
=384x 103 A
10.0 |-
AV = 0.062
n=AV /00578 = 1.072
1.0 <—— Data Points
! 1 ] 1

0.40 0.50 0.60 0.70

Diode Voltage (V)

Figure 2.4 Diode 7/ V curve and parameter-extraction methods.

@4
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are fit to the equivalent circuit by numerical optimization. When carefully
rmed, this process can account for packaging and overlay parasitics as well as

VARACTOR AND STEP-RECOVERY DIODES

tors} are diodes used primarily for their nonlinear junction capacitance. Most
-junction devices, but Schottky-barrier diodes are sometimes used as well.
tors are used in frequency multipliers and as tuning elements in filters and
ators. Schottky varactors are used only for millimeter-wave applications, where
capacitances of diffused pn-junction devices are too high.
tep-recovery diodes (SRDs) are pn-junction diodes. Unlike conventional
tors, they use charge storage in forward conduction to produce a nonlinear

ce. This nonlinearity is much stronger than the depletion capacitance and can
used to generate fast pulses or high-order frequency multiplication.

Fundamental Properties

tingly, charge storage—the property that makes a pn-junction diode useless
xers—makes it very useful as a varactor. When a varactor is used as a
uency multiplier, the strength of its nonlinearity determines its efficiency.
unately, the depletion-capacitance nonlinearity is fairly weak, and this makes
ficult to design a really good reactive frequency multiplier. One way to increase
nonlinearity is to drive the diode hard enough to inject charge into its junction.
rdriving the varactor in this manner does not result in forward conduction. For
nduction to occur, the charge carriers have to recombine; because of the long
me of the injected minority carriers, most do not recombine, and very little
uction occurs. While a conventional pn-junction varactor makes only modest
of the charge-storage capacitance, an SRD uses it almost exclusively; this is the
difference between these two devices. Schottky varactors do not store charge at
If driven into forward conduction, the Schottky diode absorbs energy and the
tiplier’s efficiency decreases.

Electrical Characteristics

Schottky C/V characteristic was given in Equation (2.2). That equation applies
ly to a uniformly doped diode in which the epitaxial layer is never fully depleted.
better or worse, however, most diffused pn-junction varactors are not uniformly
d; the doping, especially in the vicinity of the junction, usually is nonuniform.
ill, for purposes of design, the diode is assumed to be uniformly doped and (2.2)
plies. This assumption does not make much difference, in the final analysis, in the

- The term is an elision of the words variable and reacter; a varactor is a voltage-variable reactance.
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design of a frequency multiplier.

Some varactors, called punch-through or dual-mode varactors are designed
be fully depleted of charge at a modest reverse voltage. Because; the capag(:ilt 2
ceases o vary when the junction is fully depleted, these varactors have a sli a::?e
jweaker nonlinearity when strongly driven, and the output power varies less gw'i /
input power. This costs some efficiency, but the flat 2. /P characteristi I{h
valuable in many applications. ik -

Hyp_erabrup: varaclors have a much stronger C/ V nonlinearity. They are usegd
for. runmg filters and oscillators; they are not used in frequency multipliers T:
series resistance of a hyperabrupt varactor is higher than that of a conventljouae]
varactor, and in frequency multipliers this would reduce efficiency more than th
stronger nonlinearity would increase it. T

2.23 Equivalent Circuit

T‘he equivalent circuit of a conventional varactor is the same as that of the Schottk
diode (see Figure 2.2). As with the Schottky, this circuit describes the junctic;;r
alone. It may be necessary to add package or other parasitics to it.

‘ f\llhgugh Figure 2.2 applies to SRDs as well, the SRD equivalent circuit usually
is simplified. Because it operates only in strong forward bias or at a large reverse
bias, _lhe SRD can be treated as a short circuit when forward biased and a small
capacitance when reverse biased. (This moderately brainless model is used in the
description of SRD multipliers in Chapter 4.)

23 BJTS

BJTg are realized only in silicon. Si BJTs are used in a wide a range of applications
in discrete and monolithic forms, from dc to the Jower microwave range Tc:
differentiate them from heterojunction bipolar transistors, BJTs somelimes‘ are
called homojunction bipolar transistors. Electronic technology runs on acronyms,
however, :fm‘d' since both heterojunction and homojunction bipolar transistors share
?;Tsmne initials, we simply call the latter devices bipolar junction transistors, or

s,

_ BJTs are not practical in GaAs or InP because diffusion of p dopants in GaAs is
difficult to control. p material also has low mobility, and the lightly doped bases
necessary for good current gain would have very high base resistance. The
combmgtmn of high base resistance and poorly controlled base width makes a
conventionally fabricated GaAs BIT poorer in performance than a silicon one.

Gaz'&s BJT bases probably could be fabricated by molecular-beam epitaxy. Once
we decu.ie to use such costly techniques, however, it makes sense to go all the ;vay to
a ‘hetemjunctiun device. GaAs and InP HBTs occupy the technological high ground;
SiGe HBTs are used as high-performance, low-cost devices. Si BITs are reserved
largely for more the prosaic applications, below a few GHz, requiring more modest
performance and low cost. HBTs are discussed further in Section 24,
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1 Fundamental Properties

fn many ways a BJT operates like a pn-junction diode with an extra terminal. The
srrent in the pn junction is controlled by the voltage between its terminals (the base
the emitter) but, unlike a pn-junction diode, the resulting current is collected by
d terminal, called (believe it or nof) the collector. The voltage between the base
emitter terminals controls the current in the collector, resulting in a very useful
menon called amplification.

Figure 2.5 shows the structure of a BJT. The emitter, base, and collector regions
long and narrow, to provide adequate emitter area for high peak current, while
mizing the resistance of the base region. Most practical BJTs, especially power
es, consist of many such cells connected in parallel.

Figure 2.5 shows an NPN device. In microwave BJTs the emitter and collector
ably are n material, and the base is a very thin region of p material. The p base
ightly doped, and the n emitter is heavily doped. This structure causes the
tion current to consist almost entirely of electrons injected into the base: it also
imizes hole injection into the emitter, which contributes to base current but not
tor current. The result is high current gain, usually indicated by the Greek

!C
B = 7 (2.6

Because the base is very thin, electrons from the emitter cross the base quickly
nd have little opportunity to recombine with holes in the base. Instead, they are
pt into the collector, which is biased to a relatively large positive voltage, at least
w volts. Thus, the voltage applied to the base-emitter junction controls a current
the collector. Like the pn-junction diode it mimics, the BJT has an exponential
'V characteristic.

There are a few complications in this rosy picture of BJT operation. First, the
current is small, but not zero, caused not only by hole injection into the emitter
also by a small amount of recombination in the base, These phenomena limit the
nt gain. Second, because of the finite transit time of the electrons, charge is
d in the base. This is the charge of the relatively large base-to-emitter
itance, which, in combination with the high resistance of the lightly doped
e, limits the BJT's performance significantly. Third, the BIT can operate in
erse; if the base-collector junction becomes forward biased, it can act, in a
n, like the base-emitter junction. The light collector doping, however, causes
current gain to be very low. Finally, like other devices, BJTs have various
asitic elements, including depletion capacitances at both junctions and series
stances at all three terminals. These have a strong effect on the performance of

device.
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+
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P- Substrate

Figure 2.5 (a) Idealized NPN BJT. Virtually all RF and microwave devices have an NPN structure,
In normal operation Vj,. is negative; that is, the collector-to-emitter voltage is positive.
(b) A planar diffused BIT structure. To minimize collector-to-substrate capacitance,
these devices have oxide (Si02) isolation alongside the collector #+ “sinkers.” and the p-
layer is biased to the largest negative voltage available in the circuit.

2.3.2 Electrical Characteristics

Statie 1/V Characteristic

The forward 1/ V characteristic of the BIT is established by the 7/ V characteristic of
the base-to-emitter pn junction:

Iy = fsf[exp(q;;’:'] - } @

where V), is the base-to-emitter voltage and Iz 1s the forward collector current, We
must, of course, include the possibility of reverse operation:

qVpe
f" 5 I.rr [cxp( K-;: ] A | 1] (2'8}

where V. is the base-to-collector voltage and I, is the reverse collector current, The
principle of reciprocity demands that the current parameters / srand I, be equal. The
total collector current then becomes

Voo =V =V

9V
1. =1y exp[K—Te) |:1 —exp

‘Equation (2.11) describes the collector//Vcharacteristic of the BJT. Thet first of
terms establishes the peak collector current, which occurs when V,, is large.
ond sets the shape of the collector-current curve as a function of V.
Collector I/V curves usually are plotted with the base current, not V., as a
ameter. An example of a set of collector I/ Vcurves is shown in Figure 2.6.

qvbz
I sl —de= Isf {cxP(—K'I‘ ) = c_xp(

The collector-to-emitter voltage V,, is

[_q ce
KT
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Q'Vch
KT .

v}]

e 2.6 Collector I/ V curves of a small-signal BIT.

(2.9)

(2.10)

(2.11)

(2.12)
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Capacitances

In a BIT both junctifms have capacitances. Each junction capacitance has
components: a depletion component and a diffusion component. The depletin°
component is given by the well-known diode-capacitance equation, 3

€
O, o= L e
Jje l V;,e (2.13)
be
' G\
- el
Cre === 2.14)
;e be
¢br

The diffusion capacitance is caused by charge storage in the base. If the base transit

time in normal, forward conduction is T, the cha i is si
I, ; rge stored in the base @, is sim
tl,.. The capacitance is % v

Coet = 7= KT" exu[ KT] (2.15)
The total base-to-emitter capacitance is the sum of these quantities,
Gpe = Go +Gy 2.16)

‘In reverse conduction (which normally does not occur in RF or microwave
ficvu:‘es) there is a diffusion capacitance associated with the base-to-collector
junction. The form is analogous to (2.15), and Cj,, the total base-to-collector
capacitance, is the sum of the depletion and diffusion components.

At nom}al collector currents, the diffusion component is the dominant part of the
base-to-emitter capacitance. Clearly, minimizing the width of the base minimizes 7.
and therefore minimizes Cj, .. Minimizing the base width also increases the base
resistance, however, so high-frequency performance is not necessarily improved.
I{BTs neatly circumvent this problem by using a heterostructure, instead of a pn
Junction, for the base-to-emitter junction. This creates a large barrier to prevent hole

{nJcclion from the base, even when the base is heavily doped and the base resistance
is small. More on this later.

2.3.3 BIJT Figures of Merit

Two important ﬁggrcs of merit can be defined for the BJT. The less important of the
two, for RF and microwave purposes, is the current-gain cutoff frequency, f,. f; is the
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ency at which the extrapolated magnitude of the short-circuit current gain
h is the same as the hybrid parameter Hy;) is 1.0. A good approximation for

O 1 1 (2.17)

2rC,, 2wt

f, =

_17) we have assumed that the diffusion capacitance is dominant. It is important
member that this quantity does not account for the effects of base resistance;
resistance is a significant parasitic in high-frequency BJTs. Nevertheless, the

le way in which this quantity relates three important parameters makes it very

he second figure of merit is f,,,. the available-gain bandwidth product, or, in
terms, the extrapolated frequency at which the available gain of the BIT
hes 1.0. It sometimes is called the maximum frequency of oscillation. Both fiux
are extrapolated from the part of the curve of gain versus frequency that
ts a slope of 6 dB/octave. These frequencies are often so high that they cannot

asured directly.

Other Parasitics

have ohmic contact resistances at all terminals. Because the base region is
y doped, they have significant base resistance as well. BJTs also have a small
citance associated with the collector-to-substrate junction; because this junction
ongly reverse biased, its capacitance usually is small.

Large-Signal Equivalent Circuit

re 2.7 shows the large-signal equivalent circuit of the BJT. This nonlinear
valent circuit accounts for both forward and reverse operation. In high-
ency circuits, especially small-signal ones, reverse operation normally does nat
ir; in power circuits, however, the BJT can be pushed into its saturation region,
e those elements are necessary.

Small-Signal Equivalent Circuit

mall-signal equivalent circuit can be obtained by linearizing the large-signal
it of Figure 2.7 in the vicinity of the bias point. The resulting “tee” circuit

gy is then converted to the so-called hybrid-pi circuit shown in Figure 2.8.
hybrid-pi circuit is generated in two steps. First, the nonlinear elements of the
signal circuit are linearized in the vicinity of the bias point. The large-signal
trolled source becomes a linear transconductance,

(2.18)

ic = vabe
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Collector

Re

lcl'(vh_a) = lnr(vhe)

Emitter

Figure 2.7 Large-signal éql'li?'alem circuit of a BIT. Gy, and Cp,,. have both depletion and diffusion
components. Often a second pair of diodes is included to account for base leakage
current at low base-to-emitter voltages.

where G, is given by (2.12), evaluated at the bias point. The base-to-emitter diode

becomes a resistor, Rje- whose value is found by differen tiating (2.7):

G =

2
= &, (2.19)

and /. is, again, the bias current. The resulting tee circuit can be difficult to analyze.
Fortunately, we can approximate it by a pi circuit (hence the name hybrid pi). To do
so we multiply the emitter-loop resistances by the current gain, B, and move them to
the base loop; the transconductance must be modified as well. Finally, we have

R, = ﬁ(ng +R,)
G, (2.20)
[+G, (R, +R,)

G, =

2.3.7 Gummel-Poon Model

The. previous description of the BJT is, in fact, the Ebers-Moll [2] model of the
device. This model is valid for many ordinary purposes. The Gummel-Poon model
[3] accounts for several important phenomena not included in Ebers-Moll. The
Gumr.'nel-Poon model is sometimes called a charge-control model, because it
describes the collector current as a function of a quantity, g, Lhe, normalized
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Collector

Ry Re

V-!-
Hnﬁic;““

Emitter

Figure 2.8 Small-signal “hybrid-pi" equivalent circuit of a BJT. This is a linearization of the large-
signal model. with the base-to-emitter junction resistance and the emitter parasitic
resistance moved to the base circuit. This approximation simplifies analysis of the
circuit.

ority charge stored in the base. The user, however, need not be aware of this; the
rge-control operation is described by a relatively small number of parameters in
model. If these special parameters are eliminated, the Gummel-Poon model
uces to the Ebers-Moll model.

‘The SPICE? implementation of the Gummel-Poon model includes some further
ancements and has become more of a standard than the model in the original

. That model is described here. The topology of the model is almost identical to

more precise analysis of the BIT gives the following relation for collector current,

istead of (2.9):
- (quc)
Pn. KT

vhere p is the majority-carrier concentration in the base, C is a constant, and we
e included slope parameterstyand 1,.. At normal collector voltages, Vy, is a large
egative value, so the second term in (2.21) is negligible. We then can ignore the
cond term and focus on the first one.
At low collector currents, p = N,, where N, is the acceptor concentration in the

& qvbe]

4=E“%wm”' (2:21)

2. For those of you who have been living alone under the polar ice cap for the last 20 years. SPICE is
a time-domain linear/nonlinear circuit simulator developed at the University of California at
Berkeley. It is the dominant product used in industry for designing integrated circuits.
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Figure 2.9 Gummel-Poon large-signal BJT model. In this model Cje. the depletion component of
Cper has been split into twa parts, and extra diodes have been included to account for
base-to-emitter and base-to-collector leakage at low voltages.

I Collector
I XCye Vv—
Base Ry Re
=
—Vy
Ri Gl = 1 59“_
G Ve '
RB
Emitter

Figure 2.10 .Small-signal equivalent circuit of a BIT, obtained by linearizing the circuit in Figure 29
in for‘ward-acllvr. operation, In this mode Cp, includes both depletion and diffusion
capagitance, but Cy, has only a depletion component.
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a constant. Since the first term is an exponential, a plot of log(/,) versus Vp, is
ight line. As current increases, however, and more holes are injected into the
p begins to exceed N, and the log(l,) versus V), plot starts to flatten out.
ummel and Poon showed that this phenomenon can be modeled by a curve with
asymptotes, one at low currents and one at high currents. Below the current
kf the slope is 58 nymV / decade of current, as predicted by (2.21) withp = N,.
ve this current, the asymptote has half this slope, 116 1y mV /decade. The
over point of the two asymptotes is i a parameter of the model.

~ This characteristic is especially important in large-signal circuits; without it, an
jalysis predicts greater output power than the transistor can, in reality, provide.

Width Modulation

width of the BIT's base-to-collector and base-to-emitter depletion regions are
ted by changes in the collector voltage. This phenomenon, called base-width
lation or the Early effect (after . M. Early [4]; this has nothing to do with
ng), is manifested as an increase in collector current with collector-to-emitter
. a slope in the otherwise flat parts of the curves shown in Figure 2.6. This
ot is described by a single parameter, called the Early voltage, V,: the current is

v,
be
I(: = ICO(]' + -i";‘—)

re [ is the collector current as V. — 0.

(2.22)

-Level Phenomena

se of several effects, BJTs have disproportionately high base current at low
ector currents. This phenomenon is medeled by exira diodes in parallel with the
-emitter and base-collector junctions. The leakage is relatively unimportant in
er circuits but can be significant in small-signal circuits.

Figure 2.11 shows a plot of the base and collector currents, on a log scale, as a
tion of the base-to-emitter voltage, Vj,. Because of this phenomenon, the dc
t gain B, given by (2.6), is low at low collector currents. Because of high-level
tion effects, P} also decreases at high collector currents. Between these extremes
e is a broad, intermediate range over which f is approximately constant.

linear Base Resistance

e base resistance of a BJT is nonlinear; it decreases as current increases, levelling
I at high base current. Although not part of Gummel and Poon’s paper, the
ations for nonlinear base resistance often are implemented in circuil simulators
d are loosely described as part of the Gummel-Poon model. The expression for
resistance is
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” Ry= Rmin+3(Rmm_Rmin)[——m———m(Z)_z]
ztan’(z)

|
— + 1+ 1441, /771,
(24/7) J1,7T,

where .R;,- is the base resistance; R,,;, is the minimum base resistance, which occurg
at maximum base current; and R,,,, is the maximum base resistance, which oceurs at
zero current. [,y is the base current at which the resistance falls halfway to jig
minimum value. This phenomenon is important in BITs, but because of their low

base resistance, it may not be significant in HBTs.
This resistance should be viewed as a small-signal quantity, that is,

By = (2.24)

where V is the voltage drop across the resistor at current 7. Note that it is not correct

to describe the voltage drop across this resistance as

Collector Current
(mA)
10.0
I :
1.0 - ?
0.10
0.01 - Constant
1 ] 1 1
0.50 0.60 0.70 0.80
Base-to-Ermitter Voltage (V)

Figure 2.11 Collector and base currents, as a function of Vi, in a BIT. The dc current gain. f. 15
approximately constant over a broad range,

(2.23)
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V = RyD-1 (2.25)

ou don’t believe this, just differentiate (2.25)!

HBTS

are all BJTs made of silicon? Certainly, since mobility and saturated drift
ity are higher in GaAs than in silicon, it would seem logical to develop a GaAs
Unfortunately, a number of practical problems, most associated with the
tations of p dopants, prevent the fabrication of diffused GaAs BJTs. Even if
As BJTs were made, the problem of high base resistance would persist; all p
nts of GaAs have poor mobility. Faced with these limitations, how do we
loit GaAs technology to make a high-performance bipolar device?
‘Advanced fabrication techniques, such as molecular-beam epitaxy (MBE), can
e used to produce GaAs bipolars. These processes are expensive, however, and the
rovement in performance must justify the cost. Thus, once we decide to use such
cesses, we must get as much of a return, in terms of performance, as possible.
_epitaxial diffused device in Figure 2.5 is not a high-performance structure; it is
ely a compromise between performance and cost. To justify our financial outlay,
must create something new.

.1 Fundamental Properties

re 2.12 shows the cross section of an AlGaAs-GaAs® HBT. This mesa structure
pical of many types of HBTs. The top layer is the emitter. It consists of an n+
aAs layer and several graded AlGaAs layers, which form the base-to-emitter
mction. To minimize base resistance, the emitter is made as narrow as possible. To
case the emitter area, for higher peak current, a number of these cells can be
ected in parallel.

‘The base is a thin layer of p GaAs. Because the high barrier is created by the
erojunction, not by doping, the base can be doped heavily to minimize base
stance. Even with a very thin base, an HBT's base resistance is quite low, often
nly a few ohms in small devices. Furthermore, because of the high base doping,
Ts generally do not suffer from high-level injection effects. Saturation of the
’pe) curve is caused primarily by collector and emitter resistance.

The collector is conventional. The collector region is lightly doped n GaAs, and,
 with the diffused device in Figure 2.5, an n+ region is used to minimize collector
starice and to create a uniform collector-current distribution.

HBTs can be used at frequencies well into the millimeter-wave region. Minimum
noise figures are modest, typically a few decibels, but small-signal HBTs exhibit

3. If you like abstruse chemical notation, you'll love heterojunction devices. Things like AlGaAs-
GaAs are about as simple as they come. Wait until we get to HEMTs!
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Figure 2.12 Cross-section diagram of an AlGaAs HBT. The mesa structure is universal, Usually

several emitters are placed on a single mesa, and these cells are connected in parallel o
create a larger device.

very low levels of intermodulation distortion (IMD). While the third-order intercept
point (IP3) of a GaAs MESFET amplifier is usually about 10 dB above its 1-dB
compress?on point, the IP3 of an HBT amplifier is often 20 dB or more above the
compression point. HBT power amplifiers also exhibit low distortion, although not
as dramatically low as small-signal amplifiers.

The urge to create a low-cost, high-performance HBT is, of course, irresistible.
One response to this urge is the SiGe HBT. Such HBTs are realized in silicon
technology and have very high performance (by silicon standards) and low cost (by

GaAs standards). As such, they occupy a niche somewhere between conventional
BITs and GaAs HBTs.

2.4.2  Equivalent Circuit

Because HBTs are basically bipolar devices, their equivalent circuit and // V and
QJ’ V characteristics are similar to those of the homojunction BJT. There are a few
differences, however, which we should note. The high base-doping densities of
HBTs cause base-width modulation to be minor and high-injection effects to be
virtually nonexistent, The low-current region in most types of HBTs is much wider
than in BITs; in fact, many HBTs have no constant-f region, and B increases
monotonically with collector current. Base resistance is, of course, much lower, and

only weakly nonlinear; base-resistance nonlinearity (Section 2.3.7) usually is
negligible.

2.5 FET DEVICES

A widf: variety of FET (Field-Effect Transistor) devices are in common use in the RF
and microwave worlds. These include the following:
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_» Junction FETs (JFETs);

« Metal Oxide-Semiconductor FETs (MOSFETs);

'« Metal Epitaxial-Semiconductor FETs (MESFETs);
« High Electron-Mobility Transistors (HEMTs).

ill consider these individually in the following sections.
FETs have a few things in common. A FET has a conductive region, called
hannel, which has source and drain contacts at its ends. Majority carriers move
gh the channel, from the source to the drain, reaching a velocity close to the
ed drift velocity. The number of carriers available is controlled by the electric
at the gate, which influences the channel in one of several ways. For example,
gate may form a pn or Schottky-barrier junction with the channel (JFET,
“ET) or may be separated from the channel by a thin insulator (MOSFET). By
ating the charge available for conduction, the gate voltage controls the channel
rent. Properly exploited, this leads to something called amplification.
e charge carriers in the FET’s channel can be either electrons or holes. If the
riers are holes, the device is called a p-channel FET; if the carriers are electrons,
an n-channel device. (Because n materials have higher mobility, RF and
swave devices are invariably n-channel, so henceforth we will consider only n-
nel devices. The structures of p-channel devices are similar, and equations are
ical for both types of FETs if all voltages and currents are appropriately
sed.) All FETs have a pinch-off voltage, the gate voltage at which the FET's
nel turns off completely. Especially in MOSFETS, the pinch-off voltage may be
d the threshold voltage.* If the pinch-off voltage is below zero in an n-channel
sice, the FET is a depletion-mode device; if above zero, it is an enhancement-
device, JFETs, including MESFETs, invariably are depletion-mode devices;
SFETs and HEMTs can operate in either enhancement mode or depletion mode.

JFETS

6.1 Structure and Operation

s are the simplest FET devices and have the worst performance. They are quite
squate for many types of circuits at frequencies up to a few hundred MHz,
vever, and by understanding their limitations, we can understand the merits of
Other types of FETs.

Figure 2.13 shows a junction FET. It is fabricated on a low-conductivity silicon p
Substrate. An n channel is diffused into this substrate, along with n+ regions for
Ohmic contacts. Finally, a p+ gate is diffused into the n channel. The gate’s longest

4. It gets worse than this. To circuit designers, the pinch-off voltage is the applied gate voltage that
turns off the FET. To device designers, the pinch-off voltage is the voltage across the channel’s
depletion region (in the case of junction FETs) that equals the applied voltage plus the built-in
voltage of the gate depletion region. Being circuit people, we use the former definition.
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dfmer:sfon i‘s i_n the direction perpendicular to the plane of the figure; its sho
dimension is in the horizontal direction. Nevertheless, the former ciil:ue::nsiane'St
called }he gate width, and the latter the gare length. The purpose of pi.
cou;rt:nntuitive terminology is to embarrass neophytes. . "5
e p+ n gate-lo-channel junction creates a depletion region i
width of this depletion region can be varied by lhcpvoltage agp:?iég tt:l:t:t:::: I::L- b
and the source, changing the width of the undepleted region. A large-énough ga[gg.iue
source voltage will deplete the channel completely, preventing channel current T}?F
voltage that does this is called the pinch-off voltage, usually a few volts. g
A voltage applied between the drain and the source creates a current in th

chanm‘e:l. If the drain-to-source voltage is low, the channel acts like a resistor ans
ch‘anglng its width simply changes the resistor’s resistance. In this case, the FﬁT is
said to operate in its linear, or voltage-controlled resistor, region. At higher drain
_voltages. things get complicated. As the drain voltage increases, the channel current
increases. Al the same time, the voltage between the gate and the drain becomes
greater than the voltage between the gate and the source, so the depletion region
Pacomes narrower at the drain end. Because of this channel narrowing, the incr:asc
in channel current is not proportional to the increase in drain voltage, and the current
starts to level off. Eventually, the drain end of the channel begins to pinch off, and
the channel current cannot increase further. This occurs just as the drain-tol—gale
voltage reaches pinch-off. When this happens, the FET is said to be in its current-
saturated (or simply saturated) region, also called the pinch-off region.

3 (The textbook explanation of this phenomenon is to say that, when the FET is
plncl_ied off at the drain end of the gate, no further increase in channel current is
possible. The drain current then “saturates,” that is, becomes constant with drain
vqltage. Thousands of college students have listened dutifully to this explanation
}vnthout asking the obvious question, which probably has occurred to you right now:
if the channel is really pinched off, how do the electrons get through? Of course, the
channel really isn’t pinched off. The electrons are squeezed into a narrow re:gion
between the depletion region and the bottom of the channel. The electrons’ charge
de.nsity in that region is very high, preventing further increases in the depletion
width. Further increases in drain voltage do squeeze the region slightly narrower
but build up more charge. The result is a stalemate in the competition between
the_dep[etion region width and the electron density, manifested as constant
drain current.)

_ C_)ther types of FETs operate in a generally similar manner, but often there are
significant differences. In GaAs MESFETs, for example, the electrons in the channel
reach saturated drift velocity long before the drain end of the channel pinches off.
and tf_1is velocity saturation has a great effect on the performance of the device.
Velocity saturation is present in Si JEETs and MOSFETS too, but it has a much less
pronounced effect.
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> 2.13 Cross section of a junction FET. The n region is the channel, and the n+ regions are
ohmic contacts. The device is fabricated on a p substrate.

Electrical Characteristics

1]V characteristic of a JFET is well described by the classical Shockley model.
> drain current is

(2.26)

o (Vg +0-V,)2 = (0= V)2
1, V) = G Vd—{ -0V,
3 ©-V)”

where V, is the drain-to-source voltage, V, is the gate-to-source voltage, V, is the
pinch-off voltage (a2 negative quantity for n-channel FETs), ¢ is the built-in
ltage of the gate-to-channel pn junction, and Gy is a constant that has units of
ductance. The voltages are internal quantities, that is, they do not include voltage
s across the drain and source resistances.

Equation (2.26) is nice to know but not very useful, since it is valid only if the
to-drain voltage, Vy,, is greater than the pinch-off voltage. This corresponds to
ar operation of the device. JFETs are usually (but by no means exclusively)
perated in saturation. When Vea £V, the device is saturated and the current is
almost constant with increases in V. The drain current then is best expressed as

VN2
L(V,, V) = fm[l-v—g) (1+4V,) @2.27)

P

Where I, is the drain current at V, = 0 and A accounts for the FET's finite drain-to-
'f"i-_ e resistance. The parameter Gy in (2.26) is chosen to make (2.26) and (2.27)
Equivalent at Vg = V),

~ These expressions are adequate for most purposes, but they may not be adequate
very short-channel devices. In particular, the square-law I/V characteristic
ribed by (2.27) probably should not be taken too literally. For example, (2.27)
lies that JEETs have little or no third-order distortion. Although JFETs are very

200d in this respect, they are not rhar good.
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One of the most important characteristics of a FET is its transconductance. High
transconductance is necessary for achieving good gain in small-signal amplifierg
The transconductance is simply

o -
= (2.28
m = v, )

evaluated in the saturation region.

Figure 2.14 shows a plot of a FET I/V characteristic, including the boundary
between the linear and saturation regions, using V, as a parameter. Note that,
although V, varies in equal steps, the curves are not equally spaced, and the
transconductance (Al / AV,) is highest at high values of V.

2.6.3 Large-Signal Equivalent Circuit

Figure 2.15 shows the large-signal equivalent circuit of a JFET. The following
important parasitics are included: (1) source and drain resistances, the resistances of
the ohmic contacts; (2) gate-to-source and gate-to-drain capacitances, which usually
are treated as ordinary pn-junction capacitances; and (3) drain-to-source resistance,
which is not shown explicitly but is part of the controlled current source. Although it
is not shown, the pn-junction capacitance of the drain- and source-to-subsirate
capacitances sometimes are included.

2.6.4 Small-Signal Equivalent Circuit

As with the BJT, a small-signal equivalent circuit for the JFET can be generated by

lg Linear
Region

Saturation Region

T Increase
V

g

.-
Vg

Figure 2.14 The JFET's drain [/ V characteristic is divided into two repions: the current-saturation
region and the linear region. Normally, the FET operates in current saturation.
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jeure 2.15 Large-signal equivalent cireuit of a JFET. The gate-to-channel junction is modeled by
two capacitances and (wo diodes. The resistance of the gate metal is not shown; in most
cases it is negligible.

izing the large-signal circuit. Figure 2.16 shows such a circuit. It describes the
[ in its saturation region only. The diodes of the large-signal circuit, which are
mally reverse-biased in saturation, have been eliminated, and the controlled
rce replaced by its linearized form. Ry is a new element: it is simply the
arized drain-voltage dependence of the large-signal source. Thus.

7
B,
d, (2.29)
CGas = g7
Rd,i & I/Ga's

Performance Characteristics

1at’s good about this, and what's bad? First the good: it's small and cheap and
s pretty well for many purposes, especially if you don’t like high frequencies.
e rest of this section is reserved for the bad news.

In a FET, a small set of characteristics are critical to its performance. First, and
haps most important, is the transit time, the time required for carriers to cross
nder the gate region. The shorter this is, the higher the device’s transconductance
| the greater its gain, especially at high frequencies. High transconductance is one
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Figure 2.16 Small-signal JFET equivalent circuit. This is a linearization of the large-signal circuit.

of those things that invariably is good; as transconductance increases (and all else
remains the same, of course), virtually everything about the FET gets better: gain,
noise figure, and frequency response. The second characteristic is the gate-to-
channel! capacitance; again, the lower il is, the better. We noted that, in the saturation
region, the drain voltage has little effect on the depletion region; only the gate-to-
source voltage changes the depletion charge; therefore the gate-to-channel
capacitance is essentially the gate-to-source capacitance. In the linear region,
however, this is not the case, and the gate-to-channel capacitance is divided into the
gate-to-source and gate-to-drain components.

The third characteristic is the material from which the device is made. Electrons
in n silicon have lower mobility and saturated drift velocity than in GaAs or InP. As
a resull, parasitic resistances are higher (especially the source resistance, which
affects gain strongly) and transconductance is lower.

Another problem with JFETs—in fact, with any diffused device—is that
diffusion is a sloppy fabrication process. It is difficult to achieve precise dimensions
and, especially, abrupt changes in doping density. Because of the large dimensional
tolerances, a JFET's gate must be relatively long, especially in comparison with
high-frequency devices made by other means, and its electron transit time is long as
well. Poor high-frequency perfermance is the result.

The diffused p gate also has a relatively large surface area. Most of this surface
does not contribute to the operation of the FET, but it does contribute gate-t0-
channel capacitance. Thus, its capacitance is high.

Finally, the p substrate has a number of effects. The use of a pn junction for the
channel has important consequences. The junction creates a narrow second depletion
region at the bottom of the JFET’s channel, and the width of this depletion region
depends on the channel-to-substrate voltage. In effect, the device acts as if there
were a weak gate on the underside of the channel. This effect is called backgaring-
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1al depletion regions around the source and drain contacts create parasitic
aces. Even if such capacitances are small, they can be significant, since the
s a relatively high drain-to-source resistance. In integrated circuits, efforts
e to minimize parasitic effects, but they cannot be eliminated entirely.

7 GaAs MESFETS

we ameliorate the substantial performance limitations of Si JFETs? From
list of deficiencies in Section 2.6, the requirements should be clear:

e a semiconductor material having higher mobility and higher saturated drift
ocity than silicon.

Employ more precise fabrication techniques.

oid the use of a diffused p gate.

K g_ﬁ:change the p substrate for a high-resistance one.

are the characteristics of a GaAs MESFET.
'MESFET is a type of junction-gate FET that has several nice features:

he gate is a Schottky (metal-to-semiconductor) junction. Avoiding diffusion
cesses in fabricating the gate provides a much shorter gate length, minimiz-
the gate-to-channel capacitance and the gate transit time;

s The FET's channel is an epitaxial layer grown on a high-resistivity substrate.
" This allows the channel dimensions to be controlled precisely:

though in the past silicon has been used for MESFETs, the most common
terial today is GaAs. GaAs has much higher mobility than silicon. Because
~ InP has even mobility, MESFETS sometimes are fabricated on InP substrates
‘as well. InP is much more expensive than GaAs, however, and InP technology
is not as mature.

Structure and Operation

2.17 shows the cross-section of a modern MESFET. The device is fabricated
igh-resistivity substrate. To prevent impurities and crystal imperfections in the
ate from affecting the FET s channel, a relatively thick, high-resistivity buffer
s first grown on the substrate. A thin and very pure epitaxial layer is used for
hanne]. The channel is grown relatively thick and etched thinner where the gate

ated. This recessed gate has a number of advantages; the most important is
mization of the resistance between the source ohmic contact and the gate region.
N operation, the GaAs MESFET is in many ways similar to the Si JFET. There is
important difference, however, related to the way in which electrons move in
In both silicon and GaAs the electron drift velocity is proportional to electric
strength, and at high electric fields the electron velocity saturates. In silicon,
_ ~field mobility is moderate, and the onset of saturation is gradual. In GaAs,

€ low-field mobility is much greater, and the onset of saturation occurs at a much
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Figure 2.17 Cross section of a modern MESFET,

lower electric field strength. As a result, in GaAs devices saturation effects begin to
occur well before the drain end of the channel pinches off, and current saturation
occurs from a combination of electron velocity saturation and JFET-like pinch-off,
One consequence is the formation of a much stronger charge dipole at the drain end
of the channel in the MESFET. Because of this dipole layer, the Shockley model is
not valid for MESFETs, and there is no accurate algebraic, physically meaningful
model (?f such devices, as there is for JFETs. Thus, circuit designers usually depend
on empirical expressions for modeling the I/ V characteristics of GaAs MESFETS.

At microwave frequencies, even small parasitic resistances and capacitances can
have a great effect on the operation of a MESFET. The resistance of the gate is one
sucrh parasitic. Although the gate is a metal and might be expected to have low
resistance, it is actually a long, thin strip of very imperfect metal that easily can have
a few.ohms of resistance. Although a few ohms seems like a very small resistance,
espa?mally in comparison with BJTs and JFETs, it is indeed significant. In
conjunction with the gate-to-source capacitance, it forms an R-C filter at the input of
the FET, reducing its gain. By generating thermal noise, the gate resistance also
degrades the noise figure of the device. 4

Twso techniques are used to minimize gate resistance. The first is to reduce the
length” of the gate strips. One way is to break the gate into a number of short strips
cognectcd in parallel. Another is to connect the gate pads to the gate strip at several
points along its length. Although both techniques complicate the structure of the
device and introduce additional parasitics, especially intermetallic capacitances, the
OVETE?.H effect is beneficial. A second technique is the use of a tee gate, a gate
considerably wider at the top than at the semiconductor contact. Virtually all modern
FETs use both techniques.

Another important parasitic is the resistance of the source’s ohmic contact. This

5. In this discussion we view the gate as a strip of metal, apart from i i
g ; S ts use in the FET, I
the conventional meanings of length and width. . R
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ce causes two problems. First, by introducing negative feedback, it reduces
ET’s gain. More importantly, because its thermal noise is part of the FET’s
loop, it degrades the noise figure. To minimize source resistance, most FETs
large, heavily doped source regions. By minimizing the resistance between the
e ohmic contact and the channel, the recessed-gate structure also helps to
mize the resistance in series with the source.

e inductance of the source contact is a significant parasitic in some types of
s, especially power amplifiers. Surprisingly, the source inductance adds a real
onent to the input impedance of the device. The increase in impedance is
roximately G, Cys/ Ly, where G, is the transconductance, Cg, is the gate-to-
e capacitance, and L, is the source inductance. This resistance is, of course,
ss, but it reduces the gain of the device. For many reasons, power FETs are
ently low-gain devices, so any further gain degradation is a real problem. The
solution is to use via holes (metal-filled holes through the substrate) to
nd the sources.

. Various parasitic capacitances limit the FET’s maximum frequency of operation.
e-lo-source capacitance is primarily the Schottky capacitance of the gate-to-
I junction. Decreasing the channel doping decreases this capacitance but also
ases transconductance. Trading off transconductance against capacitance is a
damental part of device design. The gate-to-drain capacitance is more interesting.
‘unsaturated operation (sometimes called linear operation), the Schottky
citance is divided roughly equally between the gate-to-source and gate-to-drain
acitances. However, as the channel current reaches velocity saturation, the
ottky capacitance is represented entirely by the gate-to-source capacitance, and
e-to-drain capacitance is almost entirely the intermetallic capacitance of the
and gate metallizations. For this reason, and to increase gate-to-drain
down voltage, the gate often is located closer to the source than to the drain.

Device Size and Geometry

ength and the width of its gate is an important property of a FET. The shorter
ate, the better the performance in virtually all respects. However, making very

gates is difficult, requires expensive fabrication processes, and reduces
nufacturing yield. Even so, for high-performance applications, gates as short as
pm can be fabricated. More mature technologies use gates of 0.25-0.5 pm

‘The wider the gate, the higher the FET's transconductance and gate-lo-source

itance and the lower its source resistance. These parameters are roughly
portional or inversely proportional to gate width. Increasing gate width also
ases the FET’s maximum drain current, so power devices invariably are wide
ices. Increasing the gate width increases gate resistance, however, so power
lices usually are broken into a large number of smaller sections connected in
lel. The gates of power devices may be several millimeters wide, and the
ctures of such large devices often are very complex.
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High-frequency operation requires narrow devices with short gates; millimetey.
wave devices may have gates as narrow as 25 um. Millimeter-wave power dcvice;
usually use a large number of very short gate segments, all connected in paralle]

2.7.3  Electrical Characteristics'

The electrical characteristics of MESFETs are qualitatively similar to those f
JFETs. Both exhibit linear and current-saturated operation, al though the boundary of
these r:::gions in MESFETS is not described as easily as in JFETSs. In JFETSs, Cl.ll‘fe?n
saturat!on occurs as the drain end of the channel pinches off. In MESFETs, current
saturation occurs in part because of the narrowing of the drain end of the channel by
also because of the onset of electron velocity saturation at relatively low draj
voltages. The process is much more complex than in JFETS. v

Exc.ep_t for the obvious observation that MESFET performance is far superior to
.TFE‘.T, it is difficult to compare the electrical performance characteristics of the
chlCES? the devices are so different that it is hard to identify a valid criterion for
comparison. We can make some general observations, however. For small-signal
devices, JFETs have a transconductance of a few millisiemens and gate-to-source
capacitance of about 1 pF; for MESFETS, these quantities are on the order of 100 m$
and 0.25 pF. This implies that the frequency response of the MESFET is several
hundred times that of the JFET, and indeed it is.

2.74  Large-Signal Equivalent Circuit

Figure 2.18 shows the large-signal equivalent circuit of a MESFET. In comparison to
a JFET, it includes a few more circuit elements, not simply because the device is
more cfamplex but because of the high frequencies at which it operates. For example,
the. resistance of the JFET's “fat” gate usually is negligible, but the thin metal gate
strip on a MESFET may have several ohms of resistance. When the MESFET is used
as an ampl‘iﬁer, this resistance, in conjunction with the gate-lo-sourcé capacitance,
creates an input RC filter in front of the FET. This has a strong deleterious effect on
performance at high frequencies.

MESFI?‘.TS have one characteristic that is inferior to that of a JEET: the drain-to-
source resistance, Ry, in Figure 2.16. The small-signal JFET’s Ry, is about 20 k&
and high-frequency measurements of this quantity agree well with dc measurements.
In MESFETSs, however, the high-frequency R is only a few hundred ohms and does
not agree at all with the dc measurement, which may be several kQ . This difference
is attributed to trapping effects in the MESFET's channel. These effects cause the
low-frequency voltage gain of a MESFET often to be worse than that of a JEET of
MOSFET. _ Although not terribly important in microwave applications, their low
vplta_gte gain limits the usefulness of MESFETSs in many types of analog and digital
circuits.
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2.18 Large-signal equivalent circuit of the MESFET. Ry, and C; model the frequency-
dependent drain-to-source resistance. R; is called the intrinsic resistance or gate-
charging resistance of the device. It accounts for additional channel resistance between

the gate-depletion region and the source.

Small-Signal Equivalent Circuit

2.19 shows the small-signal equivalent circuit. As with the JFET circuit, it is
rization of the large-signal circuit.

Performance Characteristics

aAs MESFET is the device most commonly used in industry for a wide variety
licrowave circuits. MESFET ICs are used throughout the microwave region and
millimeter-wave region. Although MESFET technology is more expensive
silicon, MESFET ICs still may be an alternative to silicon ICs where silicon
rmance is marginal.
higher frequencies, especially in low-noise and millimeter-wave circuits,
s may be preferable. HEMTs also have lower noise figures and higher
um operating frequencies. On the other hand, MESFETs have higher current
ility per gate width than HEMTs, so MESFETs usually are preferable for
er amplifiers, especially below 30 GHz.
'MESFETSs have a number of additional idiosyncrasies that add variety to a circuit
er’s life. (Many of these are shared by HEMTs; see Section 2.8.) We present a

xhaustive list here:

~* MESFETs achieve minimum noise figure at drain currents of approximately
10-25%° of 1., where I, is the drain current at zero gate voltage and normal

Y
all

The politically correct figure is 15%. However, there is quite a bit of variability in this number.
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Figure 2.19 Small-signal MESFET equivalent circuit.

dc drain voltage. The lowest distortion occurs near 50% of I or a little higher,
and the highest small-signal gain near /... Noise figure and distortion are quite‘
sensitive to bias; gain is somewhat less sensitive. Thus, there is a significant
trade-off between these characteristics.

* The source impedance that provides optimum noise figure is very different
from the source impedance for best gain. Distortion is relatively insensitive to
source impedance. Again, noise figure is quite sensitive to input tuning, but
gain and distortion are less sensitive. The input VSWR of a low-noise MES-
FET amplifier invariably is quite high, and isolators or other means are neces-
sary to achieve a good match.

* Like silicon FETs, MESFETs have a high de gate-input impedance. Although
the dc impedance is indeed high, MESFETs usually are operated at very high
frequencies, where the reactance of the gate-to-source capacitance is low, and
the resulting RF input impedance is low. Additionally, the resistive parasitics
are small, giving the MESFET a low, high-Q input impedance. This makes it
difficult to match over a broad bandwidth. Broadband FET amplifiers can be
designed; however, unless isolators or quadrature-coupled stages are used (see
Section 1.7), the input VSWR is always poor. '

* The drain-to-source resistance (R,,) of a MESFET is very different from that of
a silicon device. Silicon FETs, both JFETs and MOSFETs, have very high Ry
At dc, a MESFET’s R is moderate, perhaps a few thousand ohms, but at fre-
quencies above a few MHz it drops rapidly to a few hundred ohms. One conse-
quence is that the low-frequency voltage gain of GaAs MESFETs is lower than
that of silicon MOSFETs. Thus, MESFETs are not well suited for use in
analog ICs.

* Like most types of FETs, the gates of small-signal MESFETs have low break-
down voltages and are easily damaged by electrostatic discharge. Similarly,

many types of electrical transients can “pop” a MESFET gate, and bias circuits
must be carefully designed to prevent them.
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« Similarly, it is imperative to turn on the gate bias before the drain bias in virtu-
I:glly all MESFETS. This practice prevents high drain current, which can dam-
~age the device. The time-tested procedure is to bring up the gate voltage
' ,ig_i'adually (don’t just throw the switch!) and set it a little below pinch-off. Then,
* turn on the drain voltage, again increasing it slowly, and finally decrease the
_.__égate voltage until the drain current is the desired value. In some power devices,
it is necessary 1o alternate between lowering the gate voltage and increasing the
| drain voltage, so the device does not self-destruct. Power supplies for FET cir-
cuits must be designed to turn on the FETs’ gates before their drains, and to do

it gradually.

HEMTS

e people just can’t be satisfied. You give them a FET with a noise figure of 2 dB

GHz, and they want 1.5 dB at 30 GHz. Or better. For this reason, we have high-

-mobility transistors, or HEMTs.’

In a HEMT, the electrons achieve much higher mobility than those in a MESFET;
result is higher transconductance, lower noise, and improved performance

This nice set of characteristics is achieved through the use of a

erojunction instead of a doped channel.

Structure and Operation

12.20 shows the cross-section of a HEMT. In many respects it looks like a
5T, and the reasons for its structure are pretty much the same as for the
T. The difference, of course, is the use of a heterojunction instead of a
e doped channel.

he heterojunction consists of an # AlGaAs layer immediately under the gate, an
spacer layer, and an undoped GaAs layer. The spacer is very thin, on the
r of a few tens of angstroms. The discontinuity in the band gaps of the AlGaAs
the GaAs causes a thin layer of electrons to form under the gate, at the interface
n the undoped GaAs layer and the spacer. Because this layer is very thin and
ctron concentration is very low, it is sometimes called a two-dimensional
ctron gas.

The electron concentration is modulated by the gate voltage, and in this way the
voltage varies the drain current. Although the resulting transconductance may
high, the amount of current available to produce output power is very low. To
ase output power, multiple heterojunctions can be used.
ecause the HEMT’s structure is more complex than the MESFET’s, there are
degrees of freedom for optimizing the device. One variation is the

Other acronyms are MODFET and TEGFET. I'm not sure what they stand for.
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Figure 2.20 Cross section of a HEMT.

pseudomorphic HEMT, or PHEMT,® shown in Figure 2.21. A PHEMT uses an extra
InGaAs layer between the n AlGaAs spacer and the GaAs layer; the resulting larger
bandgap discontinuity creates more charge in the electron layer, increasing the
transconductance and the output power. Unfortunately, this increase comes at the
cost of a lattice mismatch between the three layers, which is taken up largely in the
thin InGaAs layer. Because this layer is unnaturally compressed, it is called a
pseudomorphic layer. The strain in this layer must be limited by limiting the amount
of InAs in the structure, which in turn limits the electron charge density and the
device's performance. Even so, PHEMTs exhibit significantly better gain, noise
figure, and output power than simple AlGaAs HEMTs.

The HEMT's more complex structure brings us a number of opportunities for
optimizing a device for a particular application. MESFETSs have only two channel
parameters 1o optimize: thickness and doping profile. With HEMTSs we have a nearly
infinite number of degrees of freedom for optimizing a device: the material
characteristics and the dimensions of its many layers. We even can make multiple
heterojunctions (which provide increased channel current in power devices) and
optimize all the layers. The possibilities are endless.

2.8.2 Device Size and Geometry

The considerations regarding the size of MESFETs discussed in Section 2.7.2 apply
to HEMTs as well. HEMTs are high-frequency, high-performance devices, so you
are unlikely to find them with anything but the shortest possible gate lengths. Gate
widths usually are optimized for millimeter-wave operation, but when costs decreasé
(as they always do), devices designed for high-performance, low-frequency use may
become available.

8. Pronounced pee’-hemt, not femt. These things are important.

Solid-State Devices 89

¥ AT R AT

“— AlGaAs Spacer
¥~ InGaAs Layer

Undoped GaAs

Semi-Insulating Substrate

e 2.21 Cross section of a PHEMT.

Eleetrical Characteristics

MTs' drain I/V characteristics are qualitatively similar to MESFETs’. The
est difference is probably the HEMT's lower dc output resistance.

he gate 1/V characteristic of a HEMT is very different from a MESFET. The
onductance of a HEMT, as a function of gate voltage, usually has a distinct
about halfway between pinch-off and maximum gate voltage. Furthermore, the
off voltage can be positive, creating an enhancement-mode device. Although
ctically possible, enhancement-mode MESFETSs rarely are produced.

Large-Signal Equivalent Circuit

> large-signal MESFET equivalent circuit of Figure 2.18 is applicable to HEMTs

1l. Because the dc drain-to-source resistance is so low, often the Ry r and C;

aponents are not needed. Most of the empirical expressions for [;(V,, V) used for

SFETs are not applicable to HEMTs. HEMTs have their own empirical I;(V,, Vy)
ions.

Small-Signal Equivalent Circuit
The MESFET small-signal equivalent circuit, Figure 2.19, is applicable to HEMTS.

6 Performance Characteristics

performance characteristics of MESFETs outlined in Section 2.7.6 are largely
d for HEMTs. Of course, HEMTs are much faster devices and have dramatically
noise figures at very high frequencies. These characteristics make them usz?ﬁﬂ
-noise and power amplifiers at frequencies as high as 200 GHz. By the time
Ou read this, maybe higher.
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2.9 MOSFETs

Unlike JFETs and MESFETs, MOSFETs do not use either Schottky or p-n juncti ong
for the gate. Instead, a MOSFET uses a metal gate separated from the channel by gy
oxide insulator. A voltage applied to the gate controls the quantity of electrons in the
semiconductor under the oxide, and this electon layer becomes the channel. '

2.9.1 Structure and Operation

MOSFETSs come in enhancement-mode and depletion-mode varieties. Although both Gat e

p- and n-channel devices can be fabricated, electron mobility is greater than hole Seurce e 2

mobility, so high-frequency transistors are exclusively n-channel. An n-channe] — B, e

depletion-mode device has a doped n channel, and the pinch-off voltage is negative, e o b
The gate voltage controls the depth of a depletion layer, much like the gate in g e
JFET. An enhancement-mode device has no doped channel, and its channel—an P ubets Rt

electron layer—is created when a sufficiently large positive voltage is applied to the
gate. (The threshold voltage may be close to zero in some devices.) The more the
gate voltage exceeds the threshold, the greater the electron density.

Figure 2.22 shows cross sections of enhancement-mode and depletion-mode
devices. In both devices the oxide layer is made as thin as possible, consistent with
fabrication limitations and the need for a reasonable breakdown vol tage. The thinner
the oxide, the higher the transconductance of the device. Thinning the oxide, of
course, also increases the gate-to-channel capacitance; however, the overall effect is
beneficial.

The operation of a depletion-mode MOSFET is similar to that of a JFET. The
gate creates a depletion layer in the channel, and varying the gate voltage causes the
depletion depth to change. The voltage that fully depletes the channel is the pinch-
off voltage, and the device enters its saturation region when the channel is pinched
off at the drain end, that is, the gate-to-drain valtage is less (more negative) than the
pinch-off voltage.

The operation of an enhancement-mode device is somewhat different. An
enhancement-mode MOSFET has no n channel: instead, there is p material under the
gate. Because the drain-to-“channel” Jjunction (the drain n+ region) is reverse-biased,
there can be no drain current, beyond some sli ght leakage current. When a
sufficiently large positive voltage is applied to the gate, however, an electron layer is
generated under the gate, and conduction is possible. The voltage necessary 10
generate this layer, called the threshold voltage, is analogous to the pinch-off voltage
in depletion-mode devices. As with the junction gate devices, when the gate-to-drain
voltage drops below (is more negative than) threshold, the device enters its
saturation region.

e 2.22 Cross section of (a) an enhancement-mode MOSFET and (b) a depletion-mode
MOSFET.

ant in MOSFETs, but oxide thickness is also a technology parameter critical
device’s performance. Modern fabrication techniques have produced silicon
SFETS that are operable at frequencies of several gigahertz.

: variety of technologies exist for producing high-performance MOSFETs.
pugh most have been developed for digital applications, a few are use‘ful for
-signal and power RF devices. One such technology is the lateraily_ det.'used
ce. An example of such a device is given in Reference [5] and shown in Figure

Electrical Characteristics

drain [/V characteristic is similar to that shown in Figure 2.14. For an
ement-mode device, the current, in saturation, is given with reasonable
curacy by a simple expression,

Cax i

BV V) = 5% ~ V) (1 +AV)) (2.30)

e C,, is the capacitance per area of the gate oxide layer, W is the gate w:vidlh, an‘d
the gate length. V, is the threshold voltage and, as with previous devices, Vs is
to-source voltage and V,; is drain-to-source voltage. It is interesting to note that
can be put into the same form as (2.27), the /V cxpressir:m for the JFET.

the linear region (formally, V; < Ve — V), the expression is

292  Device Size and Geometry

In junction FETs we are concerned primarily with gate length. Gate length is equally
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Figure 2.23 Cross section of a laterally diffused MOSFET. (After [5], used with permission.)

LV V):C;—PE(V —V—V—‘IJV (L+ AV,) (2.31)
d\ Ve Vd 7 B e ST T d y
which is somewhat different formally from the expression for the JFET, but not very
different quantitatively,

Although (2.30) and (2.31) work well for ordinary MOSFETS, they are not
particularly accurate for high-performance devices. Various types of short-gate
effects and backgating, the effect of a substrate voltage on the channel, are not
included in these expressions. Developing new MOSFET models currently is one of
the favorite pastimes of academics, and many new MOSFET models have been
published. One or two have been included in SPICE.

2.9.4 Large-Signal Equivalent Circuit

If the diodes are removed, the JFET equivalent circuit in Figure 2.15 is valid for
MOSFETs. Models for more advanced, high-frequency devices may include more
elements. For example, there often is a substrate-to-channel diode included to
account for backgating (see Section 2.6.5).

2.9.5 Small-Signal Equivalent Circuit
The JFET equivalent circuit in Figure 2.16 is valid for MOSFETS as well as
everything else (or so il seems).

2.9.6 Performance Characteristics

MOSFET performance is somewhere between that of a JFET and a MESFET, with 2
bit more weight on the JFET end. Many of the characteristics of JFETs discussed
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fully in Section 2.6.5 apply to MOSFETS as well; one im‘portant e:fccption is,
that the gates of MOSFETs generally are more precisely fabncafed than
ffused gates of JFETs. They also can be made shorter, a small fraction of a

in length. This makes MOSFET performance much better than that of a
but still quite a bit below GaAs MESFETs. Still, the cost of MOSFETS is
lower than MESFETs, and at RF and lower microwave frequencies, the cost
‘formance, however defined, is about the same as forr MESFETs.
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Chapter 3
Diode Mixers

e mixers are an example of a component that does nothing especially well but
most tasks at least adequately. Such components are the salt of the earth;
logy could not exist without them. Diode mixers are low-cost, broadband
nents that exhibit moderate performance in terms of distortion, conversion
port isolation, spurious-response rejection, local-oscillator (LO) AM noise
ion, and low-frequency noise. Other types of mixers offer better performance
ne of these characteristics, but none offers better performance for all of them.

\lthough mixers are used most commonly in communication receivers, they are
used in transmitters and signal generators. Mixers can be employed as
ators and phase detectors as well as frequency converters. The design of
for the latter applications is essentially the same as for receivers, except for
onal obvious differences. We examine frequency conversion in this chapter; in
ster 5 we consider modulation.

le 3.1 lists the types of mixers described in this chapter. It should be possible
nd a diode mixer among those listed that is adequate for almost any ordinary
ication. For further general information on mixers, see [1-3].

DIODE MIXER THEORY AND OPERATION
Fundamentals

cy Mixing

mixers are sometimes called resistive mixers, because mixing is caused by a
-varying resistance (or conductance). Consider a time-varying conductance
the waveform g(r), where

g(1) = Gy+G cn_s(mp:) 3.1)

95
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Table 3.1 Mixers Described in This Chapter

Mixer Type

Characteristics

—

Typical Applications

Singly balanced, 180-
degree (“rat-race”)
mixer

Approximately 15% RF and LO
bandwidth.

IF must be less than approxi-
mately 15% of the RF/LO fre-
quency.

Rejects (2,1) or (1.2) spurious
response, but not both.

—————]
Not a general-purpose circuit.

Best used for noneritical applica-
tions in integrated components.

A poor choice when a broadband [F
is needed.

Can be dc biased.
Singly balanced 90- Up to 20% bandwidth. Not a good circuit; used more aften
degree mixer, branch- LO- and RE-port bandwidths than it deserves.
line hybrid differ. Can be used for simple, noneritical

No inherent IMD/spur
rejection,

Requires a good, broadband
source VSWR over both the RF
and LO bands at both ports, or
imbalance occurs.

applications.

Doubly balanced ring
mixer; coupled-line
baluns

Multioctave RF and LO bands.
Narrowband IF, dc coupled.

RF and LO bands can be widely
separated.

General-purpose, broadband appli-
cations.

The star mixer is a better biphase
modulator.

Doubly-balanced ring
mixer; “horseshoe™
balun

Multioctave RF and LO bands,

Broadband IF, dc coupled,
which can partially overlap the
RF and LO bands.

RF and LO bands can be widely
separated.

Most common type of general-
purpose, commercial mixer.

A very compact circuit.

Star mixer with Mare¢h-
and baluns

Octave RF/LO band.

Very broadband, de-coupled IF
but cannot overlap the RF/LO
frequency range:

RF and LO must cover the same
frequency range.

Where the frequency plan allows it,
this is a very good choice. High
performance, good balance, broad
bandwidth are easily achieved.
Good biphase modulator or phase
detector.
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» that the constant component of the conductance, Gy must be greater than G|, or
husoidal conductance waveform becomes negative over part of its cycle. We
pply a voltage v (1) to this conductance, where

v.(r) = V. cos(m 1) (3.2)
trigonometry shows that the resulting current is

(1) vy(1)

]

i(1)
(3.3)

IVJ

Il

G, V, cos(w, 1) + [cos((mj—mp)xﬂccs((ms+mp}r)]

ime-varying resistance has generated mixing products at the difference
cy o, - @, and the sum frequency o, + w,. Usually the difference frequency

e desired output, but occasionally the sum frequency is desired.

practical diode mixers the situation is not quite so simple. First, the
ctance waveform is never a perfect sinusoid. In diode mixers it usually is a
 of pulses that contains a large number of harmonics. Equation (3.1) becomes

g(1) = Gy+G, cos(mpr) +G, cos(Zmpt) +G5 cos(Bmpt)+ (3.4)

e obtain mixing products between the RF and all harmonics of ®p. Thus, the
g frequencies w,. n =0, =1, 2, ... are

o, = |ms + rm}p| (3.5)
n is any integer. A more common representation for (3.5) is
0, = |w0+nwp| (3.6)

@ is the frequency |, - w,|. This defines the same set of mixing frequencies
. Wy is called the intermediate frequency, or IF; w, is the radio frequency. or
nd @, is the local oscillator frequency, or LO frequency. The spectrum of
g frequencies is shown in Figure 3.1.

deriving (3.3) we assumed that the voltage across the diode has only an RF
mponent. In fact, the current circulates in the external circuit, generating
components at the same frequency as the current components. In general, the
has both voltage and the current components at all mixing frequencies. These
ts and voltages are “coupled” through the mixing process; changing the
or current at one mixing frequency affects those at another frequency.

nging the impedance terminating the diode at any mixing frequency therefore

the voltage and current at all other frequencies.
this sense, the time-varying conductance is a multiport network; however, in

diode, the ports are voltages and currents at the various mixing frequencies not
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Figure 3.1 Small-signal mixing frequencies, &, and LO harmonics, nwy,. The diode junction has
voltage and current components at all these frequencies.

voltages and currents at physically separate ports (although, at least in theory,
separate ports at each frequency could be created by means of filters). This brings us
to a fundamental property of resistive mixers:

The performance of a resistive mixer is determined entirely by (1) the shape
of the conductance waveform and (2) the impedances terminating the diode
(sometimes called embedding impedances) at all mixing frequencies.

This is starting to sound a little scary. It implies that, to design a mixer, we must
design the circuits to have the proper source and load impedances at an infinite
nu.mber of mixing frequencies! In practice, the problem is not so serious. First, diode
mixers use, obviously, Schottky diodes. Above some frequency the diode’s junction
capacitance short-circuits the junction and the diode’s termination becomes a short
circuit. Fortunately, a short-circuit embedding impedance provides good
performance. Second, as the LO harmonic number increases, the frequency
component of the conductance becomes weaker, so it is less important in
determining mixer performance. For these reasons it is customary to design the
mixer for the proper RF and IF impedances and to take “pot luck™ for the rest.
Of:casinnally some effort is made to control the embedding impedances at other
mixing frequencies, but, unless unusually high performance is needed, this casual
approach is adequate.

LO Operation

There is one more detail we must examine. How do we obtain g(z)? The resistivé
Junction of a Schottky diode has the I/V characteristic
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9V
L(V;) = I {exp(n—m—_] = ] (3.7

see Chapter 2) g is electron charge, K is Boltzmann’s constant, T is absolute
re, 1 is the ideality factor, and [ is the reverse saturation current. The

jon conductance is simply

1. ql qv,
T (NP I ) & 79w
ﬂm’m“nnc’q’[nnj axr i) 8

re, if we know our junction-voltage waveform V;(r), we can substitute it into
(3.8) and obtain g(z). Of course, we need to know Vi) (which will
imate a rectified sine wave). That is what harmonic-balance analysis is for. Tt
rtant to remember that pumping the diode with the LO signal causes it to
like a time-varying conductance. This time-varying conductance provides
y mixing.

to minimize the LO power or to minimize conversion loss, we must
e-match the LO source and RF/IF port impedances to the diode. But what
‘conjugate match” mean in this case? Note that the diode generates current
tage harmonics of the LO frequency, ®,. The input impedance of the diode,

tich is the quantity that must be conjugate-matched, is

Vy(0)

— 9
7, (@) (3.9)

Zfw) =

Vy(w) and [;(w) are the diode’s terminal voltage and current, respectively, at

.0, RF, or IF frequency. Interestingly, although the diode is a nonlinear load for

D and appears to be a time-varying conductance to the RF and IF, its input and
impedances at these frequencies are a single, time-invariant quantity.

ause the diode is nonlinear, these impedances vary with LO level; in general,
mpedances are high at low LO levels and decrease as LO level is increased.
diode had no junction capacitance, and all ports were terminated in
nces, Z; would always be real. In real circuits, however, the junction
tance and reactive terminations at harmonics introduce a reactive part. Ideally,

liode should be chosen so that this reactance is small.
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3.1.2  Other Important Performance Characteristics

Port VSWR

The input VSWR at each port is an important characteristic. Achieving a very loy
VSWR in a mixer, especially over a broad band, is difficult, but a VSWR of 2:1 or g
worst 2.5:1 is a reasonable goal in almost all cases. In a balanced mixer (see Sectiop
3.1.3) the LO port usually is easy to match; the RF port is more difficult. All portg
are sensitive to LO pawer; the port impedance decreases as LO power increases.

Images

The mixer’s IF is equal to the difference between the RF and the LO frequencies.
Clearly there are two ways to obtain any IF frequency: the RF can be either above or
below the LO frequency. Usually only one of these responses is desired; the other is
called an image. The obvious problem with an image response is that it provides a
path for interference. A less obvious problem is that it can increase the noise figure
of a receiver by 3 dB. To prevent both problems, a mixer usually has an image-
rejection filter at its input; image-rejection mixers also can be realized by a
combination of balanced mixers and hybrids. See [1].

Intermodularion Distortion (IMD)

Mixers use Schottky-barrier diodes. Schottky-barrier diodes are nonlinear devices.
Nonlinear devices cause distortion. The most common manifestation of nenlinear
distortion is IMD, in which mixing products between harmonics of multiple RF
signals are generated.

Most types of balanced mixers suppress IMD where the sum of the harmonics of
the various RF excitations is an even number. The most effective way to reduce IMD
in a diode mixer is to short-circuit the diodes at unwanted mixing frequencies and to
use high LO power. FET resistive mixers, which we describe in Chapter 7, exhibit
very low IMD.

Spurious Responses

One of the most important characteristics of a balanced mixer is its inherent
rejection of certain even-order spurious responses. A spurious response is a mixing
product between a harmonic of the RF and a harmonic of the LO. Most such
products are very weak and fall outside the IF band. Occasionally, however, a “sput”
falls inside the IF band and interference results.

Spurious responses are those that satisfy the relation

fur = mf,!e,&‘ = & "f,t_() (3.10)
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m and n are integers. By convention, this is called an (m, n) spurious response.

ced mixers reject certain responses where m or n are even, and sometimes
order intermodulation distortion. Be careful: not all types of balanced mixers
all even-order responses! See [1] for further details on balanced mixers and
spurious-response properties.

Balanced Mixers

does all this imply about the design of a practical mixer? It means that, in
ping any mixer, we must do the following:

« Provide an LO signal to pump the diodes. Ideally, the LO port impedance will
be matched to the diodes at the desired LO level.

'« Provide coupling of the RF and IF to the diodes. Similarly, the RF and IF ports
should be matched.

' Make sure that the RF, IF, and LO are isolated from each other. It is essential
~ that the signal at one port does not leak out another port, that the port termina-
_ tion at the RF or IF does not affect the LO port, and that the LO termination

_ does not affect the RF or IF ports.

discussion in the Section 3.1.1 strongly implies that designing a diode mixer
process of managing the diode’s terminations at all mixing products and LO
mics. Thus, we might expect filter and matching-circuit design to be a large
the mixer-design process. Surprisingly, few practical mixers use matching
as such. Instead, the functions of these circuits are provided automatically
un, a hybrid, or a transformer, in combination with an array of two or four
The result is a balanced mixer, the most common type of diode mixer used in
cal systems. As well as providing a simple, elegant circuit that does not require
lex matching circuits, balanced mixers provide a number of other benefits,
luding the rejection of AM noise from the LO, rejection of even-order IMD and
yus responses, and inherent port isolation.

Baluns and Hybrids

ppears to be quite a lot of confusion about the difference between a balun and
ybrid. This confusion stems in part from the fact that hybrids occasionally can be
as baluns (but baluns cannot be used as hybrids!). Here we try to set the record

crowave hybrid coupler or, more commonly, just hybrid, is a passive, lossless,
cal four-port component. If any one of those ports is excited, the signal is
ed equally between two others and the fourth is isolated. Only two types of
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hybrids are possible. In one, the phase difference between the output signals is 18g
degrees, or there is no phase difference, depending on the port excited. In the othey
the outputs always differ in phase by 90 degrees. Hybrids are used as power dividem'
as microwave adders and subtractors, and in various types of signal combininé
circuits. We described their properties in some detail in Section 1.7.1.

Hybrids are realized as transmission-line structures. Although many types of
structures are possible, the circuits in this chapter will use only two: the “rat-race”
180-degree hybrid and the branch-line 90-degree hybrid. Other types of hybrids are
the waveguide magic tee (180 degree) and the Lange coupler (90 degree). Ninety-
degree hybrids can also be realized in stripline as broadside-coupled, 3-dB
directional couplers. See [1.4] for further information on these types of hybrids.

Baluns

A balun is a transducer between a balanced and an unbalanced transmission line,
The unbalanced port, of course, has a ground terminal, but the balanced port is
“floating™ in the sense that it has no ground terminal. Essentially, a balun converts an
unbalanced input voltage, which is a combination of an even and an odd mode, intoa
purely odd mode at its balanced output, It is a type of mode transducer that converts
the even-mode energy at the input into a purely odd mode. This definition, we
realize, is considerably different from the one you will find in various trade-journal
articles. (Naturally, we're right.)

A balun is a passive, lossless, reciprocal two-port component. Nevertheless, it
can be treated as a three port, and often is. Since the output is an odd mode, we can
use the two terminals of the balanced output as separate, unbalanced, out-of-phase
ports. The balun then becomes a type of power divider, in which the output voltages
are out of phase and equal in magnitude. The better a balun rejects the even mode,
the better the phase and amplitude balance will be.

Why should we operate a balun in this manner, instead of simply with a floating
load? For one thing, it’s a good test to determine whether the balun really is
eliminating the even mode effectively: if it is, the voltage split should be balanced
within a fraction of one dB, and the phase difference at the output ports should be
180 degrees, plus or minus a few degrees. The even mode is responsible for such
things as imperfect LO-to-RF port isolation in doubly balanced mixers. The better
we do at getting rid of the even mode, the more we eliminate such undesirable
phenomena.

A balun can be used as a simple power divider, but it’s better to use a hybrid
whenever possible. When a balun is used as a power divider, the three ports cannot
be simultaneously matched; in fact, it can be shown theoretically that a lossless
passive three-port can never be matched simultaneously at all ports. Conventional
power dividers have matched ports, so they usually are preferred, and the output
ports are isolated. A balun might be preferable where a broadband 180-degree split
is needed and the loads have low reflection coefficients.
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The baluns we describe below are realized as interconnections of coupled
msmission lines. Coupled lines are characterized by their even- and odd-mode
eristic impedances (Section 1.2.7). Most of these baluns are designed
ording to their odd-mode characteristic impedances, and the even-mode
edance is made as high as possible, ideally infinite. (This is, in part, how we
inate the even mode: the even-mode energy approaches zero as the even-mode
sacteristic impedance approaches infinity.) Maximizing the even-mode
dance requires minimizing the capacitance between the coupled conductors and
d. Because of the air gap on both sides of its substrate, suspended-substrate
ne (Section 1.3.6) has low even-mode capacitance. SSSL baluns have very
performance; therefore, the baluns in many types of mixers are realized in this

SINGLY BALANCED, 180-DEGREE “RAT-RACE” MIXER

Characteristics

rat-race” mixer is one of the most common types of mixers. It is easy to design

| usually requires little effort to make it work. The greatest limitation is the rat-

hybrid, which has only about 15% bandwidth. A modification of the hybrid

ed in Section 3.2.4) gives it greater bandwidth, but the structure may be

icult to fabricate on many types of microstrip substrates.

ecause the hybrid has only 15% bandwidth, the RF and LO frequencies must be
n about 15% of each other. This limits the IF to 15% of the RF/LO center

quency. Pushing the design to broader bandwidths or higher IF frequency

ly results in poorer performance in virtually all respects.

circuit usually requires a crossover in one of its microstrip lines.

Description

2 circuit, shown in Figure 3.2, consists of a rat-race hybrid and two diodes. An IF
T is necessary, as is an IF-current return. No de return is needed; the rectified dc
‘current circulates in the two diodes.
he RF and LO are applied to a pair of mutually isolated ports; thus, both the LO
RF signals appear at the remaining two ports, to which the diodes are connected.
port can be used for the RF or LO, but the spurious-response rejection
ds on port selection: if the port marked “LO/RF” in Figure 3.2 is used for the
. (2, 1) spurs are rejected but not (1, 2) [1]. The situation is reversed if the ports
reversed.
Depending on the choice of ports, one signal (RF or LO) is split with 180-degree
difference, and the other is in-phase at the diodes. The resulting IF currents
in-phase in the diodes, which are simply connected in parallel at the IF. The IF
grounds the diode terminal at the RF and LO frequencies; if the IF frequency is
enough, this filter may consist of only a simple capacitor or stub.
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IF Return

All Stubs 0.25 A

Figure 3.2 The rat-race mixer. R is the port impedance of the hybrid, usually 50Q. The lines from
the ring to the diodes must be equal in length. The stubs are 0.25A at the center of the
RF/LO band.

3.2.3 Design

Diode Selection

Generally, it is best to avoid the use of RF and LO matching circuits. Thus, to obtain
a good VSWR, the diode’s junction and parasitic capacitances must be negligible; if
the RF/LO source impedance is 502, the reactance of the total shunt capacitance
must be at least 100, Parasitic series inductance also must be negligible.

At frequencies below a few gigahertz, a low-cost epoxy-package diode may be
aflequatc. At higher frequencies a beam-lead diode is more appropriate. A matched
d;jocfc lee, consisting of two series-connected diodes in a single package, is a good
choice.

Silicon diodes are available in low-, medium-, and high-barrier varieties. Low-
barrier diodes provide good conversion loss at low LO levels, but higher IMD and

spurious-response levels. Higher barriers require more LO power but have lower
distortion. ' !

Hybrid Design

lFigure 3.2 shows all you need to know to design the hybrid. The characteristic
impedance of the ¥ing is 1.414R, where R is the port impedance, usually 50Q. The
lengths of the sections are 0.25) and 0.75A, where A is the wavelength at the centef
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RE/LO band. The hybrid presents a 50 source impedance to each diode at
and LO: this is usually close to the optimum value.

high frequencies the width of the microstrip lines at each port may be a
cant fraction of the 0.25A section of the ring. In this case it may be necessary
ate the hybrid on the computer and to include a tee-junction model in the

diode’s parasitics are negligible, as described above in Diode Selection, there
d for matching circuits. The lines from the ports of the hybrid to the diodes
‘have equal lengths and characteristic impedances equal to the port impedance
y 508) and the diodes should be mounted as close together as possible. The
cuit stub is necessary to ground the diodes at the center of the RF/LO band.
10% bandwidth, the stub’s maximum impedance is

Z.:S0AT, (3.11)
Zy is the characteristic impedance of the stub. Thus, a 50Q stub easily covers
band. Similarly, the IF-return stub should have a characteristic impedance
enough to make it “invisible” over the entire RF/LO band. For this short-circuit

Z,, 210Z, (3.12)
frequency mixers, where it may not have been possible to reduce the diode’s
tic capacitances to a negligible level, this stub can be used as an inductive
lement to resonate the diode capacitance.

&n

e 3.3 shows the approximate IF equivalent circuit of the mixer. (It is assumed
‘the TF-return stub’s impedance is much less than the port impedance of the
rid.) The diode’s output impedance at the IF, Z;, is approximately 100-200 €
ing on the LO level.

circuit should be analyzed on the computer to make sure that the IF
idth is adequate. If it is not, it may be necessary to increase the characteristic
lance of the short-circuit stubs or reduce that of the open-circuit stubs. This
affect the RF/LO bandwidth, of course, so this must be rechecked.

Variations

ossible to increase the bandwidth of the hybrid to about 50% by replacing the
SA section of transmission line with a quarter-wavelength pair of coupled lines, as
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A" 0
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Figure 3.3 IF equi‘va]ent circuit of the rat-race mixer. The diode impedance at the IF, Z,, should be
approximately 100, providing a good IF march.

lshown in Figure 3.4 [S]. Unfortunately, the required even-mode impedance, 3.4)4p
is too high to be realized on many types of substrates. On such substrates the‘,
characteristic impedance of the ring can be reduced and quarter-wave transformers
used at each port. For example, if the ring impedance is reduced to 5092, the port

impedance becomes 35Q, a value that is easily matched by a transformer. The

coupled-line even- and odd-mode impedances are then 121Q and 210, respectively,
the same values used in a Lange coupler, ,

Occasionally, the IF connection is made at the ring and the IF-port node in Figure
3.2 is' grounded. (See [1] for an example.) This eliminates the stubs but requires IF
!Jlockmg filters in the RF and LO ports. These filters sometimes are easier to
implement, and the resulting layout may not require a transmission-line crossover,

It is possible to provide dc bias to the diodes. This is strai ghtforward but requires
several dc blocks and bias chokes. The use of dc bias allows an additional degree of
freedom in adjusting the mixer and reduces LO-power requirements.

Figure 3.4 Broadband rat-race hybrid using a coupled-line section instead of the 0.75A seetion in
Figure 3.2.
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Cautions

try to tune a balanced mixer manually. If it is properly designed, there is little
ut a lot to lose. Manual tuning usually upsets the balance of the circuit. This
not affect the conversion loss much, but it degrades all the beneficial
steristics of a balanced mixer: LO AM noise rejection, even-order spurious-
se and intermodulation (IMD) rejection, and similar phenomena.

milarly, if you use dc bias, be sure to retain symmetry in the circuit. This may
for example, bias components at both diodes, even though they may be
y necessary at only one. The reason, again, is to maintain balance in the circuit.
inear circuit simulation (by harmonic-balance analysis) is very effective in
sign of rat-race mixers. In the simulation, adjust the LO level until the RF and
WRs are minimum. It should not be difficult to achieve low VSWR at all ports
e LO power level. If the required LO level is too high, select a diode having a
barrier height. If you still cannot achieve optimum port VSWR at the desired
pwer, try replacing the lines from the hybrid to the diodes with quarter-wave
ormers; a higher impedance at the diode will cause the conversion loss and
to be optimum at lower LO power.

J
33 SINGLY BALANCED, 90-DEGREE MIXER

Characteristics

the branch-line hybrid most frequently used in its fabrication can be made

r, this type of 90-degree mixer sometimes is mistakenly called a rat-race

In our opinion, that name really should be reserved for the mixer described in

n 3.2. This stuff is confusing enough without sloppy nomenclature!

circuit, frankly, is not a good one. It offers only a few advantages over the

mixer, and its disadvantages are significant (and largely unrecognized). We

ide it only because we realize that many people will build them anyway, and we
0 help such benighted folk avoid the consequences of their folly. If this is not

h of a warning, read on.

e problems with this circuit are as follows:

* The signal paths in the branch-line hybrid from either the RF or LO port to the
two diodes have different bandwidths.

_=?= The mixer does not reject (2, 1) or (1, 2) spurious responses. (If you are not fa-
- miliar with this concept, see [1].)

* It has relatively poor RF-to-LO and LO-to-RF isolation, which depends strong-
~ ly on LO level. Isolation of 10 dB is typical.

* Proper operation requires that both the RF and LO ports have a good source
VSWR over the entire RF and LO passbands. If this is not the case, the mixer
- will become unbalanced, and its already-minimal resemblance to a balanced
~ mixer will be lost.
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The advantages over the rat-race mixer are slightly greater RF/LO bandwidth and

more convenient layout. Multisection branch-line hybrids can be used in place of the
single-section hybrid we describe here, and these can have very wide bandwidths
For design information see [4], i

3.3.2 Description

The circuit is shown in Figure 3.5. It is similar in structure to the 180-degree rat-race
mixer; the only difference is in the use of a 90-degree branch-line hybrid instead of a
180-degree rat-race hybrid. The mixer is symmetrical; if the RF and LO ports are
interchanged, no change in performance results.

At each diode, one signal—the RF or LO—is delayed by 90 degrees relative (o
the other. The IF currents are in phase in the diodes, and the IFs simply are
connected in parallel. The IF circuit is identical to that of the rat-race mixer.

Although other types of quadrature hybrids can be used in this mixer, they seem
to be unpopular, possibly because they are not as easy or as trouble-free to fabricate.
A multistrip Lange coupler, similar to those used in amplifiers, could be used, for
example, or a multisection branch-line hybrid. These hybrids would provide wider
bandwidth, but the multisection branch-line hybrid would be relatively large and the
Lange difficult to manufacture.

3.3.3 Design

Most aspects of the design of this mixer are identical to those of the rat-race mixer.
The one dlfl_’erence is, of course, the hybrid. Its design is trivial; the hybrid consists
of four microstrip sections, each one-quarter wavelength long. having the

impedances R and 0.707R, where R is the port impedance (invariably 50Q) as shown
in Figure 3.5.

Figure 3.5 A 90-degree singly batanced mixer. The design and characteristics are similar 1o those of
the rat-race mixer.
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Variations

the rat-race mixer, dc bias can be provided to the diodes. The same
ations are valid.

IF connection to the ring is possible but rarely used. This type of connection
used to eliminate the IF stubs, but, except perhaps in special cases, no
ent in the circuit layout results.

Cautions

haven't frightened you away from this circuit by now, little else will do it.
n. the cautions in Section 3.2.5 are largely valid here. The problem most likely
ack both the neophyte and the experienced designer is probably the need for a
broadband source VSWR at both the RF and LO ports, which is essential for

operation.

'DOUBLY BALANCED RING MIXER USING COUPLED-LINE
BALUNS

Characteristics

s an elemental yet practical circuit. It is a microwave realization of the
transformer-coupled ring mixer. Unlike transformers, however, microwave
do not have a convenient structure, analogous to the transformer’s center tap,
nnect the IF port. The primitive IF circuit in this mixer provides a relatively
owband (<1 GHz) IF. The horseshoe-balun mixer (described in Section 3.5) has
h better IF bandwidth but somewhat less RF/LO bandwidth.

ause of the simple balun, the RF and LO bands in this mixer can be quite
. Mixers having LO and RF frequency ranges of 2 to 26 GHz are not
ymmon. Such a broad frequency range is probably beyond the capabilities of the
hoe-balun mixer.

Description

‘mixer is shown in Figure 3.6. The baluns, which must be realized on 2
ended substrate, each consist of a pair of broadside-coupled striplines. The IF
Iit consists of a pair of blocking capacitors and two high-impedance shorted
The capacitors prevent IF leakage into the RF/LO port, and the stubs behave
-value inductors at the IF.

he IF circuit admittedly is a little clumsy. Except at low frequencies, the
citors do not provide a very effective IF block, and the inductance of the stubs is
iderable. Less obvious is the fact that these components, in conjunction with the
1S, create spurious resonances that limit the IF bandwidth to about 1 GHz. The
E stubs also establish the lower end of the RF and LO bands. As frequency
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decreases, the stubs’ impedances decrease, and the i ircuit th
; : ' i y begin to short-circuit the RF
LO signals. Lengthening the stubs extends the RF and LO low-frequency rcspa:::

but the increased inductance reduces the IF bandwidth.
3.4.3 Design

Diode Selection

Diode-selection considerations are much the same as those for the rat-race Mmixer

(Secu_on 3.2.3). Since there is no practical way to include a matching circuit, it i
gspemally important to choose a diode having negligible parasitic capacilanc; anl;
mflucta_mcc. In fact, the upper frequency limit of the RF and LO band is established
pnma;liy by diode parasitics, especially the lead inductance and junctio
capacitance, )
_Ti_'le use of a diode “quad” (four diodes in a single package) is essential
Individual devices simply are not practical in this type of mixer, if only because ct"
layout difficulties, (If you don’t believe this, try it!) Figure 3.6 shows an elz;oxy-
packaged de\.:ice, the type of diode most frequently used. The quad usually is
mf)u.ntr_ad on its side, in an opening in the suspended substrate; this configuration
minimizes lead length. Beam-lead quads also can be used, but plated-though holes
must be used to connect the leads to conductors on the bottom of the substrate. The.

IF Blocking Caps

Figure 3.6 Doubl)f ttalanced diode mixer. The baluns consist of balanced, suspended-subsirate
transmission lines. Blocking capacitors are used to prevent IF leakage from the RF/LO
port and a quarter-wave (at the center of the RF/LO band) stub provides the IF
connection and current return. This simple IF circuit limits the IF band to approximately
F}_.S—l GHz, but the RF and LO baluns can be very broadband. To minirmize the lengths of
its leads, the packaged diode “quad” often is mounted on its side in an opening in the

substrate. Tapering the ground-plane side of the bal i alun's
bandwidih, alun may increase the balun
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ths of conductors necessary to connect the baluns to the beam-lead quad are
singly long, and the resulting inductive parasitics obviate much of the benefit

sing a beam-lead diode quad.

n Design

alun is designed around the odd-mode characteristic impedance of the coupled
s, Zp,- If the even-mode characteristic impedance of the coupled lines, Zg,. is
y (as it should be), the coupled lines behave like a balanced transmission line
ng the characteristic impedance Zg = 2Zp,,.
For widest RF/LO bandwidth Z, = 25€; this causes the pair of coupled lines to
ave like a 50-Q balanced transmission line, which is matched to the 50-€ port
dance. This, of course, presents 50 to the diode quad. If a different impedance
ired, the balun’s transmission line impedance can be modified so the balun
tes as a quarter-wave transformer. However, its bandwidth will be considerably

‘The toughest trick in designing this type of balun is to manage the trade-off
een size and low-frequency response. The lower the minimum RF/LO
quency, the longer the balun must be. However, the higher the even-mode
teristic impedance Z,, the shorter the balun can be, for a given minimum
O frequency. Ideally, Zy, should be at least 10Zg,. To achieve a high Zg,. the air
under and above the suspended substrate must be as wide as possible, and the
s must be as narrow as possible. However, to achieve the necessary odd-mode
sedance, Zg,, with narrow strips, the substrate must be very thin. For this reason it
1ot unusual to see composite substrates as thin as 5 mils (125 um) used for these

The use of such thin substrates creates difficulties in fabrication. One possible
ative is to use thicker, high-dielectric-constant (high-€,) substrates.
unately, that is not a good idea, because the difference in even- and odd-mode
velocities in suspended, high-€, substrates degrades the performance of the
. For this reason ﬁberglass-Tcﬁon® composite substrates (Duroid@ substrates)
sed almost exclusively for this type of mixer.

It is common practice to taper the conductor on the ground-plane side of the
rate. This minimizes the generation of an even mode in the balun, which results
imbalance in the mixer. The underside conductor should be at least three times the
1 of the upper conductor at the input end. The shape of the taper doesn’t seem to
or much, as long as it is gradual. Ideally, the taper should have a constant
pedance, but maintaining a constant impedance is not easy and probably not worth
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sted considerably to ensure good low-frequency response. If the mixer
‘one octave in bandwidth, the stubs will be one-half wavelength long within
2/1.0 band and, in theory, should short-circuit the balun. As long as the stubs’
s are very high, this does generally not happen, because at high
cies the Q of a high-impedance stub is quite low.

This type of balun sometimes exhibits a passband “glitch!” at the frequen
where the balun is one-quarter wavelength long (in terms of the odd mode.) The
glitch is worst when Zj, is not high enough. Tapering the ground-plane condue
helps to minimize this irritating characteristic. %

We've been pretty qualitative so far. Now it's time to present some specifie
design rules: |

* Use the thinnest composite substrate you dare. It should have a dielectyie
constant below 3.0. 3

. Selef:t Zy, = 25Q.If you have no software capable of analyzing SSSL, find the
required width from microstrip tables. Use the width for a 25Q microstrip lipe
on a substrate half as thick as the one you are using. '

* Determine Zm_,. You can use a stripline analysis to obtain an accurate valye,
Calculate th_c impedance of a stripline having the same ground-plane spacing
g = 1.0, strip width equal to the width of your balun's upper strip, and su-il;
thickness equal to your substrate’s thickness. Then double it. This is Z,.

. T'he length is determined by the minimum RF/LO frequency and Zg,. Tt is
difficult to suggest something better than a rough estimate. One reasonable
estimate is the following:

r diodes are in parallel at the IF. As with the rat-race mixer, each has an
sistance of 100-200Q (Section 3.2.3) so the IF output impedance is
mately 25-50Q.

IF equivalent circuit is shown in Figure 3.7. Except for the IF stubs, it is
ely straightforward. Each of the stubs should be treated as a single conductor;
o wires of the stub are close enough together that they should not be viewed as
onductors. The characteristic impedance can be found from a number of
for example [6]. The capacitors, Cj, in the figure, usually are quite small,
1 pF. They must be selected to have low impedance at the lower end of the
band but high impedance at the upper end of the IF band. If this is not
>, this type of mixer may not be appropriate.

rly, there are trade-offs between the IF and RF design. It may be necessary to
and forth between the RF/LO and IF circuit designs a few times to get
ng right. Analyzing the entire circuit on a harmonic-balance simulator
such trades to be made in a straightforward manner.

8 = atan(lz%) 3.13)

where 8 is the electrical length of the balun at the low end of the RF/LO band,

calculated at the even-mode phase velocity. V.
ariations

3.8 shows a four-wire IF balun. This type of balun allows the IF to overlap
/LO band. Like the IF stubs in Figure 3.6, these stubs act as shorted quarter-
bs across the output of the RF and LO baluns. However, by interlacing the

Y

Cp

RF/LO Design

Once the balun is designed, there isn’t much left to do. First, note that the balun
design described above results in a 50-Q source impedance at the diode ring. But
what impedance does each diode see? Fifty ohms, as it happens, because the balun
output has two series connections of two diodes each. (We can ignore the effect of
the second balun, because the terminals on the ring where it is connected are virtual
ground points for the first balun.)

We can control the source impedance presented to the diodes by using the balun
as a transformer. To do so, set Zy, = 0.5 (Z; Zd)o'j. where Z, is the source impedance
(50Q) and Z; is the source impedance you want the diode to see. Of course, this
reduces the bandwidth of the balun to that of the transformer. For more information
of transformer bandwidth, see [4].

The IF stubs may limit the low-frequency performance of the balun. They usually
are made one-quarter wavelength long at the RF/LO bandcenter, but the length can

.7 Approximate IF equivalent circuit of the doubly balanced mixer. Cj, is the IF blocking
capacitor, Z, is the RF/LO port impedance (usually 50Q), and Z, is the diodes” output

1. Similarly sophisticated and equivalent technical terms are suckour and VSWR spike. impedance at the IF, usually 25 to 50Q.
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conductors as shown, it is possible to make them approximate a transmission line at
the IF. Determining the dimensions for a 50 line is a little tricky, but even i

imperfect, it is an improvement over the arrangement in Figure 3.6.
Paradoxically, this does not work well if the IF does not overlap the RF/LO b:
At low frequencies the IF-blocking capacitors are needed to prevent IF leakage fﬁ,m

the RF/LO port. At IF frequencies within the RF/LO band, however, the baluns alone

provide isolation and capacitors are not needed. In this case a very broadbang
overlapped IF is possible.

34.5 Cautions

In a nonlinear circuit simulator the conductors of the baluns and IF stubs should be
modeled as coupled transmission lines. Avoid the temptation to model them a5
simple balanced transmission lines; this just doesn’t work. For example, modeling
the IF stubs as balanced transmission lines open-circuits the IF port! This happens
because the stub carries the IF output in an even mode, but the even-mode
impedance of an ideal transmission line is, theoretically, infinite. A transmission line
model gives the RF and LO baluns infinite bandwidth and generally makes them
seem to work too well.

If a tapered lower conductor is used in the balun, the circuit can be very sensitive
to the quality of ground connections. This is especially important at high
frequencies. Ground connections between the conductors and housing must be
continuous and reliable, or strange behavior—housing resonances, passband
“glitches™ and poor port-to-port isolation—can occur.

Be careful of thin composite substrates. It is easy to damage them and to create
shorts anywhere a conductor approaches the edge of a substrate. Transitions 10
coaxial connectors are especially vulnerable.

/
=1 =

Figure 3.8 A four-wire IF balun. The conductors behave like stubs. as in Figure 3.6, for the RF and
LO, but as a transmission line for the [F. To minimize LO-to-RF and LO-to-IF coupling
through the balun_ the conductors must be equally spaced.
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'DOUBLY BALANCED “HORSESHOE” BALUN MIXER

Characteristics

horseshoe” balun mixer is a variation on the doubly balanced mixer described
tion 3.4. Its LO uses a coupled-line balun, but the RF uses a structure we call a
shoe balun, in recognition of its wide conductors and U-shaped structure. This
provides an improved IF interface, but its RF bandwidth is not as wide as that
coupled-line balun. The IF range can overlap the RF somewhat.
main reason for using this structure is its broad, de-coupled IF bandwidth: a
dth of several GHz is possible. The horseshoe section of the RF balun also
s additional even-mode rejection, resulting in improved balance and RF-to-
ation. The IF connection point of the horseshoe, which theoretically is a
| ground for the RF and LO, is not one in practice. A stub may be needed to
de additional RF and LO rejection. This stub can be used to provide matching
2]l, improving the IF VSWR at high frequencies.

Deseription

er is shown in Figure 3.9. It consists of a pair of coupled-line baluns, a diode
d a U-shaped coupled-line structure, the horseshoe. The horseshoe is simply
ets of coupled lines; its U (or sometimes V) shape is the only convenient way to
it such a structure. The lines are broadside-coupled; one conductor of each set
ple, the inner horseshoe in Figure 3.9) is on the top side of the suspended

tion between the ground ends of this section is necessary in practice, although
0ory it may seem extraneous.

with the other mixer designs in this chapter, the horseshoe section of the
| is designed according to its odd-mode characteristic impedance; the even-
 impedance must be as high as possible. The odd-mode impedance must be
vely low, often in the range of 10 to 20Q. This necessitates a wide line and a
substrate. Because of the need to match even- and odd-mode phase velocities as
as possible, the structure must be fabricated on a low-dielectric-constant
te.
he LO balun is identical to the one used in the mixer described in Section 3.3. It
es part of the IF-return path; a stub is necessary to complete the IF-current

Design

design of this mixer is essentially the same as for a mixer using coupled-line
S (see Section 3.4). The design of the RF horseshoe balun is somewhat more
lex, but it performs the same function as the simple coupled-line balun in the
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Zy,, = 05,02,7; 4 (3.14)

ts in Zg o =25Q This value is relatively low but can be achieved with
oupled lines on thin, composite substrates.

20,01 and Zp ,» sections are, ideally, one-quarter wavelength long at thfe
of the RF band. When the mixer is optimized on the computer, however, it
.”;;eces.v;ary to modify these lengths. The horseshoe section usually must be
ed considerably, often to half the ideal value, to optimize both the RF and IF
s'_,' Shortening this section usually degrades the LO-to-IF and RF-to-IF
) so some care must be used in making this trade-off.

o;_o:ofofofofofofofé

D R X e o ]
JedeTe% %0 0% % %%

RS )
hIRIIRIRURN)

Figure 3.9 Doubly balanced ring mixer using coupled-line baluns and a U-shaped “horseshge”
balun. As with the circuit in Figure 3.6, the coupled-line baluns are broadside-coupled,
The shaded sections are on top of the suspended substrate, and the cross-haiched oneg
are on the bottom. The open-circuit IF stub provides additional RF and LO rejection.
_balance analysis is especially helpful in optimizing this circuit. The
m balun lengths, as determined by nonlinear analysis of the complete mixer,
an quite different from those determined by linear analysis of the balun alone.
secially important to be careful in determining the length of the horseshoe.
ter horseshoe has better IF bandwidth but may have restricted RF response at
end of the band. The structure should be as short as possible without

RF bandwidth.

latter mixer. Specifically, the impedance presented to the diodes, within the RF band,
is the same.

The length and impedance of the horseshoe section affect both the RF and IF
frequency responses. A longer balun favors the RF, while a shorter one results in
better IF bandwidth.

Diode Selection
‘bandwidth of this mixer can be quite wide. The key is to manage the lengths

Diode selection is essentially the same as for the other mixers in this chapter. See orseshoe sections and the impedance of the IF return line.

Sections 3.2.3 and 3.4.3 for a complete discussion.

Balun Design

The LO balun is identical to the one described in Section 3.4.3.

The RF equivalent circuit of the balun is shown schematically in Figure 3.10. Z
is the RF source impedance, usually 50Q, and Z; , is the RF input impedance at th®
diodes (see Section 3.1). Since the ring consists of two parallel sets of two series:
connected diodes, this is the same as the input impedance of a single diode. Zg 41 i
the odd-mode characteristic impedance of the RF coupled line, and Zj 5 is the odd-
mode impedance of the sections on each side of the horseshoe.

Z; 5 is an intermediate impedance that is treated as a free parameter; it can b¢
chosen arbitrarily by the designer. Obviously, certain values are better than others:
$0 Z; 5 should be chosen judiciously. Generally, broadest bandwidth results when
Zp 1 =Z; 2 =Z;. These impedances are given by the following relations:

Zy 4

‘ > Zgo :
Zg % N Zgo1 ‘ % e
b Zﬂaz Q

€ 3.10 Equivalent circuit of the horseshoe RF balun.



118 The RF and Microwave Circuit Design Cookbook

As well as the trade-off of IF bandwidth with RF performance, discussed i
Balun Design, there is a trade-off of the impedance of the IF return stub. The stub
should be one-quarter wavelength long at the center of the IF band, and, to preven
degradation of the LO bandwidth, it should have a high characteristic impedance, At
the IF frequency, however, the stub behaves as a series inductor, and if its impedance
is too high, it can limit the IF bandwidth and introduce imbalance.

It often is necessary to include a stub in the IF circuit to improve the LO and Rp
rejection. This stub is one-quarter wavelength long at the RF/LO center frequency, |y
is capacitive at the IF, however, and its impedance can be selected to help match the
IF port at the upper end of its range.

With careful design, it often is possible for the IF band to overlap part of the
lower end of the RF and LO bands. For an IF that overlaps a substantial amount of
the RF or LO bands, the four-wire IF balun (see Figure 3.8) is more appropriate.

3.54 Variations

Occasionally, the RF and LO ports are reversed. This results in wider RF bandwidth
but narrower LO bandwidth. The LO-to-IF isolation also may be worse.

Other types of baluns, such as the Marchand balun described in Section 3.6.2,
can be used at the RF and LO ports instead of simple, coupled-line baluns. These
may provide better performance in some respects.

3.5.5 Cautions

The design of this mixer is somewhat more complex than that of the other mixers,
but if the various design trade-offs are handled well, remarkably good performance
is possible. The trickiest part is the adjustment of the horseshoe length. It is essential
to monitor all important parameters of the design while this length is adjusted; it is

possible to obtain a design that is very good in some respects (for example, RF

VSWR and conversion loss) while making it unacceptable in other respects (for
example, RF-to-IF isolation). Nonlinear analysis is almost essential in this process.

Some of the traditional fabrication techniques for this type of mixer are pretty
bizarre. The strangest trick is to slit the thin, composite substrate around the RF
balun, twist the balun, and solder its ends to the gap in the outer horseshoe. This
structure is expensive fabricate and unreliable in use. As with the coupled-line-balun
mixer, the epoxy-packaged diode quad is often mounted on its side in a hole in the
substrate. The leads are then soldered to the striplines. The resulting parasitics aré
fairly large.

In both linear and nonlinear analyses of these baluns, it is essential to include the
even-mode characteristic impedances of the baluns’ coupled lines. Do not make
these impedances very large, in an attempt to have an ideal circuit, or usé
transmission lines instead of coupled lines. This effectively open-circuits the IF.
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DOUBLY BALANCED STAR MIXER

Characteristics

r mixer is a very nice circuit for many applications. It provides good
ce over octave bandwidths and a broadband, low-VSWR IF. All port-to-
jons are excellent. Its primary limitations, however, are (1) the IF cannot
the RF or LO bands, and (2) the RF and LO ports must cover the same
- unlike the ring mixers, the RF and LO baluns cannot have different frequency

Description

3.11 shows the mixer. The LO and RF baluns are oriented at right angles, and
onsists of an input line (on the top of the suspended substrate) and a set of
(on the underside of the substrate) to which it is electromagnetically coupled.
are one-half wavelength long at the center of the RF/LO band. The diodes
cted in a cross configuration (more elegantly called a star) in the center of
cture. The IF is connected to the diodes’ common node, and the coupled lines
- balun provide the IF return.

nderstanding the coupled lines is the key to understanding the operation of the
. We start by considering a single balun (let’s say it’s the RF). The parallel
ctors on the underside of the substrate have the same voltage along them, so
ap between them has little effect on the balun. Its only effect is to reduce the
ing between the lower and upper conductors slightly, so to a good
Ximation we can model it as shown in Figure 3.12(a). This is a realization of a
1 structure called a Marchand balun. Splitting the coupled conductors simply
des two outputs, as shown in Figure 3.12(b); these outputs are in phase, and
has twice the impedance of the single output.

ow, what happens when we connect the LO balun? Clearly, the LO voltage
the RF balun in such a way that LO energy does not couple to the RF port;
on is ensured. The RF balun looks like nothing more than a pair of shorted,
-wavelength stubs, which are open circuits at their inputs. Thus, as long as the
ances of those stubs is high, the RF balun is invisible to the LO. Similarly, the
 invisible to the RF. Both, however, apply voltage to the diodes in the correct
for a doubly balanced mixer.

1is type of balun has a couple of subtle, yet important, characteristics. First,
mber that the RF balun of a ring mixer is connected to points in the diode ring
LO virtual grounds, and the LO balun similarly is connected to RF virtual
points. This completely decouples the RF and LO baluns, allowing them to
different passbands. In the star mixer, however, the baluns are connected
ctly, and their decoupling requires that both baluns have the same center
ency. Each balun must cover borh the RF and LO bands. Don't try to make the
d LO baluns different lengths; this idea just doesn’t work!
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Figure 3.11 The star mixer. The RE and LO strips are coupled electromagnetically to conductors on
the underside of the substrate. The orthogonal arrangement necessitales an uhdesirable
crossover. The IF is connected to the center of the “star” of diodes, on the underside of
the substrate. The low parasitic inductance of this connection results in a broad IF
bandwidth.

Figure 3.12 The evolution of the star-mixer balun, A Marchand balun (a) is modified 1o provide (w0

outputs. Two of these baluns are connected to form the star-mixer balun.
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nd, the IF currents excite both baluns in an even mode. The even-mode
impedance of a Marchand balun, within its bandwidth, is very high, so the IF
overlap the RF/LO band. In practice, the upper end of the IF band must be no
‘than about 80% of the lower end of the RF/LO. However, outside the RF/LO
IF parasitic inductance is very low, and a broadband, low-VSWR IF can be

{s euasl }y.

Design

ixer's design is a little different from the previous ones. The same principles

- standard philosophy applies: diodes are best chosen according to the
mation in Sections 3.2.3 and 3.4.3. Don’t scour your diode catalogs looking for
~mixer quad; they don’t exist. Use two diode tees instead.

Design

plified balun in Figure 3.12(a) can be used as a prototype for the design of
un. As with other coupled-line baluns, the even-mode impedance should be as
possible. The odd-mode impedance is

Zy, = 05,/Z.Z, (3.16)

e Z; is the source impedance (50Q) and Z; is the RF or LO impedance looking
single diode, usually in the range of 50 to 100Q. The balun is one-half
length long at the center of the RF/LO band. Unless Z; is unusually high the
idth will be approximately 2:1.

O Design

ricky part of the design of this mixer is the model for the three-conductor balun.
sceptable model is the parallel combination of coupled lines shown in Figure
Unfortunately, this model does not account for the gap between the two
lines, but, fortunately, the mixer’s performance is relatively insensitive to
idth of this gap. A good general rule is to make the gap approximately one-
of the width of the prototype balun’s conductors. The even-mode and odd-
impedances should be twice those of the prototype balun of Figure 3.12 (a),
the even-mode and odd-mode impedances of the individual coupled lines in
re 3.13.
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Figure 3.13 The three-conductor coupled-line RF or LO balun of the star mixer can be modeled a5 5
sel of simple ecupled lines in parallel. This is not equivalent to the star-mixer balun, Bﬁl
it usually is an adequate approximation.

3.14 A practical monolithic realization of the star mixer. The conductors from the bottom side
of the substrate in Figure 3.11 are moved to the top side of the substrate and are edge-
coupled to the top-side conductors. Because of the increased complexity in the center of
the structure, the diodes are connected to a ring instead of a common point. The IF is
connected to that ring.

IF Design

Tl?e’l'c'i of this mixer requires no special design effort other than the obvious need to
minimize the length of the jumper connection to the diodes. Connect it and forget
about it! '

7 MONOLITHIC CIRCUITS

assical diode-mixer circuits described in this chapter are difficult to realize as
thic circuits. The fundamental difficulty is in realizing a high even-mode
ance in coupled-line baluns on a thin, high-dielectric-constant semiconductor
ate. This problem has two practical solutions: (1) use a structure that is more
t of low even-mode impedance, and (2) increase the even-mode impedance
asing the even-mode inductance instead of reducing the even-mode
nce.

» Marchand balun (see Figure 3.12 (a)) is far more tolerant of low even-mode
¢e than the parallel-coupled balun used in the ring mixer (see Figure 3.6).
d baluns work well if the ratio of even- to odd-mode impedance is above
mately 3:1. The parallel-coupled balun requires at least a 10:1 ratio. If the
ncy is low enough and the parallel-coupled balun is long enough, it can be
d in a spiral to increase its even-mode inductance. This has surprisingly little
on the odd-mode impedance.

3.6.4 Variations

Monolithic versions of this mixer work quite well. Simply move the two coupled
lines from the underside of the substrate to the top side. The model in Figure 3.13 is
still applicable; the lines in the monolithic circuit are edge coupled, not broadside
coupled, as in the figure. Figure 3.14 shows one successful monolithic realization.

3.6.5 Cautions

This mixer is inordinately sensitive to the ground connection between the housing
and the ground surface of the suspended substrate. Make sure that the substrate
ground p}ane is well soldered to the housing around its entire circumference. If it i8
not, spurious resonances might appear in the RF/LO passband.

The housing for this mixer is necessarily about one-half wavelength square. This
results in a wonderful environment for housing resonances. It may be necessary (0
mount some absorbing material in the housing to eliminate such resonances. upled lines in monolithic mixers must be edge-coupled. Some types of mixers

As with the other.suspended-subslrate mixers, do not use a high-dielectri¢- very low odd-mode characteristic impedances, which are easier to realize as
constant sul‘as.trat_e. Doing so results in a mismatch between even- and odd-mode ide-coupled suspended-substrate lines than in edge-coupled form. To achieve
phase velocities in the coupled lines. As in all baluns, the phase-velocity inequality odd-mode impedance in a monolithic mixer, multistrip coupled lines can
degrades the port-to-port isolation. | |



124 The RF and Microwave Circuit Design Cookboolk

REFERENCES

.[-” Maas, S, A., Microwave Mixers, 2nd ed., Norwood, MA: Artech House, 1993,
[2]  Kollberg, E., Microwave and Millimeter-Wave Mixers, New York: IEEE Press 1984

(3] Kollberg, E., “Mixers and Detectors.” in K. Ch e
* : . ang, ed., Hand, M -
Components, New York: Wiley, 1990. ’ RIS Micamire gl Opn"".‘

4] Matthaei, G., L Young, and E. Jones, Mi i '
aei, G., L. : S, Microwave Filters, Impedance-M, j
Coupling Structures, Norwood MA: Artech House, 1980, ey g oy g

is; !“13.] Ch, S. A g\‘ldebﬂ]ld Smplﬂw If r d R]H 7}““1. .!“Icﬂjwal’ T 1eory
. ybrl ] & IEEE : / .
g e Th Tt’t‘h" VDI

[6] Wadell, B. C.. Transmission Line Design Handbook, Artech House, Norwood., MA, 1991

Chdpter 4
Diode Frequency Multipliers

‘time ago, when microwave components were made in a machine shop instead
foundry and were designed with slide rules and Smith charts instead of
0 computer programs, designing a diode frequency multiplier was a true test
hood.! These components genuinely deserved their reputation as
akers, and getting one to work required more wizardry, persuasion, and
= for frustration than scientific knowledge. The “multiplier guy” was the
est of the department, and he deserved to be.
 might be justified in expecting that the occult art of multiplier design would
shed to the lore of the past by now. It hasn’t. Diode frequency multipliers are
ith us because they still do certain tasks better than active components: high-
nultiplication, low noise, and broad bandwidths. Unfortunately, they’re still
fficult to produce. But here’s how to do it.
le 4.1 lists the circuits described in this chapter. We emphasize the resistive
ers; because of their broad bandwidths. these probably are the most practical
microwave and RF systems. Varactor multipliers still have their niche, of
; their greatest benefit is low noise and operation at millimeter wavelengths.

QUENCY-MULTIPLIER THEORY

are a number of efficient ways to generate harmonics with passive devices.
leave the subject of active multipliers to Chapter 8.) The dominant devices are

i all fairness, it may have been a true test of womanhood. oo, but back then there weren't many
men working in the microwave industry. So we'll never know.

125
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Table 4.1 Multipliers Described in This Chapter

Multiplier Type

Characteristics
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~ Resistive Frequency Multipliers

: 2 > frequency multipliers use the nonlinear I/V charactenistic of a Schotiky
Twienl Appllcat:ogs ode to distort a sinusoidal waveform. This distortion generates harmonics.
.

Single-diode resistive
doubler

Simple, narrowband; approxi-
mately 10-dB conversion loss,

—
Low-cost, low-performance,

“cheap and dirty"
applications.

Singly balanced doubler
with an output balun

Simple circuit; bandwidth
depends on the balun. The balun
must have a low impedance at the
fundamental frequency, or effec-
tive bypassing is required.

T -
General applications where

the high conversion loss is
tolerable.

Singly balanced doubler
with an input balun

Simple circuit; bandwidth
depends on the balun. The balun
must have a low impedance at the
harmonic. Since this is difficult to
guarantee, bypassing invariably
is necessary.

——

General applications where
the high conversion loss is
tolerable.

ut all there is to it. Designing a resistive multiplier simply reduces to
optimum source and load impedances and separating the input and output
This is usually done most effectively by a balanced circuit.

Characteristics

the more you distort the input sinusoid, the greater the harmonic currents in
. When the diode rectifies the sinusoid, much as a diode in a dc power
the distortion is about as great as it can be, and the harmonic output is
Unfortunately, that maximum still is not very great. Resistive frequency
s are not very efficient.

good can the efficiency be? More to the point, how bad does it have to be?
proved that the optimum efficiency of a resistive frequency multiplier can
eater than 1/n>, where n is the harmonic number. A doubler, for example,

Doubly balanced resistive
doubler

Requires input and output baluns,
but no bypassing is needed,
regardiess of balun characteris-
tics. Can be very broadband. Con-
version loss of 10-13 dB, but
higher power than the singly
balanced circuits.

General applications where
the high conversion loss 15
tolerable. With ~16 dBm
input, output level may be
adequate for a mixer LO,

Antiparallel-diode tripler

Broadband, low efficiency. Con-
version loss is 13-16 dB. Funda-
mental-frequency output is not
inherently rejected.

Applications where really
high conversion loss is
tolerable.

Varactor frequency doubler

Narrowband; sensitive to parame-
ter variations; requires dc bias;
can be unstable. Conversion loss
of 3-5 dB, depending on fre-
quency. Not for the faint of heart.

Mixer LO, especially at milli-
meter wavelengths. Used pri-

marily at frequencies where
active or resistive multipliers
are impractical.

Step-recovery diode multi-
plier

High-order frequency multiplica-
tion from a relatively low-
frequency source.

-~

Mixer LO systems, frequency
synthesizers. other signal
sources.

ve at least 6-dB conversion loss; a tripler, almost 10 dB. In reality the story is
rse: doublers rarely have conversion loss below about 10 dB, and no one
to make higher-harmonic resistive multipliers. It’s just too depressing!
ve multipliers, however, have one significant advantage over reactive
iers: broad bandwidth. Since a Schottky diode is a resistive device, il is
tly very broadband. As with diode mixers, the bandwidth of these
nts is Yimnited primarily by the external circuitry, usually baluns or hybrids,
by the diodes themselves. Multi-octave resistive multipliers are regularly

Theory

, semi-empirical analysis of a single-device resistive frequency doubler is
in [2]. As with the balanced mixers examined in Chapter 3, balanced
pliers are essentially just interconnections of single-device multipliers, so the

is valid for balanced circuits as well.
basic multiplier is shown in Figure 4.1. We assume that (1) the diode’s series
e is small, and (2) the diode’s capacitance can be “absorbed” into the
ce of the resonators. These resonators, marked o; and 20, are ideal
-resonant circuits, so they provide open circuits at resonance and short
 at all other frequencies.z This is the optimum termination.
analysis in [2] gives the following results. The junction resistance, R;, is

appears to conflict with our grand assertion that resistive multipliers are broadband. Practical
pliers invariably are balanced, and their terminations are provided automatically by the
0gy of the circuit. We don't need to use resonators, or even filters.
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small factor of 0.0167 should be a little disturbing. Dividing (4.6) by (4.4),
n the conversion loss,

2
NV B

Vs Z

Wy 20}1

R;—2R 3) 4.7

G, = 0'13(—_R,-+R,
icts a loss of at least 9 dB for the practical multiplier. Ouch!
is a little disturbing. After all, Page’s theorem says that we are limited to
and it seems reasonable to be able to come closer to this limit. Part of the
is the assumption, used to derive (4.7), that the diode-current waveform is a
inusoid. A more rectangular waveform would have better efficiency, and
analyses on the computer confirm this, Even with the strong diode
ty, however, such a waveform is difficult to achieve. On the other hand,
itations are not included in (4.7), the most important being current
n. Current saturation limits the peak current and increases the series
ce at high current densities, reducing efficiency and output power.
sign process follows this analysis. We first determine V. and /,,,, from the
nput power and the maximum current the diode can handle. V  may also be
by the breakdown voltage of the diode. We then find R; from (4.1), and we
1e input impedance, optimum load impedance, and conversion loss or output
rom (4.3) through (4.7). Finally, we design the rest of the circuit—baluns or
depending on the type of multiplier desired,

Figure 4.1 Simplified model of a resistive diode frequency doubler. The blocks marked @y and 2
are ideal parallel resonators at the input and output frequencies. respectively, 2 ‘

defined as the ratio of the fundamental-frequency junction voltage and current and is
given by '

A
Ry=+—-&, (4.1)

max

wh;r‘e V is the magnitude of the source voltage and /,,,,, is the peak junction current,
V, is determined by the available power, and 1,,,, is determined by the limitations of
the diode, so R; is established at the outset. V, is

V, = [BZ,F,, 42

where F,, is the available power from the source and Z,, the source irapedance, is
assumed to be real. The input impedance becomes

Varactor Multipliers

near reactance also can distort a sinusoidal signal. The nonlinear reactance
adily available is the depletion capacitance of a Schottky or pn junction
This nonlinearity is not very strong, so it is difficult to obtain good efficiency.
cless, with a degree of care comparable to balancing a needle on its point, an
multiplier can be produced.

Zi SRR, (43)

where R, is the diode’s series resistance. When the input is conjugate matched,
Zy = Zip,, Py, equals the input power, P;,, and

I Characteristics

1 |
Fov = Py = §‘T - R+ Ry) (44 | antages and disadvantages of a varactor multiplier are the oppasite of those
stive multiplier. A varactor is capable of higher efficiency and power than
ve multiplier, theoretically 100% for all harmonics. However, varactor
liers are notoriously narrowband. This is to be expected, since the varactor’s
nce must be great enough, at the input frequency, to allow substantial
current.
troublesome characteristic of varactor multipliers is their extreme sensitivity
nost every parameter of the circuit. These components have high design
Vity: very small changes in circuit parameters (tuning reactances, bias voltage,
Ppower level, and similar quantities) change the output power substantially.

The optimum load impedance, Z;, is
Z, = 083(R; - 2R,) @3
and the output power, P38

P, = 0016773

max

(R; - 2R,) (4.6)
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Mal_cing a varactor multiplier work—and keeping it working—can be a delic-m
business; it's not for the easily frustrated. Varactor frequency multipliers require
lot of empirical tuning; you can’t just design one, build it. and expect il to work, ﬁ;

this reason, it is rare to see a monolithic varactor multiplier. The uncertaintie ;
monolithic circuit design just don’t allow it. 1

ldlers

One problem in designing a varactor multiplier is the diode’s weak reactiye
nonlinearity. Without some tricks, the multiplier does not generate harmonigg
efficiently beyond the second. To see why, consider the varactor's capacitance-
voltage (C/V) characteristic: '

C.

C;(V;) = —JU—V (4.8)
Lot
¢

Where the quantities are as described in Section 2.1.2. The charge-voltage
characteristic is found by integrating (4.8):

Q(V)) = -2C;o0(1-V, /) (49

This can be rearranged to express the voltage as a function of current:

2_nA/2
s Q] (4.10)

{5

where Q is the junction charge and Qy =—2Cjg 9, a constant. If the current in the
diode is sinusoidal, the charge function will be also, and the Junction voltage will be
roughly proportional to the square of the charge. This means that the varactor
multiplier will generate only second harmonics efficiently. For higher harmonics, we
need to do more. The standard trick is to add an idler, a short-circuit resonator tuned
to the second harmonic, in parallel with the diode. This resonator allows a second-
harmonic current to circulate through the diode and to mix with the fundamental
producing a third harmonic, If yet higher harmonics are required, idlers at the othef
intermediate harmonics can be included. However, for high harmonics, it usually i
!Jelt_er to cascade two or more low-harmonic multipliers. The efficiency is better than
m a single multiplier, and it's much easier to cascade stages than to implement 4
large number of idlers. In any case, the basic circuit of a single-diode multiplier is
shown in Figure 4.2.

Idlers can be implemented in a number of ways. One method is to exploit @
resonance in the varactor’s package: a little extra capacitance can be added, !
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Varactor Idiers

Basic circuit of a varactor frequency multiplier, showing the matching circuits, varactor,
and idlers. In high-order multipliers, not all intermediate frequencies need have idlers,
but, theoretically, efficiency will be highest if they do.

, to adjust the resonant frequency. Other methods are the obvious: a stub or
de resonator. It just depends on the type of structure selected for the

liers use either pm-junction or Schottky varactors, either GaAs or silicon.
characteristics are as follows:

-Junction varactors: Most multipliers use pn junction varactors. Strangely,
characteristic that makes a pn junction unsuitable for mixers—diffusion
~charge storage in forward conduction—makes it very useful for mulitipfiers. In
a reactive multiplier, we want charge to be stored in the junction, not conduct-
ed; conduction causes power dissipation, hence loss and heating. Charge stor-
age, instead of conduction, prevents this and actually increases the capacitive
‘nonlinearity. When a diode is used in this manner, it is said to be overdriven.

* Punch-through varactors: pn-junction varactors sometimes are designed to be
fully depleted at modest reverse voltages. When such punch-through varactors
- are used, the multiplier’s output power does not vary much with input power.
This clearly has practical value, but it also has a cost: slightly lower efficiency.
* Schottky-barrier varactors: Diffused pn-junction varactors are limited in ca-
itance to about 0.2-0.3 pF or more. This is too great for millimeter-wave
multipliers. The only real option is to use a Schottky diode and to forego the
benefits of diffusion charge storage. The disadvantage of a Schottky varactor is
that the user must be careful not to overdrive the multiplier; if the multiplier is
(driven to the point where rectification occurs, the efficiency and output power
drop substantiaily.

* GaAs vs. silicon: The usual trade-off: GaAs is more expensive but offers better
performance It is usually reserved for situations where it is really necessary:
‘high frequencies and high efficiencies.
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Burckhardt Theory

Much varactor frequency-multiplier design is based on a classic paper by C. g
Burckhardt [3]. Burkhardt derived tables of design data for optimum frequenc'_}:_.

multipliers having various orders and combinations of idlers.

In Burckhardt’s scheme, the input and output ports of the multiplier are modelgq.
as shown in Figure 4.3. Sp; and Sy are the input and output elastance, or inverse

capacitance; N is the harmonic number; while R; and R; are the real parts of the
input and optimum load impedance, respectively. Knowing these, we can design the
matching circuits. Of course, we also must determine the input and output power
levels. These are functions of the normalized drive level, D, defined as

s Dpax — QB
95— Qp

D (4.11)

where g4, is the maximum junction charge, including diffusion charge; Op is the
charge at breakdown voltage, V, which we assume to be the peak reverse drive
voltage; and g, is the charge when the junction voltage equals the built-in voltage, ¢.
If Gpax = ¢, the drive level is as great as it can be without causing diffusion charge
storage, and D = 1.0. If D > 1.0 there is some degree of diffusion charge storage, and
the varactor is overdriven.

Tables 4.2 and 4.3 present design data from [3]. These cases, a doubler and
tripler using abrupt-junction diodes, are probably the most useful. In these tables
Spax = 1/ Cpiy, Where G, is the varactor capacitance at V. o and B are used to
determine the conversion efficiency and output power. The efficiency is

& = 4.12
G, c_xp(Q (4.12)

where

' l Spy Soy l ]
Input Qutput
'?2‘;‘ ﬁggrhinkg Matc irr}(g ?ﬂﬂ?ﬁt
or R; RL etwo

Figure 4.3 Input and output models used by Rurckhardt for design of the multiplier’s matching
networks.
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Table 4.2 Doubler
Parameter D=1.0 D=13 D=1.6
o 9.95 8.3 8.3
B 0.0227 0.0556 0.0835
R0/ Snax 0.080 0.098 0.0977
R0V S s 0.1355 0.151 0.151
Sov/3nas 0.50 0.37 0.28
5638 mar 0.50 0.40 0.34
Viten D.35 0.28 0.24

Table 4.3 Tripler

Parameter D=1.0 D=13 P=L3
o 1l.e 9.4 9.8
B 0.0241 0.0475 0.070
Ri01/8 0 0.137 0.168 0.172
R0/ e 0.0613 0.0728 0.0722
So1/8 puiex 0.50 0.36 0.26
S0 Snaz 0.50 0.38 0.31
856318 mar 0.50 0.38 0.30
View 0.32 0.24 0.18

‘C. B, Burckhardt, “Analysis of Varactor Frequency Multipliers for Arbitrary Capacitance
n and Drive Level,” Bell System Technical Journal, Vol. 44 (April, 1965), p. 675. ©@ 1965
Reprinted from the Bell System Technical Journal with permission.
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s stored, and the diode has a constant capacitance when reverse biased.
4.4(a) shows the circuit of the SRD pulse generator and Figure 4.5 shows
orms in the circuit. The impedance Z, in Figure 4.4(a) has a finite value at
mental frequency and is a short circuit at all other harmonics. In practice,
rt of filter is necessary. When the current in the diode is in the forward
the diode voltage is (ideally) zero, and charge is stored in the diode’s
The diode current is equal to the inductor current, I;(1); the equivalent
is shown in Figure 4.4(b). When the current reverses, the diode voltage
at zero until all the charge is removed; then the diode switches abruptly to a
itance state, the minimum depletion capacitance. Now, this capacitance is
y the peak current in the inductor, and since the diode was able to store a lot
e, this current is quite high. The equivalent circuit, shown in Figure 4.4(c), is
1 resonator driven by the inductor current. The resulting damped oscillation
only one-half cycle; however, before the diode voltage, V;, again becomes
, the diode turns on, and the oscillation is quenched. The result is a large,
t pulse, which can be as short as a few tens of picoseconds.

fast pulse is very useful. Tt can be applied to a resonator and a high
nic obtained. It also can be used for a variety of switching and sampling

b % MM
Vs + L +
Vy(t) Va(t) AL @
Ve l SRD '

V4(t) (b)

S

Qs = s .13

R, is the diode’s series resistance, and o, is the input radian frequency. The Olitpy
power is !
-V,
Py = f’mi(m) (4.14)
So2, given in the second table, is the component of diode capacitance at the secong
harmonic. It is used for designing the idler.
The tables also give values for the normalized bias voltage, defined as

0V,
Vdr:.n = ¢ — V‘; (415,

where V. is the dc bias voltage. The dc bias invariably is treated as an empirical
tuning element for optimizing the multiplier. so this quantity is not especially useful.

4.1.3 Step-Recovery-Diode Multipliers

Wouldn’t it be nice if there were some way to get around the limitation of the very
weak depletion-capacitance nonlinearity? One possibility is to exploit the diffusion
charge storage of a pr junction when the diode is forward biased. This is indeed a
strong nonlinearity: the stored charge is

Quir = tly=1lexp(3V) (4.16)

which is an exponential nonlinearity, much stronger than that wimpy little depletion
capacitance in (4.9). Now, if we drive the diode through an appropriate inductor, W
can arrange things so the diode is completely discharged at the instant when the
inductor current is maximum. At that point, we have an inductor with a huge current,
thanks to the large stored diffusion charge, driving a small depletion capacitance. We
then get precisely one-half cycle of voltage—a fast pulse—before the diode becomes
forward biased again, and the process is repeated. Applying this pulse to a resonator
is like hitting a church bell with a hammer: it will ring at the resonant frequency. O
course, that resonator should be tuned to a harmonic of the pulse’s fundamen
frequency. Voila: a high-order frequency multiplier.

L) L ——Cq Ra, ©

SRD Multiplier Basics

The standard analysis of the SRD multiplier is in [4.5]. The diode in those analyses

is idealized: it is a short circuit when the current is forward, virtually all forwar 44 (@) Step-recovery diode multiplier circuit; (b) equivalent circuit when the diode is

forward biased; and (¢) equivalent circuit during the impulse interval.
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2

* = 4.18)
Vi) o~ ~ i LG
U U/\\U = damping factor,
) t

' 1 JL
o a7 T = G i
, = selected carefully. If { is too low, the multiplier can become unstable; if it

gh, the pulse will be unnecessarily long. To guarantee stability, { should be
¢ than 0.4-0.5. These considerations largely define the values of L, Cy. and

L good approximation, the imaginary part of the multiplier’s input impedance
JoyL, the inductor’s reactance at the fundamental frequency, ®;. The real
somewhat more difficult to determine. A useful expression is

——

Vi(t)

o 4v2iL2w]
W ViRpo,

(4.20)

Figure 4.5 Waveforms in the step-recovery diode circuit shown in Figure 4.4.

iﬂ(-rp-is the peak pulse voltage,

L [ TG
V. = =f; | expl——2 (4.21)
# {)J; 8 241~ gzj

s the peak value of I;(#). The input power is

applications. Finally, part or all of its spectrum can be used as a “comb” of
frequencies for various purposes.

The SRD multiplier is fundamentally a reactive multiplier. Therefore, it is not
subject to the 1/n? efficiency limitation suffered by resistive multipliers. This is not
to say that high-harmonic SRD multipliers are efficient, however; in practice, their
efficiency is not much better than l:"nz. but unlike resistive multipliers, at least it's
not much worse.

Vo,

% B 4.22)

ut power is difficult to estimate with any degree of accuracy. Certainly, we
termine the power in the Nth harmonic of a sinusoidal pulse train, and
e the output power as that quantity. That would be valid if all the higher
s were terminated in the resistance R;. In real multipliers, however, many
s are reactively terminated. and this allows some of their power to be
ed” in the nonlinear diode and converted to output power at the desired
ic. Furthermore, other phenomena, such as losses and limitations in the
ing time of the diode, strongly affect high harmonics. Output power is difficult
ict accurately. For better or worse, the best way to determine the output power
uild the circuit.

Design Theory

As with other such circuits, we need to know (1) input impedance, (2) optimum load
impedance, (3) input and output power levels, and (4) how to select circuit and diode
parameters to achieve these. From Figure 4.4, we sec that the design involves
primarily selecting the diode, inductance, and load resistance. The pulse is & half
cycle of a sinusoid, and we want it to be approximately one-half the period of the
output sinuseid. Its length is

T, = (4.17)

T
¥ @,

where @), is the natural frequency of the damped sinusoid,
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4.2 SINGLE-DIODE RESISTIVE FREQUENCY DOUBLER

4.2.1 Characteristics

The single-diode multiplier is probably not the preferred way to make one of the
circuits. In a single-diode circuit we depend heavily on filters to prov?::
fundamental-frequency rejection; in balanced circuits, the fundamental is rejected
automatically. Still, as with single-diode mixers, single-diode multipliers have thei,
uses and serve as a prototype for more complex circuits.

As we noted in Section 4.1.1, resistive multipliers represent one extreme of the
efficiency/bandwidth trade-off; varactor multipliers represent the other. The midd]é—
ground is occupied by active multipliers. Resistive multipliers are inefficient, 4
doubler rarely having conversion loss better than 10 dB. '

eir.

The single-diode multiplier is useful mainly for low-cost, low-performance

applications, where the cost of two or four diodes for a balanced multiplier might be
prohibitive. Another application is at high frequencies, in waveguide structures,
where waveguide bandwidths are possible and the fundamental frequency is easy to
reject (by keeping it below the waveguide’s cutoff frequency). A single-diode circuit
does have one advantage over multiple-diode circuits: it is easy to provide dec bias o
it. De bias allows an extra degree of freedom in optimizing the multiplier. It is much
more difficult (but not impossible) to bias a balanced multiplier.

4.2.2  Description

Figure 4.6 shows the basic circuit. It consists of a diode and two resonators tuned o
the fundamental and second harmonic, The figure shows parallel LC resonators, but
any type of filter having appropriate characteristics can be used.

Input © m O OQutput
(a)
L ol 2w1

Input o o Output
. W e B | (b)

M4 @ ol .U4@m1| P

Figure 4.6 Single-diode resistive frequency doubler: (a) lumped realization; (b) distributed. The
inductor in the distributed circuit is a de current return.
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e parallel LC resonators are ideal because they short-circuit the diode at the
harmonics, giving the best overall performance. Note that the resonators
ently decouple the input from the output, and put the diode in parallel with
t at the fundamental frequency and in parallel with the output at the second
ic. The inductors in the resonators can be tapped to optimize the source and
dances at the diode.

v
y

3 Design

n theory for this multiplier is in Section 4.1.1 and the relevant equations
through (4.7). The first step is to determine a value of [,,,, and V and then
’s effective junction resistance, R;. from (4.1). I, is limited to the diode’s
ent capability and V, to its reverse breakdown voltage. The input power,
power, input impedance, and optimum load impedance are then calculated
)~(4.7). If these are not what is desired, the process is repeated with
it values of 1,,,, and V.
multiplier can be realized literally as shown in Figure 4.6 (a). The diode's
capacitance is part of the resonator capacitance, and tap points in the
can be adjusted empirically to optimize the impedance presented to the
1d thus its performance.
gher frequencies transmission-line stubs can be used. Both stubs should be
rter wavelength long at the fundamental frequency. This way, the short-
stub grounds the left end of the diode at the second harmonic, and the open-
stub grounds the right end at the fundamental frequency. Note that a de-
return is needed. The best place to put it is a zero-voltage point at the second
; we have such a point at the center of the output stub. For best
mental-frequency rejection, the input and output ports should be connected as
some control of the impedances presented to the diode can be obtained by
these points lower on the resonator, but isolation will suffer. The lengths of
ators may have to be adjusted somewhat to compensate for the diode’s
| Capacitance.
dmputer analysis, either by harmonic-balance or transient methods, works well
ve diode multipliers. It is especially helpful for optimizing the isolation,
ion efficiency, and port VSWR: these are competing trade-offs. We
end it heartily.

election

selection for resistive multipliers is similar to that for mixers. The junction
ance should be low enough to be negligible at the output frequency. At high
cies, this may not be possible. In this case the designer must trade off diode
ance against output power; larger diodes can handle higher power but have
T capacitance. See Section 4.2.4 for more ways to improve power handling.




140 The RF.and Micrawave Circuit Design Cookbook

Resistive multipliers are best fabricated from GaAs diodes. Silicon diodeg
usually have very low reverse-breakdown voltages, which limit their output i
and may result in an impractically low input impedance. The higher Serieg
resistances of silicon diodes results in higher conversion loss, exacerbating 4o
already dismal situation.

Remember that very little input power is converted to output power, so the diode
must dissipate virtually all the input power. Conventional GaAs Schottky diodeg
rarely can dissipate more than 20 dBm safely. Higher power levels usually require 3
multiple-diode circuit.

4.2.4  Variations

At high frequencies, the designer faces a dilemma: it may be impossible to find g
diode that has negligible junction capacitance. He can adjust the lengths of the stubs
to compensate, but once this is done, the stubs no longer present the proper short-
and open circuit-terminations to the diode at the first and second harmonics.

One way around this dilemma is to use two large diodes in series. Doubling the
area of the diode junction doubles 7,,,., thus doubling the power, but also doubling
the junction capacitance. Putting two of these diodes in series halves their
capacitance, returning the original capacitance, but doubles the breakdown voltage,
This again doubles the power, so the same conversion loss, input impedance, and
load impedance are obtained at 6-dB increased input and output power.

Putting two diodes in series may not precisely double the breakdown voltage.
Differences in the diodes’ reverse leakages may cause the voltage to divide between
the diodes unequally. The situation is not as bad as it might appear, because the
impedance of the junction capacitance usually is much less than the impedance of
the reverse-biased junction, so the voltage-divider effect of the capacitors tends to
equalize the voltage across the two diodes. In any case, the breakdown voltage of the
diode pair still will be greater than that of a single diode.

The configurations in Figure 4.6 are not the only ones possible, of course. FilterS
can be used in place of the resonators to achieve broader bandwidth. It is essential,
however, to short-circuit the diode at unwanted harmonics, and conventional filter
designs may not do this. It also is essential that the input filter not load the diode at
the output frequency or the output filter at the input frequency. This is a difficult set
of requirements to meet. Faced with so much trouble, you might find that a balanced
multplier makes more sense.

4.2.5 Cautions

All in all, this is not a very good circuit. Balanced multipliers almost always 3%
preferred. You should use it only if you understand the advantages of palanced
multipliers and are sure that a balanced circuit is clearly inappropriate for youf
application.
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SINGLY BALANCED FREQUENCY DOUBLER: INPUT BALUN

o

Characteristics

of the fundamental-frequency output. This is especially important in
multipliers, because their efficiency is low. Without substantial rejection.
damental-frequency output power can be much greater than the harmonic.

e use of a balanced circuit unfortunately does not improve the conversion
icy of the multiplier. By power-combining two or more diodes, however, it

there is no current return for the second harmonic. Providing a current return
- complicate the circuit and reduce its bandwidth enough to make a doubly
d mixer look very attractive.

Description

.7 shows the prototype circuit of a singly balanced multiplier using an input
mer as a balun. Tt looks a lot like a dc power-supply circuit. In a power
ply we are interested in the dc output, and we short-circuit the harmonics; in the
er, we are interested in the second harmonic and short circuit the dc current.
n the prototype circuit, the transformer’s center tap provides a current return for
he dc and even-harmonic currents; the inductor is an RF choke, preventing dc
t from circulating in Z;. The odd-harmonic currents simply circulate in the
) that comprises the diodes and transformer secondary. (Before you ask: how can
e carry a reverse current? It doesn’t. Remember, the rectifying property of
ode applies to the roral junction current, not to individual harmonics. The total

Input
|Lm ;Lm

¥
N

pu-

re 4.7 Prototype circuit of the doubly balanced resistive doubler and its output current. The
current waveform has only a de component and even harmonics.
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current in each diode does indeed satisfy this requirement.) In a high-frequepe,
circuit, a balun replaces the transformers; most types of baluns have no acce

multipliers.

4.3.3  Design: Rat-Race Multiplier

Figure 4.8 shows a practical high-frequency balanced doubler. It uses a rat-raca
hybrid (discussed in Section 3.2.2) and simple stubs, each one-quarter wavelengh

long at the fundamental frequency, for current returns. The circuit looks very muﬁh'

like the rat-race mixer described in Section 3.2. Note, however, that the diodes are
reversed, and there are a few other important differences. '

The hybrid is good for about a 10% bandwidth, perhaps 15% if the port-VSWR
requirements are modest. Because the diodes rarely limit the circuit’s bandwidth, the
bandwidth of the multiplier essentially is the bandwidth of the hybrid.

0.75%

Quarter-Wave
Output Transformer

Figure 4.8 Balanced resistive doubler using a rat-race hybrid. The lengths of the transmission 1183
from the ring to the diodes must be equal,

high-frequency current-return path. In this case we must provide one or gﬁ:

different balun. This is a fundamental problem in designing singly balaﬂcéﬁ-|
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i sobrid Design

> 4.8 largely defines the design of the hybrid. The impedance of the ring is
here R is the port impedance, usually S0Q The impedance of the ports
ed to the diodes is likewise R, so the individual multiplier diodes should be
d to have an input impedance of R. The lines from these ports to the diodes
qual in length, and the remaining port must be terminated as shown.

er Design

plier largely consists of two single-diode multipliers connected to a hybrid.
gn of single-diode multipliers is covered in Section 4.2.3.) The main
between this circuit and the single-diode multiplier is that the source
for each diode is R, but, because the diodes are in parallel at the output
, the load resistance seen by each diode is 2R. If R is 50Q, the load
e for each diode is 100Q. Unfortunately, (4.5) shows that the load resistance
 roughly equal to the source impedance. Thus, it appears that we're stuck
smatch; our only option is to decide at which port we want to suffer it.
less of a problem than it appears. One solution is to match the input and to
-some additional loss at the output, if necessary. A second solution is to use the
om the balun to the diodes as quarter-wave transformers, and design the
multipliers for a 100€ input and output impedance. The change in source
e may require reduced 7,,,,.. however, which decreases the output power,
higher values of R; may make junction capacitance a problem. A third
perhaps the best, is to design for a2 50Q input impedance and to use a quarter-
utput transformer to transform the 50Q load impedance to 25Q at the diodes,
each diode a 50Q load. The latter approach is developed here.
‘summary, here is the process:

i

Select a diode according to the criteria in Section 4.2.3.
Select values of V and I, 50 that R; + R; is approximately 50Q; see (4.1).
Calculate the input power and output power from (4.4) and (4.6).

4. Design the hybrid and current-return stubs. The stubs’ characteristic
- impedances should be approximately 50-709Q.

. Design the output quarter-wave transformer. The characteristic impedance
should be approximately 35Q.

6. Optimize the circuit with nonlinear analysis. Harmonic-balance analysis is
the preferred method. If this is not available, at least use linear analysis to
‘Ooptimize the design of the hybrids. Use a 508 resistor in parallel with the
diode's junction capacitance (G ) to model each of the diodes.
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4.3.4 Design: Coplanar Multiplier

A clever circuit that solves the current-return problem was proposed by Ogawa N '

his colleagues [6]. It uses a coplanar-waveguide (CPW) structure and exploits the
fact that the output currents at the fundamental frequency and second harmonie hav:f
different modes. :
Figure 4.9 shows the circuit. The input is CPW, and it immediately transitiong 1o
a slotline. The slotline impedance should be the same as the CPW, usually 509,_'146?
avoid coupling spurious modes near the junctions, and their resulting strang :
passband irregularities, the slotline should be at least one-eighth wavelength thi.-
The diodes’ cathodes are connected to a quarter-wave transformer, which can .b'e.
used to optimize the load impedance. '
The bond wires are essential. Wire 1 is a necessary part of the CPW-to-slotlipe
transition; it provides a path for the currents in the left side of the CPW. The reason
for wire 2 is a little more subtle. Although the diodes excite a normal CPW modé.;gt.'.
the second harmonic, at the fundamental frequency they excite a mode Prﬁpagﬂtﬁlﬁ;
on the CPW line as if it were two slotlines side by side. Wire 2 short-circuits this
slotline mode but not the normal CPW mode. d
Wire 1 should be as close to the slotline junction as possible. Wire 2 should be
located one-guarter of the fundamental-frequency wavelength from the diodes.
Remember, the diodes in this circuit are in series with the slotline at the input
and in parallel with the CPW at the output. The source and load impedances must be
adjusted for this.

Input Coplanar Waveguide

Figure 4.9 Balanced multiplier of Ogawa et al. [6]. The wide part of the ocutput strip is a quarte”
wave transformer for the second harmonic. The bonding wires are essential. Bonding
wire 1 is part of the CPW-to-slotline transition, and wire 2 prevents fundamenta”
frequency leakage in the odd CPW mode. (Figure reprinted with permission, © 1987
{EEE.)
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process is as follows:

ate a single-diode prototype using (4.1) through (4.7) and the information
Section 4.2.3. The input impedance R; + R, in (4.1) should be around 5092.
Design the slotline to act as a quarter-wave transformer between the 50Q
rce and the input impedance of the diodes, 2 (R; + R;).

imilarly, design the CPW output transformer to transform the 509 load
impedance 10 Z; /2 at the diodes; Z; is found from (4.5).

4 Locate the bond wire one-quarter wavelength from the diodes. It can be
. adjusted slightly to tune the multiplier.

Don't forget the bond wire to the dc bias pad. If dc bias is not used, ground
is wire. It is the diodes’ dc current return.

in any CPW circuit, the ground currents should be in the CPW ground plane,
microstrip ground plane under the substrate. Otherwise, microstrip modes
and the behavior of the circuit will be strange indeed. For this reason a 2.5-
ick, low-dielectric-constant substrate having a dielectric constant below 3.0 is
an air gap between the substrate and the ground plane, to increase the
ce of microstrip modes, is even better.

Variations

useful variation is the singly balanced doubler with an output balun. This
described in Section 4.4.

y other types of baluns can be used instead of a rat-race hybrid. For
multipliers, a Marchand balun works well and provides a much wider
th; for design information, see Section 3.6.3. Don’t count on the Marchand
0 provide a second-harmonic current return; you still need a set of stubs,

Cautions

ircuit in Figure 4.8, it is tempting to use the current-return stubs to resonate
junction capacitances. Doing so requires reducing the length of the stubs,
no longer will be one-half wavelength at the second harmonic. The reduced
ay result in worse performance than allowing a small mismatch at the input
cy; it depends on the operating frequency and the magnitude of the junction
ance. If nonlinear analysis is used, the stubs’ length can be optimized easily
computer.

| SINGLY BALANCED DOUBLER: OUTPUT BALUN

Characteristics

f8 a singly balanced multiplier, this has nearly the same characteristics as the
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multiplier in Section 4.3. In this case, however, the balun is at the output, and this
arrangement may make the circuit more practical. Like the previous circuit, this 0;;53
rejects odd-harmonic outputs; the most important of these is the fundamemafi

frequency. In many ways this circuit is the “dual™ of the previous one.

This circuit has no significant advantages or disadvantages in conversjgy

efficiency compared to the one in Section 4.3. Both are equally bad.

4.4.2 Description

Figure 4.10 shows the prototype circuit for this multiplier. Before you conclude thay

it simply is a reversed version of the circuit in Figure 4.7, note the diode polarity. Jt'

reversed. Because of this, the dc diode current circulates in the diode-transformer
loop, and as long as the input of the balun is a short-circuit at de, no current return ig
needed. A current-return path for the RF still is needed. The center-tap of the
transformer balun in Figure 4.10 provides this return, but microwave balung

generally have no analogous structure. Since it has a lower frequency, the RF current
return in this circuit may be easier to implement. This circuit has the same output-
current waveform as the input-balun multiplier shown in Figure 4.7.

The load resistance is electrically in series with the two diodes. Lacking any
impedance transformation in the balun, each diode is terminated, at the second
harmonic, with a resistance of Z; /2. The diodes are in parallel with the input port,

however, so each diode sees a source impedance of 2Z,, where Z, is the source
impedance. In Section 4.3 we noted that resistive multipliers require a load

impedance approximately equal to the source impedance. Now, if Z; = Z_, it appears

that we have a serious mismatch; one port or the other is four times its required

value. This is much the same situation that we faced with the multiplier in Figure
4.9.

In this circuit the balun or transformer must provide an impedance
transformation. The only trade-off is the balun bandwidth: when the balun is used to
transform impedances, its bandwidth shrinks a bit. Still, bandwidths close to an
octave are possible, and that’s not bad, especially compared to varactor circuits.

™~
Input Lt 7
o—

Figure 4.10 Balanced doubler using an output hybrid, Note that, compared to Figure 4.7, the diods

are reversed.
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Input Transformer
M4 @ 14

.11 Singly balanced multiplier using an output balun. Although a two-strip coupled-line
output balun is shown, a four-strip Lange-like structure may be needed.

Design

4.11 shows one of many possible circuits. It uses a Marchand balun for the
(see Section 3.6.3) and is good for about a 1.5:1 bandwidth. To minimize the
ode impedance of the coupled-line balun, this multiplier is best realized on a
v-dielectric-constant substrate or a suspended substrate. On such substrates
necessary to use multiple coupled lines in the balun, as is done in a Lange
r, to achieve the desired odd-mode impedance.

s design uses an input transformer and an impedance transformation in the
balun. These transformations are each only about 2:1, so the balun and the
ransformer should be fairly broadband.

fundamental-frequency current circulates in the balun. The balun should
| a low impedance to this current, but in reality its inductance may not be
ble, especially near the high end of the input band. It may be necessary to
e input slightly to compensate.

multiplier’s design process is as follows:

As before, create a single-diode prototype multiplier using (4.1) through (4.7)
and the information in Section 4.2.3, with an input impedance around 50.

. Design the balun. This is easy. The odd-mode impedance is

2z,
zﬂa - 52 .

b

(4.23)
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the last real impediment to achieving broad bandwidth, leaving us with a
multiplier whose bandwidth was limited only by the baluns.
lofty goal can be accomplished by using a diode bridge and balugs ax'both
it and output frequencies. The fundamental configuration is shown in Figure
h a multiplier is similar in many ways to a doubly balanced mixer: it
input and the output completely and rejects odd-harmonic outputs. This
eliminates situations where the diodes are in parallel at the input and in
the output or vice versa, making the ports easier to maich. Finally, the
f diodes is doubled, so the input and output powers also are doubled,
| to a singly balanced multiplier. This may be helpful in achieving higher

where Z is the source impedance (508) and Z; is the load impedance of g,
single-diode prototype, found from (4.5). The even-mode impedance Shou
be at least three times the odd-mode impedance, preferably higher, The
length of each arm is A./4 at the second harmonic.

3. Design the input transformer. Its impedance is

ZsZ in

Zo=

where Z; is the 50Q source impedance and Z;,, is the input impedance of the
single-diode prototype, from (4.3).

4. Using nonlinear analysis, add any tuning necessary to optimize the inpur
VSWR.

. 5. Adjust the lengths of the balun arms slightly to optimize efficiency. Be

] careful: if the optimum balun lengths are much shorter than /4 at the outpur

| frequency, you probably have not optimized the input tuning, and you are

ol compromising both the input VSWR and the output power by trying to adjust
|| | the balun length to optimize both.

parallel-strip baluns on a suspended substrate. To equalize mode velacities
. use a soft, low-dielectric-constant compaosite substrate.

I 4.4.4 Variations

“ Most of the circuits in Section 4.3 can be reversed and used as output-balun
' multipliers. The input and the output are interchanged, and one of the diodes must be
il | reversed. Some other changes must be made; for example, the hybrid in Figure 4.8
‘ I must be tuned to the second harmonic, not the fundamental frequency. If you
{l understand the basic principles of these circuits, the changes should be obvious.

£y
™2 i

| 4.4.5 Cautions

, The most likely problem is that the fundamental-frequency inductance of the balun’s
| arms will be too great to achieve a decent input VSWR. This type of balun becomes
an open circuit to in-phase excitation as the frequency approaches the lower end of

' its passband. '_I‘o prevent problems, the upper end of the input band must not be mor¢ e AT R
than about 70% of the low-frequency end of the output band. This is one circuit that
really should be analyzed on a computer.
Qutput

4.5 DOUBLY BALANCED RESISTIVE FREQUENCY DOUBLER

12 Basic circuit of a doubly balanced multiplier. The output currents circulate only in the
diodes and the output transformer, while the fundamental currents circulate only in the
diodes and the input transformer. Note the polarity of the diodes: if it is wrong, the
multiplier won't work. Don’t try 1o use a diode quad designed for mixers; use a so-called
bridge gquad instead.

4.5.1 Characteristics

One of the most irritating problems in designing singly balanced multipliers I$ lh"'
need for a ground return at either the fundamental frequency or the second harmonic:
It would be nice if we didn't have to provide this return. Eliminating it woul
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Cautions

ally pretty easy to design these circuits and to make them work. There isn't
at can go wrong. The most likely error is to get the diode polarity wrong. If
ypens, the circuit will do a very nice job of rejecting the second harmonic

“ the fundamental frequency.

Input 5 ' .-
: Diode Bridge "Quad |

ACTOR FREQUENCY MULTIPLIERS

Characteristics

or frequency multipliers have a well-deserved reputation for being
me. The fundamental problems are sensitivity and stability. Varactor
are sensitive, in that their performance varies dramatically with relatively
changes in circuit parameters. Tuning a varactor frequency multiplier can be a
ating experience; it has been compared, probably accurately, to balancing a
“its point. This high sensitivity makes monolithic varactor frequency
iers impractical. Virtually all such circuits are hybrids.
ay seem strange that a varactor frequency multiplier can become unstable.
all, a varactor is a passive component. Surprisingly, however, a varactor can
ctive; under certain conditions, which invariably involve pumping it with a
quency sinusoid, it can generate a negative resistance. In the past, this
ple has even been used to create negative-resistance varactor amplifiers, called
etric amplifiers.
versely, varactor frequency multipliers do have a significant advantage over
atives: noise. Varactors are virtually noiseless. This means that a varactor
er adds virtually no amplitude or phase noise to the signal being multiplied.’
ionally, they have much better efficiency than resistive multipliers, having
rsion losses of only a few decibels, and operate at frequencies—millimeter
~where active multipliers cannot be produced. Still, because of their
ness, varactor multipliers probably are a last choice for a frequency multiplier;
re used mainly when none of the alternatives is acceptable.
lanced varactor frequency multipliers are possible, although rare. Getting one
‘to work properly is trouble enough: the advantages of a balanced multiplier
‘are worth the pain of getiing two diodes to work together. Similarly, high-
onic multipliers are more difficult to produce than doublers or triplers, and
gh such multipliers have been produced in the past, they rarely are designed

Figure 4.13 Doubly balanced frequency doubler: a simple, elegant circuit. The polarity of the diodes
must be as shown. ’

4.53 Design

The process is as follows:

1. As with the singly balanced multiplier, design a single-diode multiplier as a
prototype circuit. Use Equations (4.1) through (4.7) and Section 4.2.3. Keep
the input impedance around 50Q and be sure that the junction capacitance
and capacitive parasitics are negligible at the highest output frequency.

2. Use a composite substrate having a dielectric constant below 3.0. It should be
as thin as practical, to maximize the even-mode characteristic impedance. A
250-um substrate is a good compromise between thickness and ease in
handling.

3. Design the coupled lines of the balun to have an odd-mode characteristic
impedance of Z,/2, from (4.3), approximately 25Q. The even-mode
characteristic impedance should be at least 125Q; the higher it is, the wider
the bandwidth will be. The baluns should be at least about 30 degrees long. i
terms of the even-mode phase velocity, at the low ends of their respective
bands. They should be less than about 150 degrees long at the high end.

4. If necessary, a short, high-impedance line section can be inserted between the
balun and the diode quad to tune out some of the diode capacitance. You may
need to use nonlinear analysis to do this accurately.

4.54 Variations

These circuits work well in monolithic form when Marchand baluns are used. For @l actor multipliers are not immune to the increase in phase noise caused by multiplication. All
. ency multipliers increase phase noise by at least 20 log(n) dB, where n is the harmonic

example of such a circuit, see [§]. nher
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24 ldler Resonator
(Not Used in Doublers)

Qutput Transformer

Figure 4.14 Varactor frequency multiplier. The lengths L; and L, are adjusted to make the input
circuit look like an open circuit, at the diode, at the second harmonic. £, is aﬂjus;ég-;_'

similarly for the fundamental.

4.6.2 Description

Figure 4.14 shows a s'mt_lple frequency multiplier. The input consists of a low-pass’
filter, transformer, bias circuit, and a length of transmission line. The output consists

gf a transformer, filter, and another transmission-line segment. Short high-
11}1pedance series lines are used as (uning inductors on the input and output. As with
single-diode mixers, these circuits must be designed to provide proper source and
load impedances to the diode and to prevent interaction between the input and
output. If the circuit is a tripler, a second-harmonic idler resonator is needed.

One common and very satisfactory way to fabricate this circuit is to use a soft
composite substrate and a packaged varactor. The varactor is mounted in a hole in
the substrate, minimizing parasitics and providing a good heat sink. Remember thal
the varactor, although officially a reactive device, has series resistance, and most of

the power lost in the multiplier is dissipated in this resistance. Good heat-sinking i
essential.

4.6.3 Design

The design process is first to determine the input and output impedances of the
varactor, design the filter/matching networks to provide those impedances, 7
finally to adjust the length of the input circuit’s transmission-line sections to provide
an open circuit to the diode at the second harmonic, and the output line to provide an
open circuit at the fundamental.

Diode Frequency Multipliers 153

cally, here is the process:

.ct a diode. Use the information in Section 4.1.2 and Table 4.2 or 4.3. This
an iterative process: select parameters, substitute them into (4.11) through
1. 14), and see if the performance is adequate. If not, change the parameters
repeat. This will give you the values of the input and output R-C models
own in Figure 4.3.

de package parasitics in the diode model and calculate the diode-model
edances at the input and output frequencies. If this is a tripler, you must
de the idler resonator as well. See Step 3.

tripler requires an idler. This can be as simple as an open-circuit stub.
nember, the diode reactance found from Syy/S,,,, in Table 4.3 and the
ckage parasitics are part of the idler, and the stub reactance must be
adjusted accordingly. Unless the package parasitics are severe, the stub
~ usually must be slightly inductive for the combination to be resonant. This
b will also affect the match at the input and output frequencies, so it must
included, along with other diode parasitics, in Step 2.
sign the input circuit:
Use a standard approach for the low-pass filter; see [7] or any other good
book on microwave filters. This filter should pass only the fundamental
frequency and have at least 15-dB rejection at the second harmonic. For a
tripler, its output impedance must be very low at both the second and third
harmonics of the fundamental frequency.

'b. Design an input matching circuit consisting of a transformer and a short
section of high-impedance line that matches the impedance of the
complete diode model (Figure 4.3 plus package parasitics and idler stub)
to the 502 source. This can be done on the computer or with a Smith chart.

. Compute the output impedance of the filter/matching structure, not
including the diode. This is best done on the computer. Adjust the length
of the 50Q transmission-line segment between the filter and the matching
circuit (L; in Figure 4.14) until the output impedance is an open circuit at
the output frequency. This guarantees that the input circuit will not affect
the output. If the filter is well designed, the length of this line will not
affect the fundamental-frequency matching.

Design the output circuit in the same manner as the input circuit. The output
- filter provides virtually all the fundamental-frequency rejection, so it usually
‘must be fairly complex. A simple structure, such as a stub, is rarely adequate.
A coupled-line or comb-line filter is commonly used. Again, see [7] for help
in designing the output filter.

Provide dc bias and a current return. (To retain clarity, these are not shown in
- Figure 4.14.) Since there is always some degree of rectified diode current, a
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resistor can provide the required negative dc bias voltage; a voltage source is .5 Description
nol needed. .

of the wide range of harmonic order used in SRD multipliers, it is a littie
t to identify a single circuil that can be used for a wide variety of
ations. For this reason we have adopted the multiplier shown in Figure 4.15 as
man” circuit and hope that, once understood, it can be can modified
ately for other uses. The circuit in Figure 4.15 is appropriate for input
ies in the low microwave range, around 0.1-1 GHz, outputs between about 5
 GHz, and an output up to perhaps the 10th harmonic. Above this frequency,
@1ﬁpiiers lose efficiency rapidly, and some other form of signal generation is
to be more appropriate.

Pigutc 4.15 we have included an output filter and a quarter-wave transmission
This allows us to obtain a clean output at m,, (4.18), which ideally will be equal
output frequency, without affecting the pulse-formation process. Remember
input impedance of a transmission line is equal to its characteristic
ance as long as there are no reflections, or until the reflected wave reaches the
If the transmission line is A/4 long at ®,, the pulse “sees” a terminating
ince of Zy, which is made equal to the load resistance. The pulse forms
lly and propagates down the line. If the input of the filter is an open circuit in
pband, the pulse is reflected and returns to the diode just as the diode switches
diode is now a short circuit, so the pulse is inverted and reflected, and the
repeats. The result is a damped sinusoid of voltage at the end of the
sion line. The narrowband filter then converts this damped sinusoid into 2

us sinusoid at the output frequency.

7. Finally, optimize the circuit on the computer. A harmonic-balance analysis is
best, but at least optimize the matching circuits using linear analysis.

4.6.4 Variations

This multiplier is trouble enough. Let’s not worry about other ways to make one.

4.6.5 Cautions

Don’t expect this circuit to work right out of the box. You will have to suffer a little
to make it do what you want. Remember Thomas Edison’s famous admonition that
nothing works just to make you happy. This is a superlative example.

Designing frequency multipliers is partially a technological effort and partially a
spiritual quest for personal growth. Try to think of it that way when you get really
frustrated. And don’t kick the dog. '

4.7 STEP-RECOVERY-DIODE FREQUENCY MULTIPLIER

4.7.1 Characteristics

An SRD frequency multiplier is a reactive device, but it operates somewhat
differently from a conventional varactor multiplier. SRDs are used primarily to
generate high harmonics from a relatively low-frequency excitation. They also are
used as fast pulse generators for sampling, radar, and similar applications. SRDs can
generate large pulses a few tens of picoseconds long. They're fast. As with any
reactive device, noise usually is relatively low, and the inevitable 20 log(n)
degradation in phase noise invariably dominates any noise introduced by the device.
Because SRD multipliers invariably are high-order, conversion loss can be high.
Losses of a few to several tens of decibels, depending on the harmonic, should be
expected.

High-order SRD multipliers, unlike varactor multipliers, do not require idlers.
This is a very nice property: it is a consequence of the SRD’'s much strongef
nonlinearity. The varactor's nonlinearity is essentially a depletion capacitance, while
SRDs use the diode’s diffusion capacitance for charge storage. An inevitable
characteristic of a high-order multiplier is that the harmonics are closely spaced; for

Design

sign consists of developing a pulse generator and attaching input and output
 to it. The input low-pass filter is essential; remember, in the design theory
lion 4.1.3) we assumed the source impedance to be zero at all frequencies except
damental: the input filter provides this termination. It also can be used as a
ng circuit to transform the S0Q source to the input impedance calculated in

Low-Pass Filter
M4 @ w,
Inpul%‘h Inductor Zo=12 Qutput
o YY"\ e Output LI

example, a tenth-harmonic multiplier has harmonics only 10% above and below the L 54 Filter

desired output, and these usually must be suppressed at least 20 dB. A high-ordef J_ _I_

multiplier needs a pretty good output filter. J_
SRD multipliers, like varactors, are prone to instability. They also are sensitive & | | SRD =

circuit parameters, and making one work requires a high tolerance for frustration.
‘e 4.15 Basic SRD multiplier circuit.
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Put it all together. Expect to spend some time adjusting the multiplier
manually.

T.he design process is to select a diode and to juggle (4.17) throu gh (4.22) ungj
gracucal set of values emerges. Finally, the input filter and output structures ..
esigned. s

_ riations
Diode Selection i

atives are trivial variations of the circuit in Figure 4,15, usually different
filters or ways to couple to the diode. Occasionally the quarter-wave line is
ated, although its function is implicitly retained by using a filter with an open-
stopband or some similar property.

SRDs have four important parameters; reverse breakdown .voltage. Vi reve ]
capacitance, Cy; minority-carrier lifetime, T,; and minimum transition time, ¢ r;;]
begin with the obvious, the breakdown voltage must be greater than the maxj;mﬁ
reverse voltage across the diode. The carrier lifetime must be long enough so lie
recombination occurs while the diode is charging; a good rule is ' Cautions

10

T, >

; f in (425]

important concern in designing these creatures is stability. SRDs are prone
ability, perhaps more so than conventional varactor multipliers. While working
'SRD multiplier, you should monitor the output with a spectrum analyzer for
" misbehavior. In the most common form of instability, the output breaks up
triangular spectrum of closely spaced frequency components. Frequency-
lier designers have invented a new verb to describe this phenomenon:
nas tree, as in, “Man, I almost got that multiplier to work really well, and it
nly started to Christmas tree on me.” Learn the jargon. and you'll impress the
ment.
ability is insidious. A multiplier that seems fine at room temperature might
oscillation at higher or lower temperatures. Similarly, a multiplier that seems
ight break up when the power level increases or even decreases. You can never
areful in making sure a multiplier is stable.

where f;, is the input frequency. There is no harm in making 1, longer than this,
except that the diode may be unnecessarily expensive. The transition time is the:
minimum switching time, which must be shorter than the output pulse length,
Therefore,

u<T, (4.26)

where T}, is given by (4.17).

V{':tually all the input power is dissipated in the diode. If the input power is high,
_lhc diode’s temperature may rise considerably. The thermal resistance, 0;., and the
input power, P;,, determine the temperature rise:

Jeo n
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where AT is the difference in temperature between the diode junction and the
mounting surface.

Multiplier Design

1. Select an appropriate value of the damping factor, {. Lacking any better
insight, use {=0.5.

2. Use (4.18) through (4.22) to find practical values of L, Cy and Ry thal
prow_de appropriate input impedance and power level. A constraint on thiS
step is that @, should be equal to the output frequency.

3 Qesign the input low-pass filter, including impedance transformation if Kin
differs from the source impedance. Reference [7] is perfect for this task.

4. Design an outpul transmission line and filter. The filter must be an ope?
circuit in its stopband.



Chapter 5
Other Diode Applications

hapter we examine a few circuits that don’t fit conveniently into any of the
cs. These include diode detectors and several kinds of modulators. An
.-B property of many of these components is the complete lack of any
d approach to their nonlinear design. We'll try to rectify that problem here.

5.1 lists the circuits described in this chapter. The first two, square-law and
detectors, are different uses of what is largely the same component. The
‘double-sideband (DSB) modulator, is essentially just another use for a
mixer. The remaining two, single-sideband (SSB) and vector modulators,
nsidered subsystems rather than components: nevertheless, there is more
than just selecting a mixer or hooking together a few off-the-shelf
. Many aspects of the design of these components is surprisingly subtle.

not as simple as they seem.

DIODE DETECTORS

two main applications for detectors: envelope detectors and square-law
An envelope detector is used mostly for demodulating amplitude-
led signals. It produces an output voltage that is proportional to the envelope
signal. A square-law detector is essentially a power-measuring device. It
s an output voltage proportional to the power of the input signal (or, if you
e square of the input voltage; thus, the name). One of the most common
ons for square-law detectors is in radiometers. These measure the power of
nd noise for noise measurement, radio astronomy, and radiometric imaging.
quare-law detectors are also used in test instruments.

and microwave detectors invariably use Schottky-barrier diodes. Pn-junction
are useful only at very low frequencies. See Section 2.1.1.
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Table 5.1 Components in This Chapter

RF Input Video Output
4 I~
= o 0
Component Characteristies Typical Applicationg | el |
Diode square-law Output voltage is proportional 1o input Power measurement in teg; |
detector power at low levels, input voltage at high | equipment and radiometers,
levels. High input VSWR. Load resis- ' = = = (a)

tance must be high.

__—_""-'-

Diode envelope Output voltage is proportional to the Demodulation of amplitude-
detector envelope of the input voltage waveform. | modulated signals. RF Input [ Cs m L Video Output
Double-sideband Uses a doubly balanced mixer to generate | Generation of double-side- =11 | @
(DSB) modulator DSB signals. Characteristics are largely band, suppressed-carrier c R

those of the mixer. signals. b v
Single-sideband Uses a pair of doubly balanced mixers to | Generation of single-side- s s (b)
(SSB) modulator generate SSB signals. Requires several band, suppressed-carrier N . 1

hybrids and a 90-degree phase splitter in | signals.
the modulating waveform, This can be

difficult 1o realize 1 Two detector circuits., Circuit (2) is most frequently used; (b) may have practical

advantages in some cases. The two circuits are virtually equivalent in RF performance.
The video resistance, R,, ofien is part of the external network, not part of the detector
itself.

Vector (I-Q) modula- | Generates a wide variety of digitally mod- | Modulation in a wide variety
tor ulated signals. Requires two mixers and a | of digital communication
90-degree hybrid. systems.

2 Detector Diodes
5.1.1 Fundamental Properties
ion as a detector, the diede must have a low forward voltage drop and a high
e resistance. Most Schottky diodes satisfy the latter requirement but not the
. A low forward voltage drop implies that I, is quite high (see Section 2.1.2
ssion of the electrical characteristics of Schottky diodes). To achieve these
Tistics, the diode must be heavily doped, which results in high junction
ce and reverse leakage. Silicon diodes have much lower forward voltage
an GaAs ones; therefore, virtually all detector diodes are silicon.
‘microwave and millimeter-wave detectors a high junction capacitance may
 tolerable. To reduce the junction capacitance, conventional mixer Schottkys
used, but dc bias is necessary. Providing dc bias to a detector usually is a
Ce; not only does it complicate the circuit, but drift in the bias voltage can
changes in the detector’s sensitivity. Furthermore, temperature changes cause
de’s 1/V characteristic to change and result in a shift in the diode’s dc bias
This may be difficult to distinguish from a change in input level.
Schottky detector diodes use p material. Although p materials have much
Mobility than n materials, resulting in higher series resistance, they have lower
l01se. This is the dominant noise source in detector diodes and the main
On to a detector’s sensitivity, A detector’s sensitivity usually is specified by a
called tangential sensitivity, a sloppy conceptl. It is discussed further in
51,3,

Both square-law and envelope detectors use essentially the same devices and
circuits; the difference is in the RF power levels. At low levels, a detector operates as
a square-law device; at higher levels, as an envelope detector. _

Two basic detector circuits are shown in Figure 5.1. The series configuration,
Figure 5.1(a), probably is the most common. The circuit is very simple: it 18
essentially a half-wave rectifier. C;, is a bypass capacitor and L is a current retuf
inductor. The reactance of C}, is small at the lowest RF frequency, and the reactance
of L is high, so the diode effectively is in parallel with the RF input port at high
frequencies. At output (called video) frequencies, the diode effectively is in par_aﬂ_*.-’-l
with the output port, and the combination of R, and C, form an RC filter that rejects
the high-frequency components. The inductor can be used as a tuning element 1
increase sensitivity by resonating the junction capacitance. If the input frequency 15
very high, it may be difficult to obtain an adequate bypass capacitor. In this case d
transmission-line stub may be used. _

Figure 5.1(b) shows a shunt configuration. It has no significant pf:rfr:u'n'l?ﬂ_“'f§
advantages over the series circuit but may be more practical in some cascfii fas
example, certain types of diodes, especially pill-packaged ones, may be cuSl_ﬂr e
mount in a shunt configuration, This circuit requires one extra component, the i1P¢
dc blocking capacitor, C,.
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Most diode manufacturers provide special diodes for use as detectors. These are
listed in catalogs as zero-bias Schottky-barrier detector diodes.
Finally, we recognize that a few detectors using point-contact silicon diodesg
still in existence. (So are a few Model-T Fords!) Although such diodes have low
barriers and may be sensitive, their mechanical fragility, cost, and limited fl‘equg'ncg
response make them unsuitable for new designs. '

' Sensitivity
are-law sensitivity! of a square-law detector is defined as output voltage per
er. It is usually listed in units of millivolts per milliwatt. Sensitivity of

D0 mV/mW is the norm, although at some frequencies, with careful
sensitivities approaching 10,000 mV/mW can be achieved.

5.1.3 Square-Law Detection ial Signal Sensitivity

signal sensitivity (TSS), or more commonly tangential sensitivity, is a
fion of the minimum signal that a square-law detector can handle.
ately, it is not a well-defined concept.

2 idea behind tangential sensitivity is this: we view the video noise from the
~on an oscilloscope. (A video amplifier usually is necessary to raise the
s noise to a measurable level.) We then apply an RF pulse to the detector,
st the RF level until the positive peaks of the noise without the RF signal are

Square-Law Characteristics

At low enough levels, virtually any resistive nonlinear device operates as a square-
law detector. To understand this, consider the Taylor-series representation of the
device's I/ V characteristic (where V), is the bias voltage and we have ignored the de
bias current):

2 3 4 o the negative peaks of the noise with the RF signal. The RF level that makes
iy = 4L 1d1 | » 1d1 3 1dl 4 peaks “tangent” in this way is the tangential sensitivity. Tangential
i(v) = ¥+ v — v+ ¥ oF . (G \ !

avy, _ v, 24v2|, _ v, 6dVv3|,, _ 2 Lk es of microwave detectors usually are in the range of —55 dBm to —50 dBm.
= s R

problem in this measurement is obvious: the peak value of a noise

The dc component of the current comes primarily from the even-degree terms. As orm, or any random process, cannot be defined. Furthermore, how do we know
long as the later even-degree terms in the series are smaller than the first one, the noise is from the detector, and not from the RF source, the video amplifier,

device will operate as a square-law detector. In the case of a diode, we have oscilloscope? Clearly, this concept is valid only if (1) the noise of the video
fier, RF source, and other instrumentation is small compared to the diode’s

(2) the video bandwidth is specified; and (3) we use a more precisely defined
than the peak noise voltage. Fortunately (?), the 1/f noise in diodes is
much greater than the thermal noise of the RF source or video amplifier, so
detectors the diode's 1/f noise establishes the tangential sensitivity.
r, if the video bandwidth is much less than the 1/f noise spectrum (as in a
er’s detector) or is outside the 1/f spectrum (as in an envelope detector for
modulated signals), tangential sensitivity may not be a valid measure of
tor’s sensitivity.

I(V) = I,[exp(8V) - 1] (52)

where 8 and I are constants (see Section 2.1.2). This gives
i(v) = Iexp(8 V)[SV + %521)2 - é53v3 E 2—145“114 + ) (53)

Because & ~ 30 in most detector diodes, the later terms are negligible only if v i§
small enough. To make the fourth-degree term small enough, relative to the

quadratic term, we must have fivelope Detection

detector is operated at a high level, its output voltage is approximately
onal to the envelope of the input waveform. We say approximately, because
A levels the diode behaves like a short circuit, in forward conduction, with a
internal voltage drop. Thus, the output voltage is proportional to |Vgr - Vy,
;VRF is the RF input voltage and V,; is the voltage drop, usually a few tenths of
It. This is not precisely the envelope of Vgzp Clearly, V; must be made as

‘%52\'2 «1 (54)

This requirement limits the input level for good square-law response to about -30
dBm when the source impedance is 50Q. It also implies that “soft” diodes, which
have lower values of 8, have better square-law performance. Unfortunately, such

diodes also have lower sensitivity. - ; ;
¥ about this term. Try not to confuse it with rangential sensitiviry, an entirely different
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small as possible, or at least very small compared to |Vgg|. Zero-bias Schogpy frequency, and the other ® terms follow similarly. R; is the diode’s junction

detector diodes usually satisfy this requirement admirably.

! (5.6)

5.2 SQUARE-LAW DETECTORS Bs= S el
; EXp b

sl Chauctermlics on the order of several thousand ohms, invariably much greater than the RF

impedance. The other quantities are as shown in Figure 5.1. Most square-law
rs produce a slowly varying output; @, / 27 usually is no more than a few
achieve good sensitivity, the video resistance must be quite high, usually on
- of 100 KQ. Normally R, >>R;. You may have to experiment with R,
at to achieve the widest possible square-law range.

A square-law detector produces an output voltage that is proportional to the inpug RF
power. The square-law characteristic can be very accurate over a limited range
Typically, square-law detectors operate over an input power range of —55 dBmt;;
about —30 dBm. Below this level, diode noise prevents their use, and above this fe\ﬁ |
the square-law “linearity” (i.e., linearity in terms of output voltage per input pgwe;i
starts to degrade. These detectors invariably have high, reactive input impedances,

5:22  Description y part of detector design is the selection of the diode. As with mixers, we

Virtually all square-law detectors are simple single-diode detectors. At lower  be sure that the series resistance and junction capacitance do not reduce the

frequencies, L and Cj, may be lumped elements: at higher frequencies transmission-
line stubs are used. A radial transmission-line stub often is a good choice for
broadband bypassing. Even when transmission-line stubs are used for bypassing, i!fé
a good idea to include a chip capacitor to prevent damage to the diode from static
electrical discharges in handling or electrical transients in the circuit to which the |
detector is connected. |

1

(Re+R)C; o)

ml’, max

the inductor L is used to tune the diode, the requirement is loosened a bit o

1
» (5.8)
R'x C:, r, max

5.2.3 Design

is the diode’s series resistance and C; is its junction capacitance. If these
ments are met, the input impedance of the detector is simply R;. The lowest
e value of R; is several hundred ohms, so an input match to a Schottky-diode
i§ rarely possible.

diode’s value of I, musl be selected to optimize the detector’s sensitivity.

Component Values

The design of square-law detectors is straightforward. The values of the compunen.t.s:
are selected according to the following criteria:

1 ___ <« an optimum value of /. If /, is too low, both the sensitivity and the square-
(Rg+R)C,  nmin e %3 - - AREEL
=D teristic will be poor. If it is too great, the low junction resistance, Rj,
1 h is in parallel with the video output port, will reduce sensitivity. The
(RTR) Cb' » Oy max Vity analysis in the next section can be used to make this trade-off.
L T .
(5.3)
Ryl R - A
oy i
T H tl)1", min t}'
(R,+R)) a methods [1] can be used to derive an accurate expression for the square-law
% Y - Sitivity of the detector in Figure 5.1(a). The RF junction voltage, v;, is

tl

where || indicates the parallel combination of the resistances, Rg is the RF 50_‘“'_@
resistance, W,,,;, is the minimum RF input frequency, ®, i, is the minimum vided
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et 8P, RoR Ls

J= : (s,
(Ro + R_g)RjLC_‘.-Sz ¥ [(R0 +R, + Rj)L + RoRstCﬂ 5+ (Rj+ Rs)RO 91

where Ry is the RF source impedance, P,, is the available power of the source, and
s = jo. The video output voltage is '

_ 058, , R .
Yo = T, 'R, +k, .10
Equations (5.9) and (5.10) were derived under the assumption that the input is
sinusoidal and that the diode is unbiased. They are also valid when the RF iﬂmli'
signal is broadband noise. 1

5.2.4 Cautions

In (5.6) we implicitly left the door open to the use of dc bias in a detector diode.
Unless it is essential for sensitivity, dc bias should be avoided, because drift in the
bias voltage or changes in the diode’s characteristics with temperature can cause
drift in the output voltage.

5.2.5 Variations

The backward diode, sometimes called the back diode, often is used instead of a
Schottky diode. A backward diode is a type of diode in which the reverse-bias
current actually is greater than the forward-bias current. It does this through the
magic of electron tunneling: the diode does not break down.

We mentioned earlier that a difficulty in making detectors with Schottky diodes
is the need for a very high value of I, or to put it another way, a low knee voltage in
the diode’s I/V characteristic. This is not a problem in back diodes; the knee of the
reverse [/V characteristic is very low. Furthermore, the strength of the second-
degree nonlinearity is much greater in back diodes than in Schottkys, so the
sensitivity is better, and the square-law characteristic has a wider rangé.
Unfortunately, the parasitic capacitances generally are greater.

5.3 ENVELOPE DETECTORS

5.3.1 Characteristics

An envelope detector produces an output voltage proportional to the voltag®
magnitude of the RF input signal. The circuits in Figure 5.1 operate as ::n\velﬂp_ﬂ1
detectors quite nicely, and the criteria of (5.5) are valid for their design. When thos¢
conditions are mel, the output voltage is
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¥
Vﬂ = (lvrl— Vd)m (5.]1)

7. is the voltage drop across the diode junction and v, is the open-circuit RF
the source. As long as V, is small, this is a faithful reproduction of the
of the RF signal.

e main difference between envelope detectors and square-law detectors is
1. In most diodes square-law operation requires an input level below about
m: much higher levels (at least —10 dBm) are used for envelope detection.
these levels, you get either poor square-law detection or distorted envelope
on. Take your pick.

Design

ion (5.5) applies to envelope detectors as well as square-law detectors. The
n of a diode is not as critical as with a square-law detector, however; the

uirements are that the junction capacitance be appropriate, which is
y what the criteria in (5.5) imply, and that the internal voltage drop, V, be
e latter requirement is satisfied by keeping the diode’s I, parameter small,
ly by using a zero-bias Schottky detector diode.

Variations

ope detectors can be realized as full-wave rectifiers. The basic circuit is shown
ure 5.2. An advantage of this configuration is the rejection of fundamental-
ency output-current components, so filtering is simpler. The required R,-C,
stant is only half that given in (5.5). Additionally, the transformer can
the source voltage applied to each diode, thereby improving sensitivity and

RF Input
Video Output

Ci ChJ_i':
= ]T__-:

2 5.2 A balanced, full-wave envelope detector. In this configuration, each diode is
driven by the output impedance of half the transformer’s secondary winding.
Sensitivity can be increased by the use of a step-up transformer.
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534  Cautions fundamentally are multipliers, so some type of mixer should be ideal for
ose. In this case, the modulating waveform is a baseband signal and the
s 2 high-frequency one, so the logical approach is to use the IF input for m(1),
input for the carrier, and the RF port for the modulated output waveform.
.12) we can see, however, that not any mixer will do. The mixer must have a

of important characteristics:

Envelope detectors are prone to an insidious form of distortion caused by %‘
difference in charging and discharging rates of the R,-C,, combination. Imagine Ihu
the signal’s envelope is a large pulse. The detector diode is forward biased angd c
charges rapidly through Ry. as illustrated in Figure 5.3(a). After the pulse, h Ly
the voltage on G, is high, and the only path for it to discharge is through g fnl
virtually all detectors, R, >> Ry, so the time constant for the discharge is n;-uch
longer than the time constant for charging. As a result, the detector does not fo‘llew; ‘
the peak well. The video output voltage has a fast rise but falls very slowly. T}w, |
solution to this problem is to limit the values of R, and Cj,

e modulating signal extends to baseband, the mixer’s IF bandwidth also-
st do so.

 prevent the carrier from leaking into the output, the mixer must have high
| LO-to-RF isolation.

' e mixer must have low distortion.
5.4 DOUBLE-SIDEBAND (DSB) MODULATORS | equirements usually dictate the use of a doubly balanced mixer.

5.4.1 Characteristics Description
Many communication systems use double-sideband, suppressed-carrier amplitude

odulators usually use one of two types of mixers: an active Gilbert-cell mixer
modulation (DSB). The DSB signal is expressed simply as : 44

in Section 6.7) or a diode ring mixer. Because of its high LO-to-RF
high impedance levels, ability to handle large signal voltages without

and easy monolithic integration, the bipolar-transistor Gilbert mixer
y is preferable. Diode modulators have the advantage of operation at much
r frequencies, and their distortion and LO-to-RF isolation may be adequate if
treated carefully.

Viep(t) = m(r)Veos(wr) (5.12)

where Vg is the RF signal, m(s) is the modulating waveform, often audio, and Vis
the amplitude of the wave when m(r) = 1. The RF signal is simply the product of the
modulating waveform m(r) and a carrier, Vcos(wt).

3 Design

argely consists of selecting an appropriate mixer and operating it properly.

- Vu %
siderations are presented here.

Rq Video Output

T ¥
& ok

Ce

balanced ring mixers with transformer baluns frequently are used as DSB
ors. They offer very good LO-to-RF isolation, broad bandwidth, and low
on, but they are limited in frequency to a few hundred megaheriz. At higher
es the microwave ring mixers described in Section 3.4 and following
may be used, although some of these circuits may not have adequate LO-to-
on for use as a modulator.

minimize distortion, the modulating signal must be kept 10 to 20 dB below
ier. This results in a relatively weak output, and a fair amount of
ication may be needed to raise it to a useful level. Minimizing distortion also
es low-VSWR, broadband terminations at all ports.

hen used as a modulator, a mixer is operated as an upconverter. The diodes’
On capacitances cause diode mixers to have unusual characteristics when

I R ®

Figure 5.3 Circuits illustrating peak distortion in the envelope detector. Circuit (a) represents 'j“’f
detector when the diode is conducting on envelope peaks; (b) represents the detectaf
after the peak. If R, >> Ry, recovery from the peak is very slow,
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operated as upconverters. These characteristics include (1) increased distortigy
compared to downconverler operation, and (2) asymmetrical sidebands in the oy
’ waveform. To avoid such problems, use relatively small diodes having

: low juncigy
1 capacitance. '

! Active MESFET Mixers

| Because of their inherently low LO-to-RF isolation, unbalanced active MESFET
’ mixers are rarely a good choice for DSB modulators. Singly or doubly balanceg
mixers may be adequate, but their need for baluns complicates the circuit and makeg
it large. Unlike bipolar mixers, doubly balanced MESFET mixers do not have goog
| LO rejection, and using such mixers without a balun usually degrades the LO-to-Rp
(i isolation.

BJT Mixers

| Virtually all BJT mixers use Gilbert cells (see Section 6.7). A Gilbert cell is ap
I i analog multiplier whose structure is in many ways similar to an interconnection of
| | differential amplifiers. They are usually realized as integrated circuits. .
Modern BIT IC technology can produce transistors that have very closely
' matched characteristics. Mixers using such transistors have very good LO-to-RE
' isolation. They also have low distortion. Furthermore, the high even-mode rejection
t of the differentially connected BJTs frequently allows such modulators to be used
i without baluns.
| Gilbert-cell mixers using BJTs operate at frequencies up to a few hundred
| megahertz. At frequencies up to about 20 GHz, HBTs can be used. For higher
| frequencies the modulated waveform can be generated at a lower frequency and
I upconverted.

| 5.4.4 Variations

| Gilbert-like mixers can be realized in MOSFET technology as well as BJT. These
| should have many of the desirable characteristics of their BIT analogs.

' 5.4.5 Cautions

The most likely problems one might encounter with DSB modulators are carrief
leak-through from poor LO-to-RF isolation in the mixer, and, especially in diode
modulators, distortion. Such problems are easily avoided by careful selection ©
components and signal levels.

I

tpu

Orher Diade Applications 171

[NGLE-SIDEBAND (SSB) MODULATORS

1 Characteristics

modulator generates a single-sideband, suppressed-carrier modulated
As with the DSB modulator, the most difficult task is to eliminate the
| outputs which in this case are both the carrier and the unwanted sideband.
ed suppression may be very great; even with 20 or 30 dB suppression of
anted sideband, it still may be great enough to cause interference to receivers
transmitter. As with the DSB modulator, we alse need to minimize

~ Description

(and probably obsolete) way to generate such a signal is to generate a DSB
and to filter out one of the sidebands. This requires large and relatively
ve filters, and, worst of all, must be done at a frequency low enough that the
ed sideband can be filtered effectively. Such SSB generators rarely operate at
cies above 500 KHz.

er way is to use the circuit shown in Figure 5.4, which consists of two DSB
ors, a hybrid, and a 90-degree phase splitter for the modulating signal. This
has a number of advantages over the filter method: it is smaller, less
/¢, and can be integrated easily. The only real disadvantage is that the 90-
phase splitter is theoretically impossible to realize.

is it impossible? An ideal, 90-degree phase splitter performs something
a Hilbert transformation. A Hilbert-transforming filter is a classic example
unrealizable component. It just can't be done. Fortunately, however, it is
: to approximate such a filter over a limited bandwidth. This usually is done
ng two filters whose transfer functions’ phases differ by 90 degrees.
“difficult part of the design of an SSB modulator is realizing this phase
Routines for designing such circuits are standard fare for filter-design
e. One such example is in [2].

I RE Carrier Input
ting Si
ling Signal  gg ,L) USB
aQ® LO 90 90" "—'0 1B0° "—"O A
Phase Div. Hybrid Hybrid
LO 0 _%1 —O =
LSB
0 — [
Modulated Output
IF RF

5.4 SSB modulator. Both an upper- and a lower-sideband signal are generated; the unwanted
cutpul port is simply terminated.
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5.5.3 Design

The n}ixers in Figure 5.4 are in fact DSB modulators, so the considerations for
selection and operation are essentially those in Section 5.4.3. The Critjos
characteristic in SSB modulators is the overall gain and phase balance of the mis 3

aI}d hybrids. It is essential that the time delay through the two paths in the circuijp 5
Figure 5'4.be. ic%entical; otherwise, the unwanted-sideband suppression will suffﬁr. 0{
Monolithic integrated circuits have a great advantage in equalizing the phase ahd'

the a{nplitudc. The mixers can be made virtually identical, so the paths ¢
equalized precisely. If the modulator is fabricated from individual,
components, these characteristics are much more difficult to achieve. If indivj

an e

components must be used, it is best to mount them precisely in a single housing and
to use microstrip or stripline interconnections. Probably the worst approach is m
H

interconnect the components via coaxial lines and connectors.

The sideband rejection can be predicted from the amplitude and phase errors as

follows:

R, = _10log 1-2.JG cos(8) +G
1+ 2.J/G cos(8) +G

G is the gain imbalance (a factor, not decibels) and O is the phase imbalance.

Ac_.h ieving 20 dB of unwanted sideband rejection requires, for example, that the path
gains and phases be equalized within 1 dB and 10 degrees, respectively. 30 dB
rejection requires 0.3 dB and 3 degrees. Care to try for 40?

5.54 Variations

In an integrated circuit the carrier’s 90-degree hybrid can be difficult to realize. A
useful trick is to shift the phase by splitting the carrier signal, shifting the phase of
one of the resulting signals with an RC network, and finally passing both through
saturated amplifiers to equalize the amplitudes.

A summing junction can be used in place of the 180-degree hybrid. When this is
done, interchanging the outputs of either of the 90-degree hybrids will provide 8
different sideband.

5.55 Cautions

It is possible to create SSB modulators having different configurations from the one
shown in Figure 5.4. Unfortunately, the 90-degree phase split in the modulating
signal is always necessary. Don't believe anyone who tells you otherwise!

eir

:
1

(5.3
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1-Q MODULATORS

1 Characteristics

d O stand for in-phase and quadrature-phase. Sometimes called vector
rs, these circuits are used for digital modulation.

e idea behind this type of modulator is fairly simple. Many types of digital
tion involve shifting the phase and sometimes the amplitude of a sinusoidal
Any such signal can be represented by a vector whose amplitude and phase
m bit to bit. Two orthogonal basis vectors span this space. Thus, by setting
tude of each of two vectors or, equivalently, the amplitudes of a 0 and 90-
sinusoids, we can create a signal having the desired amplitude and phase for

digital communication systems, noise causes bit errors; a noise fluctuation
any one bit period can change its amplitude or phase enough to cause it to be
en for another signal. Clearly, if the phase or amplitude of the signal are not
/ correct to begin with, bit errors will be more likely. Furthermore, the
of digital modulators usually must be very flat. Again, distortion in the
y domain results in phase and amplitude shifts in the time domain.

the precision of the modulator is critical to the performance of the system,
tude, phase, and passband specifications for digital modulators often are
As with an SSB modulator, monolithic technology can be a great help in
phases and amplitudes equal. The cautions in Section 5.5.3 apply here

Description

ic circuit of an I-Q modulator is shown in Figure 5.5. Two separate data
are applied to the IF ports of the mixers. The LO is split in phase by 90
The output of the upper mixer becomes the quadrature component; the
.of the lower is the in-phase. The two outputs are simply added.

¥ . Carrier lnput-7

90 / Modulated Output

; 90 )
Modulating Signal LO 90"
IF RF

‘Igure 5.5 1-Q modulator.
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5.6.3 Design

Design of this mixer is similar to the design of the SSB modulator. It is essentia]
the levels of the I and Q data streams do not saturate the mixer. Even if the sm;--
carry no amplitude information, as with quadrature-phase modulation, saturatine g
mixer will result in phase shifts that degrade the phase accuracy of the modu]'-
waveform. e
The selection criteria for the mixers is much the same as in Section 5.4.3
passband flatness and very low LO leakage are essential in such mixers. Most f;lnu'
balanced mixers exhibit good phase-shift characteristics; if the LO signals af-m
mixers differ by 90 degrees, so will the outputs. Unlike the data streams, the Lo |

levels should be fairly high, so the diodes are switched soundly and distortion js
minimized. 4

5.6.4 Variations

In monolithic circuits, the 90-degree hybrid may be difficult to realize. The trick
described in Section 5.5.4 for realizing this phase split may be useful here as well,

Some digital communication systems use biphase modulation, in which the
modulated signal has either a 0- or a 180-degree phase. Such systems do not requi:E
I-Q modulators, since only a single basis vector is needed to span the space of all
possible signal vectors. In such systems the digital data are applied to the IF port of
a doubly balanced mixer at a high level, so the digital signal switches the diodes.
The carrier is applied at a lower level to the LO port.

REFERENCES
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Chapter 6

| Active Mixers

. early days of GaAs MESFET technology, we all expected FET mixers
ally to supplant diode mixers. This hasn’t happened and probably never will.

ixers—both bipolar and FET—are not uniformly superior to diode mixers.
est advantages are conversion gain and compatibility with monolithic
their greatest disadvantage is the clumsiness of some of the balanced

e and active mixers are very different creatures, so it is difficult to compare
ormance. The noise figures of the best FET mixers are only modestly better
of diode mixers, but the FET mixers’ conversion gain improves the
| noise figure and reduces the number of stages in a system. Similarly, input
pt points (IP) of FET mixers are often worse, but their gain reduces the
of stages of input amplification. The reduction of input-stage gain may
ve a system’s dynamic range.
with the single-diode mixer, the single-FET mixer is a prototype for balanced
s. Therefore, even if your only interest is in balanced mixers, it is worth the
lo read Sections 6.1 and 6.2 before embarking on a balanced-mixer design,
e circuits examined in this chapter are listed in Table 6.1. Many variations are
. The circuits in Table 6.1 represent a selection of practical circuits that can
as starting points in a design. Although most circuits use MESFETS,
'Ts or JFETs can also be used in appropriate frequency ranges. The Gilbert
can be realized with either BJTs or HBTs.

1 ACTIVE MIXER THEORY

ter 3 we saw that a large LO voltage applied to a diode caused its junction
nce to vary and that frequency conversion in a diode mixer is caused by this
arying conductance. In an active mixer we apply the LO voltage between a
stor’s gate and source (or base and emitter) terminals and use the LO to

i75
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Table 6.1 Mixers Described in This Chapter

Mixer Type

Characteristics

Typical Applications

Single-device, single-
gate FET mixer

Simple, inexpensive. Pro-
vides conversion gain, low
neise, low distortion. LO-to-
IF isolation may be poor. Best
for moderate-bandwidth
applications.

Downconverter in receivers. The nann
for an LO-RF diplexer and [F filters
limits applications. '

Singe-device, dual-gate
FET mixer

Good LO-te-RF isclation
without filters. Gain and noise
figure are somewhat worse
than single-gate mixers; dis-
tortion is about the same.
Moderate bandwidth.

A nice mixer for low-cost integrateg
circuits, especially commercial appﬁ.
cations.

Singly balanced FET
mixer

Essentially the same charac-
teristics as a single-device
mixer, but good LO-IF and
LO-RF isolation without a
diplexer. 3-dB higher LO
power, 3-dB better IP. May
require baluns.

High-performance IC applications
where the number of FETs and the
size of the baluns is acceptable. The
large number of interconnections
makes this a poor choice for hybrid
circuits.

Doubly balanced
MOSFET mixer

Essentially the same charac-
teristics as a single-device
mixer, but has all the benefits
of a doubly balanced circuit
(see Chapter 3). 6 dB higher
LO power, 6 dB better IP.
May require baluns.

Essentially the same applications as
the singly balanced mixer, but where
improved intermodulation rejection
justifies the extra complexity and LO
power,

Gilbert-cell BIT/HBT
mixer

A doubly balanced bipolar
mixer. Often works well with-
out baluns. Can be used as a
“linear™ analog multiplier,

Modulators, signal processing as well
as mixing.

vary its transconductance. Frequency conversion is caused by this time-varying

transconductance.

Transistors have a number of nonlinearities that can be exploited for frequency
conversion. In the past, transistor mixers (you may detect a reluctance to call them
active mixers) have used a FET’s drain-to-source resistance or gate-to-channe
junction for mixing. These just don’t work as well as transconductance mixers. an
operating the device in this manner may compromise its reliability. For this rc-asi?ﬂ*
in this chapter we concern ourselves only with transconductance mixer circuits
Furthermore, to keep things as concrete as possible, in this section we consider only
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restrict our scope for two reasons: the great majority of active RE and
ve mixers use FETs, and, in any case, the extension of the theory to bipolar

del for a simplified FET transconductance mixer is shown in Figure 6.1. In
, we apply both the RF signal and the LO voltage to the gate. The LO
creates the time-varying transconductance, and the RF mixes with it.

design of an active mixer is based on a single idea: maximize the magnituc!e
ndamental-frequency component of the transconductance. The reason is

‘and the lowest noise figure.
all-signal drain current, i (1), is simply

ig(1) = G(1)vy(1) (6.1)

Gnu(?) is the transconductance waveform and vg(r) is'thc gate v-oltage_. In
G,,(1) is periodic but not sinusoidal, so we can express it as a Fourier series,

(1) = G0+ G,y cos(w,1) + G,y cos(20,1) + G5 cos(3m, 1) + ... (6.2)

is the LO frequency and, for simplicity, we have omitted phase terms in
ponent. (If the conductance pulses are symmetrical, which is usually the
d the zero point of the time axis is chosen properly, there will be no phase

e drain current becomes

Combiner

= LO

Idealized FET transconductance mixer. The FET has no parasitics and the bias sources
are not shown. The combiner usually is a filter diplexer or, occasionally, a directional
coupler. The output tuned circuit short-circuits the drain at all frequencies except the IF,
and the input tuned circuit shorts the gate at all frequencies except the RF and LO.



178 The RF and Microwave Cireuit Design Cookbook Active Mixers 179

. Gmivs
iy(t) = G,V cos(w,1)+ = [cos[(m, - m_P)r] +cos[(m, + wp)r]]

sz v (

+ s[cgs[(ms—flmp):}+cos[(mj+2mp)r]:|+

e [ g

Our desired output is the m,— ®, component of the drain current; the rest is exgee
baggage and must be eliminated. (We'll say a little more later about the best wa
do this.) The only component of the conductance waveform that affects our des;
output is Gp,y. ! Thus, to maximize the IF output current, we must maximize G (1),
the fundamental-frequency component of the transconductance waveform, Gm(;)
In all FETs, including HEMTS, the transconductance is maximum whep the
device is operated in current saturation. In this case the transconductance cap
varied from zero (at pinch-off) to some maximum value. In MESFETSs and of
junction FETs, the maximum transconductance occurs al maximum channel curre
in HEMTS, the transconductance peaks at a gate voltage somewhat below that whj
provides maximum channel current. Clearly, the LO must vary the transconductance
between these two extremes. But how? Should we bias the gate halfway between
maximum and minimum and have a sinusoidal G,, (1) waveform? Or should we biasit
at or below pinch-off and have a pulsed sinusoidal waveform? These options are
illustrated in Figure 6.2.
A few minutes with a book of Fourier-series expressions provides the answer: if
the transconductance is idealized as a linear function of gate voltage, and enough LO'
power is available to drive the FET to maximum transconductance, biasing the FET
at pinch-off provides the greatest G,,(1). In real devices, the optimum gate bias may
not be precisely at pinch-off, but it will be close.
At this point, we have generated several rules for operating transconductance
MIXErs:

Violt) C Violt)

(a) (b)

For high gain and low noise, the gate bias must be chosen to provide the greatest
fundamental-frequency component of the transconductance waveform. In (a), the FET is
biased in the active region; in (b). near pinch-off. The latter provides optimum
_performance.

of the design is relatively straightforward; only a few subtleties need be
|, We consider these below.

t Matching

nize conversion efficiency, conjugate-match the gate at the RF. There
to be litile value in mismatching the input to improve the noise figure of an
nixer, as is done in a low-noise FET amplifier. There are a couple of good
‘why this is true. First, in an amplifier, the input mismatch is a trade-off
1 the need for gain, which dictates a conjugate input match, and low noise, in
source impedance is chosen to force the partially correlated gate and drain
irrents to cancel, The gain of a FET mixer inherently is much lower than an
, 50 the trade-off of noise against gain must be biased more toward gain.
ore, the correlation between gate and drain noise currents in a mixer is
eaker, so less cancellation is possible.

1. Bias the device at pinch-off.

2. Drive the gate with enough LO power so the peak gate voltage provides:
maximum transconductance.

3. Keep the FET in current saturation throughout the LO cycle.
The methods for achieving these goals should be clear:

1. Conjugate-match the gate at the LO frequency.

2. Provide enough LO power.

3. Short-circuit the drain at all LO harmonics, including the fundamental. This.
will “pin” the drain voltage at its dc value, keeping the device in Cﬂff"’a
saturation throughout the LO cycle. It also will prevent LO leakage int®
IF circuit.

ut Matching

drain is effectively short-circuited at the LO frequency, the input LO
1ce, Z;,, is approximately

1
Zy = R3+R,.+Rg+m =z (6.4)
pgs

I. To be honest, the other components of G,,(r) do have some effect; a less approximate analysis i
necessary o show this. However, G, clearly is dominant.
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where w, is the LO frequency and the other terms are elements of the Pre
equivalent circuit, defined in Figure 2.18. Ideally, the LO input should be conigoy
matched. Often, however, this is impossible in practice. At low frequencies, th <
Q of a FET is very high and is virtually impossible to match over even a magq.
bandwidth. Even at higher frequencies it may be very difficult to match the i
over both the LO and RF bands. In this case, unless LO power is scarce, it prob :
is best to match the RF and suffer some reflection loss at the LO, 4

At low frequencies it often is adequate to put an inductor in series with the
to resonate Cyq and to adjust the source resistance (with a transformer) o achipye s
reasonable bandwidth. Of course, more complex matching circuits are possible.
rarely do they have a significant advantage over the simple, practical appn;g}-f
described in Section 6.2.3. g

IF Output Matching

In a downconverting FET mixer, the IF output impedance is very high. The IF outpu
effectively is a current source in parallel with a small capacitance. A current source.
cannot be matched; therefore, the IF load must be selected according to some
criterion other than conjugate matching. The only real option is to select 4
practically realizable load resistance that provides decent conversion efficiency and
good stability. For small-signal FETSs, this resistance usually is in the tange of 50 to
100Q2. Lower impedances usually do not provide adequate gain, and higher
impedances may introduce instability. Even though this is a mixer, it is still an active
circuit, and active circuits can oscillate!

IF Gate Termination

One of the best things you can do for your active mixer is to short circuit the FET'S
gate at the IF frequency. The short-circuit gate termination prevents amplifier-modé
operation at this frequency. Remember, the FET’s transconductance waveform hasfﬁ_
dc component, G,y in (6.2), which results in an output term at the RF inpul
frequency, G,,o V, cos(wr). This is amplification, pure and simple. Amplifier mode
gain can occur at the IF as well as the RF. The IF usually is a low frequency, S0 the.
FET may have quite a lot of IF gain. Any IF-frequency noise that leaks into the.
FET's input, often via the bias circuit, will be amplified and may degrade the FETS
noise figure. Similarly, IF feedback may introduce instability, Short circuiting the
gate al the IF frequency prevents this.

6.1.2 Conversion Efficiency

(1] for

It is possible to develop an approximate expression for conversion gain. See
the derivation. The conversion loss is

Active Mixers 181

G2 R,

m, max

G. = (6.5)
¢ lﬁme§;<R3+Rg+Rf)

. max 1 the peak transconductance, Ry is the IF load resistance, and the
eters are elements of the FET s equivalent circuit, defined in Figure 2.18.
sion is based on the assumption that the gate is conjugate matched at the
iased at pinch-off.

3 Single-Device Equivalent Circuit

ses of balanced FET mixers can be decomposed into single-device
ent circuits. This representation has two advantages: first, it simplifies the
ocess, and second, it shows that balanced structures are really no different,
le, from unbalanced ones. We will show how the decomposition process
¢hen we examine the individual balanced mixers.

4 ', . Other Configurations

Pumped Mixer

to apply the LO to the FET’s drain is almost irresistible. This mode of
 has an apparent advantage: the RF and LO are isolated. Unfortunately,
yumping has a significant disadvantage: unless the FET is driven into its linear
n over part of the LO cycle, the transconductance does not vary. and no
ductance mixing is possible. In a drain-pumped mixer (sometimes simply
d a drain mixer), frequency conversion occurs because of a combination of
e mixing, caused by the time-varying drain-to-source resistance, and
nductance mixing, caused by the decrease in transconductance when the FET
ut of saturation.

put it simply, drain-pumped FET mixers don’t work very well. They have
exhibited noise figures and gain as good as gate-pumped transconductance
~and their distortion is about the same. They do not have enough
ductance variation for efficient transconductance mixing. and the finite
drain-to-source resistance dissipates output power. Drain-pumped mixers
have withered from the technological consciousness a long time ago, but for a
ly papers indicating that such mixers had unusually low IMD. Although these
were not really conclusive, the idea that drain-pumped mixers have low
rtion somehow became conventional wisdom. If you have heard this, forget it
1d the rest of your life will be much happier.

For more information on drain-pumped mixers, see [2].
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Gate Resistive Mixer

Another possibility is to use the gate of the FET as a resistive mixer and the
the FET as an IF amplifier. This is another bad idea that didn’t last very long. Ag;
from performance (which is not particularly good), the gates of modern MESFE}‘@
are not designed for this type of operation, and attempting it may damage the devié&..

If you are really interested in this mode of operation, in spite of this Wal‘mn&
see [3].

Source-Pumped Mixer

A third possibility is to apply the LO to the FET’s source. Until we think a little less
superficially about this configuration, it sounds like a distinct mode of operation, A
lile thought, however, reveals that a FET has three terminals, and any single
excitation voltage can be applied only between a pair of them. In the gate-
pumped mixer, the LO is applied between the gate and the source, and in the
drain-pumped mixer, the LO is applied between the drain and the source. In
the source-pumped mixer, the LO must be applied between the gate and the source
or between the drain and the source.? In effect, it usually is applied between the gme
and the source, and then the source-pumped mixer is equivalent to the gate-pumped
mixer. The only differences are introduced by practical aspects of the design, such as
the ease or difficulty of bypassing the source at the RF and IF frequencies.

These practical considerations sometimes make a source-pumped mixer
worthwhile. For better or worse, source-pumped mixers are used only rarely.

6.2 SINGLE-FET MICROWAVE MIXER

6.2.1 Characteristics

Like single-diode mixers, a single-FET mixer exhibits high conversion efficiency
and low noise at the expense of the benefits of balanced structures: even-order IMD
rejection, LO AM noise rejection, and convenient separation of the LO, RF, and
sometimes IF ports. One difficulty in single-device mixers, which can be avoided i
balanced mixers, is the need for special structures to combine the RF and LO-
Usually, some type of diplexer is used, although a directional coupler also can be
used at the expense of high loss for either the RF or LO.

A second concern is LO leakage into the IF. The FET is, after all, an amplifyi‘ljﬁ'
device. In diode mixers, the diodes absorb a large fraction of the LO power, but1f
FET mixers, the FET does the opposite: it amplifies any signal applied to the gaté
Ideally, the circuit (usually a microstrip stub or a filter) that shorts the drain at the
LO frequency should prevent LO-to-IF leakage, but microstrip circuit elements ha¥®

2. A third possibility is, of course, the gate and drain. We won't dignify this idea with a discussio™

Test of
e
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s low Qs, and leakage occurs. Invariably, good LO-to-IF isolation requires
of filter. In balanced mixers where the LO is applied out-of-phase at the
LO-to-IF isolation can be very good. Avoiding LO-to-IF leakage is one
ood reason for using balanced mixers.

“mixers are capable of conversion gain. When designed according to the
of Section 6.1, they also have good noise figures, and distortion also will be
Typical performance for an X-band mixer using an ordinary small-signal
dBm LO power is a conversion gain of 6 dB, noise figure of 4 dB, and
_order intercept point of 12 dBm. High-performance HEMTSs can provide
gain and low noise well into the millimeter-wave range.

circuit described here is suitable for downconverter applications throughout
owave and millimeter-wave range where the bandwidth is moderate and the
- ncy is low, no more than 10% of the RF. Because of the wide variety of
pproaches, we have not included a design for a combiner or an IF filter. In
s best to design the mixer without these components and to add them as the
of the design. For filler-design information, see Reference {4].

Description

er circuit is shown in Figure 6.3. It is appropriate for use as a downconverter
out the RF, microwave, and millimeter-wave ranges, 4as long as the

h is moderate (~20% or less). For further information about the operation
m of these circuits, see [5].
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i ire 6.3 Single-device FET mixer. The A/ 4 lengths are determined at the center of the RF-LO
band, and C,, is the IF bypass capacitor. This circuit is appropriate for frequencies from
the lower microwave region to millimeter waves.
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, T}Ee mixer consists of an input matching circuit, an output filter/matching ¢}
bias circuits, and structures for short circuiting unwanted mixing products at the oy
and drain. The structures in this design are ones we have found useful: hms
anyone who understands their purposes, as outlined in Section 6.1, should have
trouble substituting other structures when appropriate. '

We describe the design of the mixer only; the designer will have to come up

ore accurate estimate can be found from nonlinear analysis of a simplified
J}Et is not necessary to create initial designs of the input or output matching
just bias the device and apply RF and LO signals. The drain-to-source
should be set to the usual value for an amplifier (about 2.5-3.5V for most
Ts), and the gate-to-source voltage should be set to pinch-off. Adjust the LO
: : 2 th gntil it is just short of drawing gate current. Use a large capacitor to short
E;Z 2:; ;?FS-L? dl;:slczxgr_ We'll add a few words of on the subject of LO injection S it the drain to the source or just connect the drain dc source directly to the
. L s ) ) ) . . y : EET's drain terminal. You should not observe much difference between the small-
o s Is realized in microstrip. Microstrip (or some other Planar F and large-signal LO input impedances at any frequency.
transmission medium) is the only really practical way to realize such circuits. || chever method you use, calculate the small- and large-signal impedances
combined LO and RF passbands.
6.2.3 Design

I
As with many microwave components, the design process largely is one of selectine
appropriate source and load terminations for the input and the output. Additiow
we must provide optimum source and load terminations, as described in Sé,ca T
6.1.1, at unwanted mixing frequencies and LO harmonics. .

impedance of a strongly pumped FET mixer is nearly infinite; there may
1l drain-to-source capacitance, 0.10-0.15 pF for small-signal FETs; unless
' frequency is unusually high, this is negligible. Thus, selecting an output
e involves selecting a value of resistance.

on (6.5) can be useful for this. R, should be selected to provide the desired
thin, of course, constraints of realizability. Remember that, in many systems,
1est possible gain is not necessary or even desirable, because it may
ate distortion and introduce instability. In a mixer, a conversion gain of a few
-usually is adequate.

inear analysis can be used to optimize the load impedance. Do not try to
the output impedance directly. Instead, use the circuit you created to
the input impedance. Adjust the bias and LO level as described in Section
Figure 6.2. Connect a capacitor between the drain and source that is large
to short circuit the RF and the LO but not the IF. If the IF frequency is too
0 do this with a simple capacitor, just lower the IF frequency; the output is
y resistive at the IF, so it won’t affect the results. Adjust the load resistance
desired gain is achieved.

Device Selection

Conventional small-signal amplifier MESFETs are ideal for active FET mixers at
frequencies up to about 20 GHz. There is little advantage in paying a premium for
very low-noise devices; low noise figure in amplifier applications does not imply
similarly low noise in mixers. At higher frequencies, HEMTs are best; at RF and
lower microwave frequencies, MOSFETs may be appropriate. Power devices are
sometimes used at low frequencies to achieve lower distortion, at the price of greater
LO power requirements.

A device having a low (that is, more negative) pinch-off voltage requires more
LO power but has lower distortion at its maximum LO level. HEMTs generally have
greater distortion than MESFETs but require significantly less LO power.

Input Impedance

Because the gate circuit of a FET is not strongly nonlinear (as long as it is not drived atching Circuit
into conduction), the input impedance of a pumped FET can be estimated from S

: . i ually impossible to achieve a good input match over the entire LO band.
parameters. It simply is the gate-input impedance of the device, biased near pinch- e % B

‘use an inductor to resonate the input capacitance and adjust the real part of

off, with a short-circuit on the drain. In terms of reflection coefficient, T, this i ESource impedance to achieve adequate input bandwidth.
i 8185 b - Calculate the required loaded input Q:
G (6 '
v 1+8;, fo 6.7
Q= A (6.7)

The S parameters measured at low-noise bias, which is usually close to pinch"jﬁ"
are adequate for this estimate.
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where fy is the center of the combined RF-LO band and Afis the bandwigy,

This value of Q;, results in approximately a 3-dB roll-off at the band edges

which may be too much. You may wish to reduce 0,y accordingly.
2. Select the gate inductance:

i = _xin
& 2nf,

where Xj, =Im{Z;,}, which normally is negative. Occasionally X;, will pa
positive at high frequencies, especially for packaged devices. In This casa.
another matching approach should be used. Realize this inductance ag a.
lumped element or as a distributed element, as appropriate for the Operatiug

frequency. See Sections 1.4 and 1.5,
3. Select the excitation source resistance, R:

-X
R = in 2 e
g, in (6.9)

whe‘re R;, =Re{Z;,}. At high frequencies, use a quarter-wave transformer to
realize R. At low frequencies, use a wire-wound transformer.

4. Optimize this on the computer. Generate a simple series RLC model of the
input from the calculated input impedance. You are attempting not simply to
match the input, but to achieve uniform voltage across the capacitance (which'
represents the FET's gate-to-source capacitance) over the entire frequency
range. This_ requires matching the input better at the high end of the band:
some experimentation will be necessary.

Gate Bias Circuit and IF Short-Circuit Structure

The gate-bias circuit consists of a high-impedance series line and a low-impedance
stub. Both are one-quarter wavelength long at the center of the RF-LO band. The
series line’s impedance should be as high as possible, and the stub should be as loW
as possible, within constraints of size and technology. This structure is good for
about 40% bandwidth.

A chip capacitor is connected between the stub and ground (C}, in Figure 6.3)- I
should be large enough to short circuit the gate over the entire IF band. Ideally. the
capacitor’s series-resonant frequency (including the effects of the series line) should
span the I[F.

A resistor (on the order of 1,000€) and large-value capacitor (a few microfarads)
complete the bias circuit. These provide additional filtering and reduce the danger @ :
gate damage from electrical transients and static-electric discharge. .

(6.8)
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Silter/Matching Cireuit

utput we want to provide an appropriate load impedance, Ry, to the drain at
d to short circuit everything else, especially the LO and its harmonics.
3 shows a simple output circuit that is quite effective. It consists of a
of low- and high-impedance microstrip sections, each one-quarter
oth long at the center of the RF-LO band. This shorts the FET's drain
over a broad bandwidth. The lengths of the sections often can be adjusted
 circuit the second harmonic as well as the first. The third harmonic can be
| with a stub, if deemed necessary. In FETs, the third harmonic is pretty weak,
ng the first and the second usually is adequate.
y, the transmission-line sections’ characteristic impedances should be

] that

Zo1 = NZnilio (6.10)
ere Zy,; and Z,, are the characteristic impedances of the high- and low-impedance
, respectively. Make these as high and as low as possible, respectively, within
traint imposed by (6.10). At the IF frequency, where the sections are much
 that one-quarter wavelength, the structure will behave approximately as a
characteristic impedance Zg ;.
= Zy,; = Zg, where Z is the IF port impedance (usually 50Q), this completes
design. If not, Zy; can be made equal to the impedance of a quarter-wave
sformer used to achieve the desired value of R;. If the structure is less than
er wavelength long at the IF frequency, the rest of the transformer is
on the output side of the structure. In this case, (6.10) becomes

RiZy = 2,2, (6.11)
hese steps result in a crude initial design. The circuit should be computer
to achieve a good short circuit over the RF-LO band and at least its second
jonic and to present the appropriate load resistance Ry, to the FET at the IF.

he drain bias circuit is simply an RF choke and bypass capacitor. These usually
lumped elements. '

inear Analysis of the Mixer

ear analysis is very effective for optimizing the design of active mixers. It is
al, however, to optimize the individual parts of the mixer—the input, output,
ias circuits—before performing a nonlinear analysis.

ctive mixers do not demand highly accurate device models; any model that is
nably representative of the device is adequate. The important elements of the
Valent circuit, for accurate results, are the gate, source, and intrinsic resistances
the gate-to-source capacitance. It is essential that the model reflect the peak
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transconductance accurately and that the transconductance be zero at pinch-off. j..
careful: although this requirement seems obvious, many parameter- .
methods do not result in a model that accurately reproduces these parameters
Diplexer

This mixer requires some type of circuit to combine the RF and LO signals. The
most common tool for doing this is a filter diplexer, which consists of two ﬁlters. Otie
for the RF and one for the LO, whose passbands do not overlap. The oulput; -
connected in parallel, so the output impedance of one filter becomes part of f}?
other, and the design of both filters must account for this. ¢
o Filter diplexers can be tricky to design if the RF and LO bands are closely spacad
in frequency. Achieving adequate RF rejection in the LO filter and LO rejection in
the RF filter requires complex structures, which usually cause the diplexer to pe
much larger and more complex than the rest of the mixer. Chapter 16 of Matthaei,
c‘{Yogng, and Jones [4] has everything you need to know about diplexers for mixg;-
esign.

Another approach is to use a directional coupler. Generally, the RF is applied to
the “through™ port and the LO to the coupled port. This is much simpler than a
diplexer but results in several decibels of LO power loss and not insignificant RF
loss. For example, if 1 dB of RF loss is acceptable, the coupling—and therefore the
LO loss—can be no stronger than —7 dB. That much LO loss is usually unacceptable.

A third possibility is to apply the LO to a terminal of the mixer other than the
gate. In Section 6.1 we cruelly disparaged the practice of applying the LO to the
drain and weren’t terribly enthusiastic about applying it to the source. Even though
source pumping is done from time to time, it really is not as promising as it might
appear. First, for good performance, we must bypass the source (short circuited, to
be precise) at the RF frequency. If the RF and LO are close in frequency, this
structure may be as complex as the LO filter in a diplexer. Second, for less obvious
reasons, the gate must be bypassed (again, short circuited) at the LO frequency, 50
the LO effectively is applied between the source and the gate. As with a diplexer, wé
still require two filters; we just have relocated them.

A fourth possibility is to use a different type of mixer. A dual-gate device may be

a g_aod solution to this problem, as might a balanced mixer. We examine these
options in Section 6.3,

6.2.4  Variations

'T_'hc output circuit shown in Figure 6.3 is rather large, so it is tempting to use 3
simple quarter-wavelength open stub to provide the LO short circuit to the drain. A
stub requires less space than the more complex IF filter in Figure 6.3, bu it
introduces a few new problems. First, the Q of a microstrip stub is not great, so 1
rejection is at best modest. Second, a quarter-wavelength open-circuit stub, which

extracﬁ-{;ﬁ'
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he LO at its fundamental frequency, does not short circuit the drain at the
harmonic, so substantial second-harmonic leakage may occur. This can cause
responses and spurious signals in the IF amplifier or even saturate it.

millimeter wavelengths, HEMTs make very good active mixers. Al lower
cies MOSFETs and JFETSs can be used. At frequencies below about 2 GHz,
p structures may become impractically large. In this case a wirewound
mer can be used for the LO-RF transformer and a lumped parallel L-C
‘tuned to the IF, may be adequate to short-circuit the drain at the LO and RF
cies. RF transformer design is almost a specialty in itself; for an introduction
ubject, along with all the classical references, see Reference [6].

with an amplifier, this circuit can be self biased. This requires a resistor in
th the source and a bypass capacitor in parallel with the resistor. The value
ce Ry, is approximately

0.33 1,

b Vp

(6.12)

we have estimated the drain current of the pumped FET as approximately one-
the FET's I;,. The capacitance’s reactance should be much smaller than the
e at the lowest IF frequency, and its self-resonant frequency must be high
| so that the capacitor’s series inductance remains insignificant.

ar devices—BJTs and HBTs—also can be used for active mixers. Bipolar
arely are used for single-device mixers, probably because the Gilbert cell
n 6.7) is so much better. Because the low-frequency gain of a bipolar device
high, amplifier-mode problems (Section 6.1.1) at the IF may be more severe.
Ibert cell reduces these problems significantly.

Cautions

1 attempt to operate an active mixer at a low LO level to reduce its gain. If LO
[ is expensive, use a smaller device or one having a lower pinch-off voltage and
1 to its limit. HEMTs require very little LO voltage at their gates to achieve
um transconductance variation, so they are ideal for use when little LO power
able. Adjust R; to achieve the desired gain: this provides the best gain

0 not drive the gale too hard with the LO. Monitor the gate current. If the FET
 to draw gate current, the reliability will suffer, as will its noise figure and
odulation intercept points. The resistor in the dc bias circuit, shown in Figure
Il help prevent damage from overdrive. Self-bias also will help prevent such
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| 6.3 SINGLE-DEVICE, DUAL-GATE MIXER

6.3.1 Characteristics

Silicon MOSFET dual-gate mixers have been common in mobile and hand-hers
radio transceivers since the 1960s. They exhibit decent noise figures and very low
distortion, and, most important, they provide good LO-to-RF isolation without 3&

use of filters. Microwave dual-gate MESFET mixers are newer, dating from the Hud.
1980s, and exhibit much the same characteristics. Their conversion gain and mi;!e--l: : :
are somewhat worse than single-gate MESFET mixers, 1 to 2 dB at best, but ﬁu '
output intermodulation intercept point often is a few decibels higher. i
' A dual-gate mixer is not really a transconductance mixer. It is more like a drain
mixer and has many of the same characteristics; this explains the lower perfommmg.: h
Still, with careful design, the performance can be adequate for many purposes, am{
the lack of baluns and an LO-RF diplexer allows a compact circuit, ideal fu;
microwave monolithic integrated circuits (MMICs). '

6.3.2 Description

I
| y,
| A dual-gate device can be modeled as two cascode-connected single-gate devices, {S
This structure, shown in Figure 6.4, includes matching circuits at both gates and the
| ‘ drain. It also has bypass filters at the drain and the second gate. By convention, gate
| 1 is the gate closest to the source and gate 2 is the gate closest to the drain.
The lower FET in the cascode, FET 1, provides the mixing. It essentially is @
drain-pumped mixer, with the LO provided by the upper FET, FET 2, which operates

as a source follower. The two FETs operate as a cascode amplifier at the IE. This

LO
Lo o0— IF
Matchin —5
g D Matching L
IF Bypass - : .
T = tE
| ' : T : :
| ] e —— 4 ' t RF-LO
— ] 1
| \__T_. Bypass
, RF B —3
RF Matching §

re 6.5
Figure 6.4 The dual-gate FET mixer can be modeled as two cascode-connected single-gate FETS

The drain LO-RF bypass serves the same purpose as the output filter in the singe-g3t¢
FET mixer; the IF bypass allows the FETs to operate as a ¢ascode amplifier at the IF.
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that the gate of FET 2 be grounded at the IF frequency; that ground

n is provided by the IF bypass.

drain filter serves the same purpose as the one in the single-gate FET mixer:
circuits the RF and LO at the drain, keeping the large-signal drain voltage
at the dc-bias value, over the entire LO cycle. This maximizes LO-to-IF
_and prevents small-signal feedback effects.
sioure 6.5 shows the bias and LO operating regions of the individual FETs. The
jas of FET 1 usually is fairly high, about OV for a MESFET or JFET and

lts positive for a MOSFET. FET 1 therefore drops into its linear region

ts drain voltage (the voltage at the floating node connecting the two devices)

becomes current saturated when its drain voltage is high. The gate bias of

on the other hand, is adjusted so that the device switches on and off every
O cycle. This creates a large LO voltage at the drain of FET 1, resulting in
nt mixing (or at least as efficient as possible). Note that the gate-to-source

of FET 2 depends on the drain voltage of FET 1, which is a floating quantity:

Vesz = V2 = Vi (6.13)

5 is the gate-to-source voltage of FET 2, V,, is the drain-to-source voltage

and V, is the voltage applied to the gate of FET 2.

> drain-to-source conductance of FET 1, the mixing device, is not low over the
LO cycle. Over approximately half the cycle, when the FET is in its linear

Drain [/ V characteristic of one of the cascode-connected MESFETs in the dual-gate
device and the FETs' LO operating regions. The ‘X” shows the approximate bias points
for each device. The cross-hatched area shows the operating region for the lower FET
(FET 1) and the shaded region for the upper FET (FET 2).
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region, the conductance rises to a high value. The result is a low average drain-g_
source resistance that effectively is in parallel with the device. The loss in fhi.

Poorey
I

resistance, which does not exist in the single-gate mixer, is one reason for the
noise figure and conversion gain of the dual-gate mixer.

It is possible to develop a simple, approximate expression similar to Equation

(6.5) for the conversion gain of a dual-gate FET mixer:

G2
G2 m2 R
"(Gyy +Gpa) "

g ]
T m2

2 ,m?
402C2 (R, +R; + Rs)[l + MJ

where G, is the fundamental-frequency component of the transconductance of FET

1, G,z is the average transconductance of FET 2, G, is the average drain-to-source
conductance of FET 1, Cyy is the gate-to-source capacitance of FET 1, C,; is the

gate-to-source capacitance of FET 2, and the resistances are those of FET |. As
before, w; is the RF frequency and wyg is the IF.

Unfortunately, some of the parameters of (6.14) are difficult to estimate
accurately. Gy, is not 0.5 G,,, 4+ @s was estimated in (6.5); 0.3 G, 4 is a closer
estimate. A decent estimate for G,; is 0.5/ Ry, where Ry, is the drain-to-source
resistance of FET | in its linear region at minimum drain voltage, typically 100Q.1t
is reasonable to assume that Cg = Cyyp. Note that, with G, = 0.5 Gy, yyars Gy =0,
and ;7—0, (6.14) reduces to (6.5).

6.3.3 Design

In spite of its large and obvious differences, the design of this mixer is surprisingly
similar to the design of the single-gate mixer. Again, we must determine the RF and
LO input impedances and the IF output terminating impedance. We also must design
matching circuits and provide short-circuit terminations to certain points at certain
frequencies.

Device Selection

As with single-gate devices, small-signal MESFETs are most appropriate. You will
have a hard time finding dual-gate HEMTs, although such devices may be available
in ICs. Of course, dual-gate MOSFETSs are ideal for applications at frequencies of
few hundred megahertz and below,

RF Input Impedance

The RF input impedance of FET 1 is dominated by the FET’s resistive parasitics and

|
(6.14)
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source capacitance, and the estimate of input impedance for the single-gate
(see Scction 6.2.3) is applicable here. This impedance can be found from S
ers, as in (6.6), or from a small-signal equivalent circuit of the device, where

Zp = R+R+Ry+ —— (6.15)

0,Cp,
the RF frequency. C,, is evaluated at the gate-bias point. This expression
nts the FET alone; if a packaged device is used, package parasitics must be

as well.

Impedance

is an LO source follower, and like all source-follower circuits, its input
ace is very high. It essentially is an open circuit with a small shunt
nce, usually about 0.1 pF for ordinary small-signal MESFETs. The value of
acitive reactance is difficult to predict accurately by approximate methods.
circuit analysis is necessary.

ut Impedance

e single-gate device, the IF output impedance of the dual-gate device is an
nit in parallel with a small capacitance, usually less than 0.1 pF for small-
| MESFETs. This impedance clearly is impossible to match. Instead of
ng a conjugate match, the goal of IF design is to select an appropriate load
nce. The method for doing this is not clear, however; (6.14) may be helpful,
't be surprised if it is not very accurate. Often, the most practical value is
y the S0Q port impedance.

ess the IF frequency is very low, the capacitance of the stub used to short
the FET’s drain at the LO frequency may be a large part of the IF output
lance. Be sure to account for this in designing the IF.

ching Circuit

ign approach for the input matching circuit in Section 6.2.3 is applicable
e design for this mixer is somewhat easier, since the matching circuit need
the LO frequency band. At low frequencies Gy, may be negligible and a
circuit may not even be necessary.

Hatching Circuit

0 input impedance also is very high and impossible to match. Instead, the goal
LO design should be to achieve the highest possible source impedance driving
of FET 2. This impedance is limited primarily by the input capacitance, Cj,,
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(which usually is somewhat lower than Ces2). The source impedance cap
increased, by means of an appropriate transformer, as long as the LO ¢
resistance is much less than 1/wy g C;,. If an inductor is used to resonate C.
source resistance can be higher, but still must be low enough to provide adé;'
bandwidth. i
Itis virtually impossible to match the LO port, and the LO source normally .
be designed to tolerate a high VSWR. If the high VSWR is not tolerable, the q
practical solution, other than an isolator, is to connect a resistor between the ga
ground, with appropriate d¢ blocking, and to match the LO to that resistance
higher the resistance, the better; the input capacitance and the required bandwj
will limit the value, as will practical constraints of realizability. Warning: the u
a loading resistor effectively reduces the LO power by 6 dB, compared to g
having no resistor. Remember, loading the output port of any source with a matcheg
resistor reduces the voltage by one-half, which is equivalent to a 6-dB loss. 1

e time to think seriously about buying that harmonic-balance simulator
always wanted. Dual-gate FET mixers are fairly complex circuits, and
analysis, at best, is only marginally adequate. Nonlinear analysis by
really is necessary.

Design Example

it is complex, and the description has been very abstract. Perhaps an
11 make everything a bit more concrete.

gn a mixer with moderate but overlapping RF and LO bandwidths, both 9
iz, and an IF from 0.1 to 1 GHz. Since the RF and LO bands are identical, an
d single-gate mixer is not practical. An ordinary 300-pm dual-gate FET is
Our approach is to begin with an approximate design and to fine-tune it
inear analysis. Of course, the latter stage requires a model of the device
ot of expensive software. The alternative is to do the approximate design,
> the circuit, and to optimize it manually.

6.6 shows the basic circuit.

IF Circuit Design

The IF output effectively is a current source in shunt with a small capacitanee.
Usually, the mixer’s IF load impedance is simply the 509 port impedance. If the
mixer is used in an MMIC that includes an IF amplifier, other load impedances may
be practical. The input impedance of a low-frequency FET IF amplifier usually is
quite high, so a resistor can be connected in shunt with the IF amplifier input to set

the amplifier’s input impedance and thus the mixer's load impedance. This resistance Ihe device has the following parameters:
should be relatively high; the higher its value, the less effect on the circuit’s noise [ -.=0.078
figure and the greater the gain. The shunt capacitance of the IF and mixer output - 100Q

limit the value that can be used.
Remember, the [F-frequency reactance of the stub used to short circuit the dual-

gate FET’s drain must be included in the mixer’s output capacitance. G2 Bias N,

0]
IF Bypass RFC _]_ D Bias
}—o IF

RF-LO Bypass

Bypass Filters

The drain must be shorted at the fundamental LO frequency and preferably two of
three harmonics. The output matching filter design from Section 6.2.3 can be -
but it may be too large for an IC. If available space is not great, a stub can be used:
the disadvantages of a stub are the same as those for a single-FET mixer. In 8
balanced circuit, this short circuit may be inherent. )

The second gate must be shorted at the IF frequency. If the IF frequency
relatively low, a simple inductor may be adequate. Otherwise, appropriate structures
are either a lumped series-resonant circuit or a shorted stub one-quarter waveleng
long at the LO frequency.

Circuit of the dual-gate MESFET mixer described in Section 6.3.4.
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*R;=1Q use of the high frequency, we realize the series inductor by a transmission

* R;=4Q impedance of the line is approximately Z, tan 0, where 8 is the electrical

*R,= 2Q nd Zg is the characteristic impedance. Z, should be as high as possible. If

« C,.=0.30 pF DO, we need B = 28 degrees to achieve our 53Q reactance.

% Vgs_ 20V rest of the circuit is for dc bias and an IF bypass on the gate. It consists of a
o mpedance RF bias line one-quarter wavelength long at the center of the RF

e 1 ind a bypass capacitor. To short circuit the gate effectively at the IF frequency,

These parameters apply to either FET in the cascode model of the dual-gate de‘v@ ss capacitor must have a low reactance at the lowest IF frequency.

From (6.14), we find that the device is capable of 1.5-dB conversion gain g the
center of the RF/LO frequency range and the top of the IF range. Remember, (e;g;i gn
assumes that the RF port is matched, which probably will not be possible. ‘Eq’ -
determine the conversion gain when the input is mismatched, simply estimate the Rp
input reflection coefficient, I', and subtract the reflection loss in decibe]‘gfgﬁ
20 log(1-|T1%). With a dB or two of reflection loss, which we’ll estimate more.
accurately later, we expect approximately unity gain. This is adequate for many
applications. i

The pinch-off voltage is -2.0V, so we need a peak LO gate voltage of 2V to tum
the device on completely. The open-circuit voltage V, of a source is '

V, = JRRF, (6.16)
-8

where R is the source resistance and P, is its available power. From (6.16) we find
that the 2V open-circuit voltage, from a 50Q source, requires 10 dBm of LO power. ‘
If a 50Q resistor were connected to the gate to minimize the LO VSWR, 16 dBm
would be required. This is a little high. To reduce the LO power requirement. while
maintaining a good LO VSWR, we should increase R and use a transformer to match
it to our 50L source or avoid using a loading resistor entirely.

e need to select the value of the loading resistor. The higher its value, the
the LO power; however, this resistor, in combination with the input
tance. creates a real pole that limits bandwidth. We need

7]
Wpp €« ——— (6.17)
id Ry 6Cin

R0 is the value of the loading resistor and C;, is the input capacitance. (The
¢ determining the bandwidth is actually Ry / 2, because the transformed
- impedance is in parallel with R;o: hence the factor of 2.) Finally, the
ormer used to match the 50Q source to this resistance also restricts bandwidth
vhat, and the chip resistor has parasitic inductance and capacitance that
s as the resistance increases and the resistor becomes physically larger.
factors limit the practical loading resistance to about 100Q. Still, 100Q is a
sant improvement: (6.16) shows that, for a given source voltage, doubling the
 resistance halves the required LO power.
en if C;, is around 0.1 pF, the real pole created by a 100Q R;, is about 30
50 this value of Ry, will nol restrict bandwidth or reduce the LO voltage at the
'he bandwidth of the matching transformer can be found from Table 6.02-2 in
aei, Young, and Jones [4]. The band-edge VSWR is 1.12, quite adequate. The
ormer’s characteristic impedance is simply (Zy R;0)%°, which is 70.7€, and it
quarter wavelength long at the center of the LO band.
: IF bypass is a quarter-wavelength stub. The characteristic impedance of this
_ be high enough so it does not restrict the LO bandwidth but low enough so
pedance at the upper end of the IF band is not too great. The length must be 90
es at 10 GHz, so it will be 9 degrees at 1| GHz, the top of the IF band, and 81
) degrees long at the edges of the LO band. At the IF, the stub impedance is
(9) or 0.16 Z,. At the LO band edges, it is Z; tan(81) = —Z tan(99) = 6.3 Z,. If
ect Z; = 60Q, we have less than 10Q IF reactance but almost 400£2 in shunt
the gate at the LO band edge. This seems adequate. Z, can be optimized further
the circuit is simulated on the computer.
e remaining capacitors in the LO circuit are blocking and bypass capacitors,

RF Design

The RF circuit is designed in a manner similar to that of the single-gate mixer
(Section 6.2.3). We use a series input inductor to resonate C,. and we select the
part of the RF source impedance to provide a Q low enough to cover the entire band.
To keep the circuit small and simple, we want to drive the gate directly from our 508
source, without any transformation.

With 0.3 pF Cg,, the input reactance is —53Q at bandcenter. Thus, we need 81
inductor whose reactance is 53, 0.85 nH, to resonate it. The total resistance in
loop is R+ R+ R; +R,, 57Q. Thus, the Q is about 1.0, providing more Tm‘“
adequate bandwidth. When the capacitance is resonated, the input impedance 1s €&
and the input VSWR is R/ R + R; + Ry, about 7.1, a reflection loss of 3.6 dB. Thﬂ;
leaves us with -2.1 dB conversion loss (1.5-dB matched conversion gain m“"ﬁ
3.6-dB input reflection loss). If higher gain were desired. an input RF transforme’
could be used to reduce the source impedance. This would increase the input Q b
because the bandwidth is greater than necessary, there is room to do it.



198 The RF and Microwave Circuir Design Cookbook

IF Design

Again, for simplicity, we choose Ry = 50Q, the load impedance. The gain coulq .
GHy
Oung.

The RF/LO bypass stub is one-quarter wavelength long at 10 GHz. The lower ﬁm
characteristic impedance of this stub, the broader the bandwidth. If we make it 30 g 1
the impedance at the band edge, 30 cot(81), is only about 5Q That should be fine. Ve
lower impedance probably is not practical, because the low-impedance stub becomeg.

impractically wide. At the IF frequency, this stub is a capacitor. It’s reactance al | '
GHz is 30 cot(9), or 190£2 This is roughly equivalent to 0.8 pF and clearly is the

increased by increasing R; to about 100Q. Because of the wide 0.1 to 1
bandwidth, a transmission-line transformer is impractical but a wire-w,
transformer could be used [6].

dominant companent of the IF capacitance. Still, it is a tolerable shunt reactance,
causing only a 1.3 VSWR at 1 GHz if a S0Q load is used.

The drain bias circuit uses an RF choke and capacitor, sized in the conventional
manner.

Final Note

It is important to recognize that this design includes some pretry grand
approximations. It should be viewed as an initial, “first cut™ design, which must be
modified substantially through nonlinear analysis, manual tuning, or both.

Tuning and Adjusiment

In a complex circuit like this, it is important to decide at the outset what to tune and
what to leave alone. All the parts of the circuit affect all the performance
characteristics, so mindless tuning to improve one characteristic (for example, the
gain) can hurt another (perhaps the noise figure or isolation). Part of the secret in
making things like this work is to figure out ways to adjust one characteristic and t0
optimize it without making a mess of the rest. Here are some suggestions:

* Start with the bypass stubs. It should be possible to design these precisely.
However, ground vias in short-circuit stubs and fringing fields at the end of
open-circuit stubs can change their resonant frequency. Sweep the
frequency across the band and adjust the IF stub for maximum LO rejection al
10 GHz and the IF bypass stub for minimum VSWR at 10 GHz. After thesé
adjustments have been made, don't touch the stubs.

* Adjust the RF tuning line for best gain across the band. The minimum VSWR
may not occur at band center; it probably will be closer to the high end of the
band.

* Adjust the LO level dc bias to optimize the conversion gain; you may have 0
go back and tweak the RF tuning a little. If the bias voltages are far from the
points indicated in Section 6.3.3 and Figure 6.5, something has gone wrong:
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these adjustments, the mixer should work well. Little effort should be
‘make it “play”; if a lot of effort is needed, or the mixer exhibits strange
there probably is a design error. If so, go back and find the problem; don’t
ak” mindlessly at the circuit and settle for the mediocre performance that
» will result.

~ Variations

nd lower microwave frequencies. MOSFET or JFET dual-gate mixers are
. The design approach is essentially the same as for the MESFET mixer; the
erence is (1) enhancement-mode MOSFET devices require positive gate
{ (2) at the lower frequencies lumped-element matching, bypass, and bias

‘we emphasize the point that this design procedure is very approximate. It
must be optimized by nonlinear analysis.

n't expect a dual-gate FET mixer to work as well as an optimized single-gate
Dual-gate mixers represent a clear trade-off of overall performance for LO-
Jation and size.

e LO-to-RF isolation of the dual-gate mixer is its greatest advantage over
FET mixer circuits. This isolation is not perfect, however. Because of
ance between the gales (which are parallel strips of metal) and coupling
the FET, the isolation is rarely better than 20 dB at 10 GHz. At higher
ies, isolation may be even worse.

"

SINGLY BALANCED FET MIXERS

i
s

Characteristics

balanced FET mixers have essentially the same benefits, compared to their
brethren, as diode mixers: rejection of AM noise on the LO, rejection of
(but not all) even-order intermodulation products and spurious responses,
RF-to-LO isolation, and, when properly designed. inherent rejection of LO
from the IF.

anced FET mixers can have conversion gain and noise figures almost
al to these of single-device mixers; the loss of passive baluns or hybrids may
se noise figures and reduce conversion gain a few tenths of a decibel.
odulation intercept points are nearly 3 dB greater, however, as are 1-dB
ession points. This increase in large-signal handling has a price: LO power
ments also are 3 dB greater. .
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6.4.2 Description

Figure 6.7 shows a singly balanced FET mixer. It uses a 180-degree hybrid for
RF and LO; 90-degree hybrids also can be used, but 180-degree rat-race hybrid.

by far the most common. See Section 3.3 for a discussion of the disadvantages g g

degree-hybrid diode mixers; they apply to active mixers as well.

The balanced FET mixer consists of little more than two single-device mj
connected by a set of hybrids or, occasionally, baluns. The best way to des;
balanced mixer is first to design a single-device mixer and connect two of g
together. Anyone who understands the single-FET mixer also understands ajn
everything about the balanced mixer.

usually is the largest component in the circuit.

DC Gate Bias

DC Drain Bias

h

gﬁ

IF Filter

i IF Filter

Figure 6.7 A singly balanced FET mixer consists of two single-FET mixers connected by 2 hybdd’
The details of the individual single-FET mixers are not shown, since they are essentl
the same as the circuits described in Section 6.2. The interconnections from the RF-LY
hybrid to the FET gates can include transformers or other structures for imped2n®
matching. Dimensions given as fractional wavelengths are evaluated at the center of
RE-LO band.

xers.
fng
almogt

One immediate difference between singly balanced diode and FET mixers is that
the FET mixer uses an IF hybrid. The diode mixer (see, for example, Figure 3_2) h%
no IF hybrid, but the two diodes’ polarities are reversed. FETs cannot be reversed, s
they must be oriented identically, necessitating the IF hybrid. Its hybrids repregeﬁ;?
the major disadvantage of this circuit: especially at low frequencies, the [F hyb;:ia:';
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Design
o the balanced mixer involves designing the individual single-FET mixers

o1 of hybrids to connect them. In Section 6.2.3 we discussed the design of
ividual mixers, so Figure 6.7 does not show these mixers in detail.

design

input matching circuits of the individual mixers are designed as described in
1 6.2.3. The process involves using an inductor to resonate each FET's input
ce and a transformer to adjust the Q of the input resonance so both the LO
‘bands are covered. Equations (6.7) through (6.9) are used to determine these
ies. There is no point in using a broader-bandwidth matching circuit, because
rdwidth is limited by the input hybrid.

: FETs' gates are connected to the hybrid by lengths of transmission line. The
can be quarter-wave transformers that realize the RF-LO source impedance
(6.9). The gate-bias stubs are used to short-circuit the IF at the FETs’ gates;
ss capacitor at the end of each stub must be large enough to short-circuit the
1IF frequency.

necessary to provide dc blocks at the LO and RF inputs. In contrast o the
e diode mixer, there should be little IF energy on the hybrid, and IF blocks are
>ded in the RF or LO ports.

ions for the IF circuit given in Section 6.2.3 are valid here as well. Most
t is the LO-frequency short circuit provided to the drains by the IF filter. It
trong effect on all aspects of performance.

e IF currents from the two FETs differ in phase by 180 degrees. Combining
requires a balun or hybrid. The simplest IF combiner is a wire-wound
er; the highest practical frequency for wire-wound transformers is about
, although higher-frequency transformers occasionally are realized.

[ the LO is applied in phase at the gates (that is, to the port in Figure 6.7 marked
LO), the LO leakage in the IF may cancel somewhat in the transformer. Because
robably is outside the transformer’s passband, the cancellation may not be
The poor coupling of the transformer at high frequencies alone may provide
antial LO rejection. A transformer also may increase the IF load impedance at
ins, which will increase gain.

At higher IF frequencies a conventional 180-degree microwave hybrid can be
It is likely to be large. Lumped-element hybrids (described in [7]) have good
idth and are much smaller.
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6.4.4 Variations

To minimize circuit size, balanced FET mixers sometimes use active balung o
hybrids. These often have substantial noise and limited dynamic range. As a -
they may increase the noise figure, distortion, and 1-dB compression points of the
mixer. The differential circuit described in Section 6.5 may be a better choice thaﬁ :
singly balanced mixer using active baluns. -

Often a differential IF amplifier follows a balanced FET mixer. That way, the n-;
amplifier operates as a combiner as well as an amplifier. i

A

6.4.5 Cautions —
RF O—»

RF O—> =
(@) L [

Do not try to tune individual mixers of a balanced pair; it is almost impossible tg
tune the individual mixers without unbalancing the circuit. Tuning may improve the
gain or noise figure a little, but it usually destroys the characteristics that atiracted
you to a balanced mixer in the first place. Clearly, the design of each single-FET
module should be optimized before it is connected into a balanced circuit. If the
hybrid is properly designed and the mixers are optimized, no tuning of the balanced
circuit should be necessary. In fact, it is rarely necessary to simulate the entire
balanced mixer on the computer; simulating the individual single-device mixer
stages usually is adequate. ’

Because the FETSs are not reversed, the spurious-response rejection properties of
the singly balanced FET mixer are the opposite of the singly balanced diode mixer
(Section 3.2.2). Specifically, applying the LO to the out-of-phase port (sometimes
called the delta port) of the hybrid, marked LO/RF in Figure 6.7, rejects (1,2)
spurious responses but not (2, 1). If the LO and RF ports are reversed, the (2,1)
response is rejected but not (1, 2).

Singly balanced differential mixers. The upper FETs operate as commutating switches,
while the lower ones operate simply as amplifiers. Circuit (a) is the classical
configuration; (b) can be used with JFETs or MOSFETs. Because of 2 MESFET’s low
drain-to-source resistance, (b) usually is a poor choice for MESFET mixers. Matching
and bias circuits are not shown.

“of the IF balun. The node connecting the sources of the upper FETs is a
ground for the LO; therefore, the LO simply switches the two upper FETs on
on alternate half cycles.
tempting but incorrect to view this circuit as a variant of the dual-gate mixer.
‘dual-gate mixer, the upper FET remains in current saturation over most of the
gcle, and the lower FET is driven into its linear region over part of the LO
Here, the upper pair of FETs may drop into its linear region over part (or even
‘the LO cycle, and the lower FET remains in saturation throughout. This mixer
st like an amplifier (the lower FET) in series with an LO-operated switch.

6.5 SINGLY BALANCED DIFFERENTIAL MIXER

6.5.1 Characteristics

This mixer provides essentially the same benefits as any other type of singly
balanced mixer. Additionally, like most active FET mixers, it is capable

conversion gain. It can be realized in MOSFET technology at lower frequencies orin
MESFET technology at microwave frequencies.

Design

to understanding this circuit is to recognize that there is no LO voltage at
dde connecting the sources of the upper FETSs to the drain of the lower FET?
fore, this point is a virtual ground for the LO. Recognizing this, we can
the LO circuit to a single FET driven by the LO source. Likewise, the RF
lent circuit is just a single unpumped FET whose load is the impedance
ired at the sources of the upper FETs. This is a very low impedance.

6.5.2 Description

This mixer, shown in Figure 6.8(a). looks a lot like a differential amplifier. The RFis
applied directly to the lower FET, and the LO is applied through a balun or hybﬁd“’
the upper FETs.

The upper FETs of this mixer operate as a commutating analog switch. Thes®
FETs connect the drain of the lower FET alternately, every haif LO cycle, 10

don't understand this, consult any basic electronics book on the subject of differential
plifiers.
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LO Design

Because of the virtual ground at the drains, the LO input impedance is simply the
impedance of the input loop of the FET. The LO input impedance of each device
Z; o, 1s approximately 3

1

=R, +R +Ri+——n
LD J LOC

(6.18)

where w; is the LO frequency. A 180-degree hybrid or balun provides the Lo

phase split, and the methods described in Section 6.2.3 and (6.7) through (6.9) ars

used to synthesize the matching circuit.

At high frequencies, LO leakage into the IF may be a concern. Since the coupling
is primarily through the gate-to-drain capacitance, which is small, and the upper
FETs act as switching devices, not amplifiers, the LO-to-IF isolation should be
better than in a single-FET mixer. Furthermore, it is not only possible but important
to connect the drains of the FETSs together at the LO frequency. If the IF frequency is
not too high, a capacitor can be used. The capacitive link keeps the drains of the two

FETs at the same LO-frequency voltage, which, because of the circuit's symmetry.
must be zero.

RF Design

Because the lower FET remains in saturation throughout the LO cycle, it effectively
is an amplifier having a very low load impedance. This FET’s input impedance can
be found from S parameters and (6.6), and the RF matching circuit can be designed
according to the methods in Section 6.2.3 and (6.7) through (6.9).

In the circuit of Figure 6.8(a), differences in the upper FETs' gate-to-source
capacitances may couple some LO energy to the drain of the lower FET. If the lower
FET is biased at a moderately high drain voltage, the LO energy will not cause any
significant “drain-pumped” mixing in the lower FET. In Figure 6.8(b), however,
there will be substantial LO voltage on the lower FET's drain. See Section 6.5.4 for
an alternative.

As with the single-gate and dual-gate devices, the gate of this FET requires an [F
bypass to prevent amplifier-mode gain at the IF frequency.

IF Design

The IF circuit is designed in what has become the usual manner; it should present 3
moderately high IF impedance to the drains of the FETs but a short circuit to LO and
RF frequencies. The design of these matching and filtering structures is essentially
the same as for all the previous FET mixers.
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uires a little thought. Remember, we said that the upper FETs were biased
ch-off so they conduct over half the LO cycle and are turned off over the
"~ Also, we stated that these devices are operated in their linear regions, as
switches. The story is really a little more complicated.

one with a little electronics experience should know that FETs in a
a] configuration can’t be biased that way. The reason is simple: without LO
tion, the quiescent current in the two upper FETs must equal the current in the
FET. If we try to bias off the upper FETs, the voltage at their sources will
e to satisfy this current condition, even if the lower FET has to drop into
peration to do it.

en the LO is applied, however, the story changes. Now, one of the upper FETs
on, and the lower FETs can remain in saturation, even If the upper FETs’
‘at pinch-off. If we turn on the upper FET hard enough, so we try to force
current through it than the lower FET allows, the upper FET's drain voltage
again to satisfy the current condition) and it will drop into its linear region.
‘advantageous, because FETs don’t generate much noise when they are not
saturated, and the mixer’s noise figure remains low,

Variations

‘of this mixer that does not require an LO balun is shown in Figure 6.8(b).
uit, the source node of the upper FETs is no longer a virtual ground, so to
imbalance, the lower FET must have a high drain-to-source resistance. This
is not the case in GaAs MESFETs, but in MOSFETs and silicon junction
1e resistance 18 much greater and usually adequate.

5 Cautions

b
“using the circuit in Figure 6.8 (b) with MESFETs. Although tempting, it
doesn’t work well. It works much better with MOSFETs.

> DOUBLY BALANCED MOSFET MIXER

circuit is really best for low-frequency applications (say, below a couple of
). Even with MESFETs, it is not well suited for higher frequencies. When
ecessary baluns and matching circuits are included, the mixer becomes large
y. At frequencies above about 20 GHz, the circuit is badly degraded by the
ance of the connections between the FETs and the imbalance caused by their
ibly unequal lengths. If you need a doubly balanced mixer at these
encies, use diodes.

1 the other hand, this mixer works very nicely in silicon integrated circuits. In
S4L, an input differential amplifier can be used to reduce the mixer’s unremarkable
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noise figure and to provide the necessary RF phase split. This results in a comp
low-power circuit. '
Because it is analogous to the BJT Gilbert cell, this circuit is sometimes call,
Gilbert-cell mixer. Purists may prefer to use this name to describe the BIT qi-
alone.
Reference [8] contains a nice description of this type of mixer.

6.6.1 Characteristics

This is a true doubly balanced mixer with all the expected characteristics of such
circuits: rejection of all spurious responses involving an even RF or LO harmgnm‘og‘
both; LO AM noise rejection; and isolation between all three ports. In fact, the
drains of the FETs are all virtual LO grounds; no LO filter or short-circuit bypass s
necessary. Since it uses twice as many transistors as the differential mixer, it should
have 3 dB greater output IM intercept points and 1-dB compression point. Like other
active mixers, this mixer can exhibit conversion gain.

The mixer operates very much like the differential mixer in Section 6.5. It can be
viewed as a combination of two such mixers, interconnected to realize a ﬂgutj]_;»’;.:
balanced structure. '

6.6.2 Description

The mixer is shown in Figure 6.9. The LO is applied to the upper four FETs, which,
as in all doubly balanced mixers, operate as a commutating switch. The FETs
normally are biased near pinch-off and remain in their linear regions when turned
on. They switch the RF drain current from the lower two FETs, which remain i
saturation throughout the LO cycle. The two RF FETs are, in effect, a differential
amplifier.

Figure 6.9 shows resistive drain loads. P-channel FET current sources also can
be used, but because of their low mobility, they must be large. The rcsuhing-higﬁ._
parasitic capacitances restrict the mixer's bandwidth. Current-source loads have th?
advantage of high available current at positive output-voltage peaks. They might be
preferred when the maximum IF frequency is not high.

This circuit includes a current source, which removes any even-mode currents i

the RF pair of FETs, even allowing them to be driven from an unbalanced Sﬂm‘
This current source sometimes is omitted from high-frequency MESFET mixefs:
where it is often more trouble than it’s worth.

6.6.3 Design

The design of the circuit is virtually identical to the design of the differential ,-mxﬂ'
in Section 6.5.3. The only differences are the obvious ones: the LO FETS_&
connected in parallel, as are the IF drains. This halves the LO input impedan®t
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-

the differential mixer described in Section 6.5. The pair of FETs connected as a
Wilkinson current source removes even-mode currents in the RF FETs, preserving the
balance of the circuit.

d to the singly balanced mixer, and doubles the IF load impedance at each
yond this, we refer the designer to Section 6.5.3.

4  Variations

important variation is the BJT Gilbert-cell mixer. This is described in
=T

ilar mixer, shown in Figure 6.10, can be realized with dual-gate devices.
h this circuit appears frequently in books and review papers, it is not used
. Indeed, it is hard to see any significant advantage over the circuit in
. Like the single-device dual-gate mixer, this mixer requires IF bypassing
2O gates; this may be difficult to implement effectively in such a complex

possible to interchange the LO and RF. Doing so requires a different mode
ration, with the upper FETSs operated in current saturation. This configuration

Y has higher noise figure than the previous one, so it generally is not the
Ed one.

Cautions

FETs tend to saturate easily on large signals. To prevent this, source
ation (a fancy term for resistors in series with the RF FETs’ sources) is
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l_
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Figure 6.10 Doubly balanced MOSFET mixer using dual-gate devices.
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short, the consequences of unequal-length interconnections are not severe:
above 20 GHz, the problem may become very severe indeed.

GILBERT-CELL BIPOLAR MIXER

ert-cell mixer is a neat idea, but one that has become a little boring over the

has been just a bit too successful, and for a long time we all built them by
and didn’t think much about them.

along came the heterojunction bipolar transistor.

we can make these critters fly along at frequencies approaching 20 GHz.

too much trouble, we can make multigigahertz analog multipliers and use

direct microwave modulators, phase detectors, demodulators, and, of

. mixers. We can even do this cheaply, by using SiGe HBT technology instead
ore expensive InP and GaAs technologies. In short, they’re fun again.

Characteristics

ic circuit is shown in Figure 6.11. Like the very similar MOSFET mixer, the
cell is doubly balanced. It has all the delightful properties of a doubly
d mixer, and, in a sense, more. Bipolar-transistor technologies are mature,
not difficult to make very well matched BJTs. This results in mixers having

sometimes used. Source degeneration improves large-signal characteristics slightly
but increases the noise figure.

This is really a low-frequency circuit. Although it has been realized occasionally
at microwave frequencies, the results have not been very good, largely because of
interconnection parasitics and the difficulty of realizing three good baluns.

If you decide to operate one of these mixers at high frequencies, here are a few
things to think about. We noted earlier that the drains of the LO FETs are virtual
grounds for the RF and LO. This virtual ground exists only if the connections
between the FETs' drains and the common node are much shorter than one
wavelength: in practice, they can’t be longer than 10 or 20 degrees of phase. If they
become long, the connection node is still a virtual ground, but because of the length
of transmission line between the node and the FET, the FET’s drain is connected 104
shorted stub and no longer is a virtual ground. The situation is even worse if e
lengths of the lines from the node to the individual FETs" drains are unequal in
length. Then, not only do we lose the virtual ground, but also the LO-to-IF and LO-
to-RF isolation suffer.

Of course, the same considerations apply to the sources of the LO FETs and the
lengths of the connections to the drains of the RF FETs. Also, apart from the effect
on balance and isolation, the inductive reactance of these connections at Nig
frequencies may be great enough to limit bandwidth or even cause oscillation.

Making all these lines short and equal in length is no small layout problem:
Usually, it just can’t be done. If the frequency is low, and the electrical lengths of

Current Source

Ure 6.11 Bipolar Gilbert-cell mixer,
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an extraordinary degree of balance; for example, at frequencies below 1 GHz
Fu—lfF isolations can be upward of 50 or 60 dB. In view of the inherently ig\\;
isolations of active mixers, this is especially surprising. PO

Gilbert cells have a number of worthwhile uses. As analog multipliers
usually are “linearized” so the output current is equal to the product of twu’
currents. For most mixer applications, this is not necessary, although it
helpful for modulators and similar signal-processing circuits.

6.7.2  Description

Figure 6.11 shows the circuit. In a mixer, the upper four devices, to which the LOjg
connected, are driven hard enough to turn them alternately off and on over the Lg
cycle. These devices then operate as commutating switches, while the lower (RB)
devices remain in linear operation* over the whole LO cycle. The RF BITs opemﬁ:
very much like a differential amplifier. As such, the emitters of the RF devices areg
virtual ground for the RF signal, and the emitters of the LO devices are a virtua|
ground for the LO. There is ideally (and in practice) no LO voltage on the collectors
of the RF devices. v

Figure 6.11 shows collector load resistors. Active loads, consisting of pnp BITs,
also could be used; such devices may have to be large, and their pamsmc
capacitances are likewise large. The trade-off between active and passive loads
depends on the characteristics of individual fabrication technologies.

Many Gilbert-cell mixers and multipliers use emitter degeneration (series
resistors) to limit the gain of the differential stage (the devices driven by the RF
s'ignal in Figure 6.11). This improves the large-signal handling, and probably the
linearity, at some expense to the noise figure.

A classical Wilkinson current source provides the current to the differential pair.
6.7.3  Design
The design philosophy is similar to that of the differential mixer in Section 6.5.3 and
the MOSFET mixer in Section 6.6.3. Again we note that the emitters of the upper
devices are virtual grounds for the LO and the emitters of the lower devices afe
virtual grounds for the RF. This allows us to view the input impedance at the base a5
simply the same input impedance as a single, common-emitter device would have:
From this observation, we obtain the input impedances for designing matching
networks.

The bases of the RF devices should be shorted at the IF frequency. This preventS
amplification of IF noise, which could increase the noise figure significantly. Ther®

4. FETs are in their linear region of operation at low drain voltage and are saturated, or actives ::
higher voltages. BJTs are said 1o be saturated at low collector voltage and in linear, OF actives
operation at higher voltages. This terminology is more than a little confusing, we admit, but, S&
it is accepted terminology, and we're stuck with it.
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d to provide LO or RF short circuits to the drains of the LO devices; they
] grounds.

Cautions

' the greatest frustrations in designing Gilbert-cell mixers is that the
ions of these circuits in most general electronics textbooks focus on mid-
cy performance. By mid-frequency, we mean frequencies where the
tar’s parasitic capacitances are negligible; we RF and microwave folks might
resistive operation. Unfortunately, one of the fundamental dividing lines
n us high-frequency people and the folks who deal in “general electronics™ is
ey operate at mid frequency, while we operate at high frequencies. More often
not, we operate FETs and BITs at frequencies where they are just barely
le of doing something useful, be it amplifying, oscillating, or mixing.
ately, most of the conventional wisdom about these circuifs comes from the
uency assumption. Much of this is invalid at RF and microwave frequencies.
xample, one of the ostensible benefits of the HBT is its high de collector-to-
- resistance. This should make it ideal as a current-source transistor. However,
frequencies, the collector-to-emitter impedance of an HBT often is
gly low. This is caused by feedback through the collector-to-emitter
tance combined with the HBT’s inherently high transconductance. It is
ising that a feedback capacitance of a few femtofarads could make such a
tic change in output impedance, but it does. Keeping the base well-grounded
s minimize this effect but does not eliminate it entirely. The moral of the story is
be careful of your assumptions.
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Chapter 7
FET Resistive Mixers

“of us in our childhood delighted in turning ordinary objects into unique and
¢reations. Through our imaginations, a spoon became an airplane, a bent
ame a gun, and the neighborhood pussycat became a ferocious lion. Most of
this, but a few of us didn't. As proof, in this chapter an ordinary,
d MESFET will become a mixer.

resistive mixers are designed for low-distortion applications. They exhibit
low levels of both IMD and spurious responses, and their 1-dB compression
are very high. Other performance characteristics—noise, conversion loss, and
er—are similar to those of diode mixers. Low IMD is not their sole purpose,
; these mixers have a number of other delightful properties, including low
to AM noise on the LO and low 1/f noise. They also are a convenient
on to the problem of realizing mixers in certain monolithic technologies where
cy-barrier diodes do not exist.

e diode mixers, FET resistive mixers can be designed as single-device
singly balanced circuits, and doubly balanced circuits.

ble 7.1 lists the mixers described in this chapter. They include both single-
> and balanced structures and include circuits appropriate for both RF and
wave applications.

1":‘_-i-h.—l}-‘-'-

FUNDAMENTALS OF FET RESISTIVE MIXERS

istive mixers [1-3] are an approximation of an ideal known as linear mixing.,
g by a linear resistance. Such mixing, if it actually could be achieved, is
tically capable of distortionless frequency conversion. Although perfection,
ally in electronics, is a scarce commodity, the FET resistive mixer comes as
1o true linear mixing as anything invented so far.

begin with a discussion of resistive mixing, show an example of an ideal
I mixer, and finally discuss linear mixing in unbiased (or resistive) FETs.
tally, we show how such mixers are realized in practice,
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Table 7.1 Mixers Described in This Chapter

Mixer Type

Characteristics

. e
Typical Applicationg

Single-device FET
resistive mixer

A good circuit for general use.
Requires an LO-IF diplexer.

. = _—___‘_-‘-\—\- 2
General applications; lack of an IF

balun or hybrid makes this mixer
somewhat more practical for ICg_
Rejects AM LO noise. A nice cir-
cuit for RF ICs.

Singly balanced 180-
degree mixer

Lower distortion, automatic
drain short-circuit for the LO.
Regquires an IF balun or 180-
degree hybrid. Requires filter-
ing to separate the RF and IF.

3 .-
Especially useful when the IF js

low enough to allow a wire-wound
transformer for the output balun, Iy
low-frequency mixers using trang-
formers, the IF and RF may over-
lap.

Doubly balanced ring
mixer

Very low distortion but difficult
to design optimally at high fre-
quencies because of large lay-

—_—

A very good circuit for general
wireless, RF, and lower microwave
applications.

out parasitics. Bandwidth is
limited by hybrids,

7.1.1  Linear Mixing
In. Chapter 3, Equa‘tions (3.1) - (3.6), we saw that pumping a Schottky-barrier diode
wu_h B large signal turns its junction into a time-varying, small-signal conductance.
TT.ns. time-varying _cunductance then mixes with the applied RF voltage, resulting in
mixing products involving the RF frequency and the conductance waveform’s
fundamental frequency and harmonics. The key equation in this derivation is
i(t) = g(r)v (1) (7.1)
where g(r) is the conductance waveform, v(7) is the applied voltage, and i(t) is the
resulting current.
. It is critical to note that (7.1) is a linear equation. The process of frequency
conversion, which it describes, is a linear one, and an ideal mixer is a linear
compon.ent._True, we normally must use nonlinear devices to realize mixers, and this
results in distortion, harmonic generation, spurious responses, and other nonlinear
phcn.omena. Nevertheless, (7.1) show us that there is no fundamental reason why 2
nonlinear device should be necessary to produce frequency mixing. We do, however:

need the time-varying conductance. Do linear, time-varying conductances exist? If
SO, we can use one lo create a distortionless mixer.
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X-Band =
Waveguide (RF)

F Filter IF Output

Hamster Exercise Wheel (LO)

1 A linear mixer made from a hamster exercise wheel and a rotary potentiometer. The
stops have been removed from the potentiometer so it can rotate freely. The exercise
wheel (once the hamster has been introduced and properly motivated) is the LO, and the
potentiometer provides the time-varying conductance. The RF excitation comes from the
X-band waveguide.

Our First Linear Mixer: The Hamster-Pumped Mixer

7.1 shows one way to make a linear X-band! mixer using a hamster’s
se wheel and a rotary potentiometer. The stops must be removed from the
iometer so it can rotate freely through 360 degrees. When the hamster is
ed, (and, mind you, this must be a very fast hamster), the running hamster
‘the wheel, the wheel turns the potentiometer, and the potentiometer becomes a
ing conductance. If we can make the hamster turn the wheel fast enough, at
10° RPM, we can achieved X-band mixing. We only need to couple the RF
to the potentiometer and extract the IE. (We recognize that the approach used
ure 7.1, especially the X-band waveguide-to-clip-lead transition, may need a
ore thought. We're just trying to illustrate the principle.)

2 don't really recommend making a mixer this way—for one thing, it’s awfully
to phase-lock the LO—but the circuit, however impractical, shows that
cy mixing does not require a nonlinear device. Furthermore, this is a linear
it has no IMD or spurious responses involving a harmonic of the RF
cy. If the potentiometer’s resistance profile were to vary as the sine of the

and is the frequency range from 8 to 12 GHz.
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angle af shaft rotation, it wouldn’t even have any spurious Tesponses involvine 1 a
harmonics. -

7.1.3  An Improved Linear Mixer: The FET Resistive Mixer

How do we make a more practical mixer than the hamster-pumped mixer of S
7.1.27 First, we need to replace the hamster with a better device. This will im .
both the mixer’s reliability (a hamster’s mean time to failure is only about 2 va;_
and the LO’s frequency stability. Our new device must have a linear rcsistanc}:m-}
can be controlled by an LO voltage or current. g

The channel of an unbiased FET meets these requirements. At low drajp
voltages, the channel operates as a linear resistance. It is simply a slab E;r
semiconductor, whose small-signal conductance, G, is x

LO LO

ectjan.-
O+ Matching

RFC

Gate DC Bias

7.2 A single-device FET resistive mixer. The RFC keeps the drain-to-source voltage al zero.
It may not be necessary if a drain-source de short circuit exists in the diplexer.

e ugN Wi _
S (72)

e at the RF, very little of the small-signal RF voltage is coupled to the gate, and
 pumping of the gate by the RF can be expected.

he RF input and IF output impedances of the FET are surprisingly
mmodating. When an ordinary small-signal MESFET is used, the RF input
dance is approximately 100Q in parallel with the gate-to-drain capacitance.
= we are assuming that the gate is shorted at the RF frequency.) As with a diode
r, the IF output impedance is somewhat higher, perhaps 150-2008. Usually, the
o-drain capacitance is negligible at the IF frequency in a downconverting

where W is the electron mobility, ¢ is electron charge, N, is the channel’s doping
density (which, for now, we assume to be uniform), W is the channel’s width, t is the
thickness of the undepleted portion of the channel, and / is its length. Varying the
gate voltage varies the gate depletion depth, thus the channel’s thickness 7, and
therefore the conductance. In most microwave or RF FETs, the conductance can be.
varied from zero (at or below pinch-off) to a few tenths of one siemen. Because this
resistive characteristic is used for mixing, in contrast to the transconductance mixer
of Chapter 6, we call this a FET resistive mixer.

e LO input impedance, which is determined by the gate-to-source capacitance
parasitic resistances, is pretty much the same as in an active mixer or frequency
lier. The method for determining this input impedance described in Section
is not applicable here, because the S parameters of an unbiased device usually
unavailable. (If they are available, the input reflection coefficient is simply §);.)
tter estimate for the LO input impedance at the gate, Z; . is

Mixer Circuit

Figure 7.2 shows the circuit of a single-device FET resistive mixer. The LO is
applied to the gate via a matching network, which is not significantly different from
the type of gate-matching circuit used in an active mixer. Dc gate bias is important
for optimizing the mixer’s performance; it is applied to the gate through 2
conventional bias circuit. At the drain, a simple diplexer separates the RF and
signals. An RFC short-circuits the drain at dc; if a dc path to ground exists in the
diplexer, as is often the case, an RFC is not necessary.

The filters in the RF diplexer are critical to the performance of the mixer. The¥
must short-circuit the drain at the LO to prevent pumping of the drain by LO energy
coupled through the gate-to-drain capacitance. This concern is real: although the
gate-to-drain capacitance of a biased FET may be very low, it is not low when th¢
drain bias is removed. At zero drain bias the gate-to-channel capacitance is roughly
evenly divided between the gate-to-source and gate-to-drain capacitances, and the
gate-to-drain capacitance is several times its value in a drain-biased device.

The LO circuit is not especially critical. Although it is prudent to short circuit the

1
Zip=ER 4R+ ——— (7.3)
Lo 5 2 JmLOCgc

R. is the FET’s source resistance, R, is its gate resistance, C,, is the gate-to-
5 g g £C

el capacitance, and ¢ is the LO frequency. We have not included the FET's
rinsic resistance, R;, because that element does not apply to the unbiased FET.

Channel Conductance Waveform

ke the conductance waveform of a diode or the transconductarice waveform of a
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wn in Figure 7.3. It represents a MESFET, but the equivalent circuit of a JFET
OSFET is similar.

deriving the circuit of Figure 7.3 from Figure 2.18, a number of parasitic
ts have been eliminated. The elements Ry and C; in Figure 2.18 model the
s of traps in the FET’s channel when it is biased into current saturation and the
nnel electric field is strong. This is not the case here, so these elements are not
uded. Cyq is a small capacitance, the combination of intermetallic parasitics and
slightly capacitive behavior of the biased channel’s dipole layer. This
citance is much smaller when the device is unbiased; in any case it invariably is
ligible compared to the high average conductance of the resistive channel.
. R;, in the biased device, models the extra resistance between the gate and the
ce in biased FETs. This results largely from the asymmetrical shape of the
letion region, caused by the large voltage gradient along the channel. Again, in
sistive devices this situation does not exist, so R; has been omitted from Figure 7.3.
" How do we model the current source in a resistive FET? Most of the existing
1/V models have been designed for active devices, not resistive devices.
certheless, most of these models are useful for resistive FETs as long as the
del’s parameters are adjusted to reproduce the measured //V characteristics in
vicinity of zero drain voltage, and the model does not misbehave when the drain
se is negative. Tt is a common error to use a model that has been derived for an
device and may not be accurate at a dc drain voltage of zero.

The JFET and MOSFET equivalent circuits in Chapter 2 are much simpler than
'MESFET, and the same simplifications can be applied to Figure 7.3. For
mple, the gate resistance often is negligible in low-frequency JFETs and
FETs, so that parameter can be eliminated. Similarly, the diodes that model the
ottky junction in Figure 7.3 should be removed for MOSFETs,

Finally, we must emphasize the fact that this model is not adequate for predicting
levels of FET resistive mixers. Modeling a FET for this purpose is an especially

FET used in an active mixer, the conductance waveform of a resistive FET should

adjusted to maximize its fundamental-frequency component. To do so, we bias ;:&
FET near pinch-off and pump it as hard as possible. This results in low convers; :
loss and practical input and output impedances.? Operating the FET mixer in Sfm
manner will indeed result in very good performance, in terms of conversion lo: i
However, it may not result in the lowest possible IMD. -

To achieve low distortion, we must recognize a couple of facts about distortion ;
mixers. First, most distortion is generated during the brief periods when the Lron
voltage is in the most strongly nonlinear portion of the FET's I/V characteristic
This occurs while the gate voltage is near pinch-off and the FET is turnine on 01'-
turning off. For lowest distortion we want the FET to turn on and off asbfas[ a.s
possible, thereby spending as little time as possible at gate voltages where the
channel is most strongly nonlinear. To do this, we need the largest possible L
voltage at the gate, so, in general, high LO power provides low distortion. LQ
voltage cannot be increased indefinitely, however, because the gate begins to rectif’y
on positive peaks. The resulting nonlinearity increases the mixer’s distortion: the
cure is to reduce the gate dc bias (that is, make it more negative) to allow stronger
LO pumping. This narrows the FET's conductance pulse, resulting in higher RF
input and IF output impedance. Eventually, as the gate bias is reduced, the FET's
gate starts to break down on negative LO-voltage peaks, and the LO voltage can be
increased no further.

The higher impedance can be ameliorated somewhat by increasing the gate width
of the device. Not only does this reduce the impedances, but a larger device simply
can handle greater power; for these reasons, power devices often are used for FET
resisti_vF: mixers. Wider devices require higher LO power, however, and have greater
capacitive parasitics. In general, it is best to use the widest device possible, within
the limits of available LO power and matching.

Another way to speed the transition between the FET's on and off states is to
short circuit the gate at LO harmonics. This maximizes the rate at which the gate-to-

channel capacitance can charge and discharge. Since this capacitance is only weakly R ——D|— R
nonlinear, the effect is not great, but may be of some help in minimizing distortion. " I 3
1 ;
FET Model Gate ng[Vg.Vd} . Drain
+
The conventional equivalent circuit for a FET used in a resistive mixer is not the \ig _E (Vg Vg) l g
same as the equivalent circuit for an active FET. (The active MESFET's equivalent Lty ! WFV )
circuit, for example, is shown in Figure 2.18.) A more appropriate equivalent circuit b
2. There is a large body of literature, dating back to the 1940s, that describes the effect of a resistive Rs
element's conductance waveform on conversion loss. The channel-conductance waveform thal Wé s
ource

ubtnip by biasing the F]_ET in this way certainly is not optimum in this sense; that is, it does 00!
provide the absolute minimum conversion loss. It is “optimum” in a practical sense, howeveh
‘because it provides conversion loss that is as low as can be achieved in practice. 2 7.3 The large-signal equivalent circuit of a FET used in a FET resistive mixer. This circuit is

derived from the one in Figure 2.18.
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difficult problem because the weak nonlinearity of the FET's channel is much m

difficult to model accurately than a strong nonlinearity. Still, the lack of an!

app_ropriatc IMD_ model is not too limiting. Empirical evidence shows that a mi
designed according to the criteria in the following section will achieve Opliqu
IMD performance, as well as optimum noise figure and conversion efficiency, -

Design Requirements for FET Resistive Mixers

Let’s summarize what we need to do to realize a good FET resistive mix

should sound pretty familiar by now: er. Thege

1. Shon-circuil the drain to the source at the LO frequency. Because the device
1S not active, a drain short circuit at harmonics is not necessary.

!'\J

Short-circuit the drain to the source at dc. It is essential to keep the dc draip

voll_age at zero. If no such short exists, the drain can become biased by
rectification in the gate-to-channel junction.

3 Match thf_- gate, if possible, at the LO frequency. Because of the FET’s high
input Q it may not be possible to achieve a good match over even a modest
bandwidth. The technique for doing this is the same as for an active mixer:
see Section 6.2.3. ;

Match the drain at the RF and IF frequencies.

5. Af_i_j ust the FET's gate bias halfway between breakdown and conduction. This
will be somewhat below (i.e., more negative than) the pinch-off voltage.

6. Adjust the LO level just short of generating dc gate current.

As w_ith halancegl diode and active FET mixers, some of these requirements,
especially the drain short circuit for the LO, can be met automatically, Of the rest,
the LO, RF, and IF matches are what most designers would do in any case, and short

circuiting u.nwantcd frequency components at all ports has become the general rule
for all nonlinear circuit design.

Performance

The performance of a well-designed FET resistive mixer depends on frequency, the
type of device, and the type of mixer (single-device or balanced). In general, the
conversion loss should be about the same as that of a diode mixer at the same
frequency or, because of the FET’s greater parasitic capacitances, slightly higher.
The output intermodulation intercept points of all products should be much higher
than those of a diode mixer; at the same LO level, an improvement of 10—15 dBm in
th?rd—order intercept point is not unusual. Most dramatic is the improvement in the
m?xer’s one-dB gain compression point; this typically is 10 dB better than a diod®
mixer, alt'hough the IMD level may increase more rapidly than e:_.qjccted as gain
compression is approached,
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cause of substantial shot noise in its diodes, a diode mixer’s single-sideband
figure usually is at least a few tenths of a dB greater than its conversion loss. In
 resistive mixer, the noise is almost entirely thermal, so the noise figure usually
: ely equal to the conversion loss.

" Because the gate of the FET is reactive, FET resistive mixers do not require
LO power. Although the LO power absorbed by the FET may be very low, the
_known limitations in matching reactive devices over a bandwidth largely
rmine the LO power requirements. Over moderate bandwidths, the required LO
. for minimum IMD, rarely is more than 10 dBm per FET; often it is much
When the gate is conjugate matched, the required LO power, P/, is

|
Pro= §(i,rg_,m, _vg'min)zmgcgs(Rg+Rx) (7.4)

Ve max IS the maximum gate voltage, established by the point where the gate
to conduct appreciably; Vg ,;, is the minimum gate voltage, limited by
down; w, is the LO frequency; and the other terms are defined in Figure 7.3.
nember, (7.4) is a lower limit; it is valid for a conjugate-matched gate only, which

ossible only in special cases. In most cases there will be at least 2-3 dB of

is type of mixer has very low downconversion of LO AM noise. In diode
5 or active FET mixers, the LO is applied to the mixing element along with the
signal, so the LO AM noise is no different from an RF excitation. The noise is
ply downconverted along with the RF, increasing the mixer’s output noise, and
ed structures are needed to reduce LO noise. In the FET resistive mixer,
ever, the LO and its AM noise are applied to the gate, and the conversion
ciency between the gate and IF is very low. For this reason, even single-ended
" resistive mixers usually do a good job of rejecting AM LO noise. (Alas, this
cteristic does not apply to LO phase noise; LO phase noise modulates the
converted waveform degree for degree, as in any other mixer.)

e 1/f noise in these mixers is low as well. The lack of high currents through
mixing device gives the FET resistive mixer very low levels of 1/f noise,
ng it ideal for use in mixers that downconvert directly to baseband. See [4] for
L example.

SINGLE-DEVICE MIXER: RF APPLICATIONS

Characteristics

s mixer, shown in Figure 7.4, is appropriate for use at frequencies up to a few
ertz. At higher frequencies, coupling through the gate-to-channel capacitance,
bined with the limited Q of lumped elements (whether realized by chip
ponents or IC structures) is not adequate to reduce LO leakage to a tolerable
Because of its good performance, low LO-power requirements, and
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Figure 7.4 A single-FET resistive mixer appropriate for use at frequencies up to a few gigahertz
is appropriate for use in either monolithic or discrete hybrid technologies.

practicality for use in monolithic circuits, this circuit does well in smaill RF and
wireless receivers. Additionally, this circuit is instructive: it neatly achieves all the
requirements listed in Section 7.1.3.

7.2.2  Description

The mixer essentially is a series analog switch tuned at the RF input and IF output,
In order to keep the circuit simple, the gate is driven directly from its 50Q LO
source. To improve the LO VSWR, at some cost to the required LO level, a 50Q
resistor is connected to the gate. This resistor is also used as a path for the gate’s de
bias.

The RF and LO ports have simple, L-C parallel tuned circuits. These ground the
drain and source terminals at dc and, if their Qs are high enough, at the LO
frequency as well. A well-designed circuit has drain-to-source voltage componenis
only at the RF and IF frequencies.

The resonators decouple the RF and IF nicely, so the FET’s channel is terminated
in 5082 at both the RF and IF frequencies. In a monolithic circuit the size of the
device can be adjusted to achieve good RF and IF VSWRs with these terminations:
In discrete circuits the inductors of the RF and IF resonators can be tapped to adjust
the input impedance.

At frequencies where this type of mixer is useful. the FET’s gate-to-chanﬁl’-i
capacitance usually is negligible. For example, the ~0.3 pF gate—to-channel.
capacitance of an ordinary MESFET has a reactance of over 200Q at 2.5 GHz, 2
negligible value compared to the net 25Q resistance (509 source and 50Q Ryp) i
shunt with the gate. |

The 50Q gate resistor increases the LO power requirement to a value 6 dB
greater than a circuit having no resistor. (Why 6 dB? The gate requires a certain
voltage to pump the device. The resistor R;, halves the applied voltage, so the LO
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yoltage must double to compensate. This doubling of voltage requires a 6-dB
in available LO power.) Furthermore, the 508 source probably is not
7 for minimum LO power, so this 6-dB penalty is placed on top of the
for nonoptimum design. Still, even with these penalties, the LO power
ment is likely to be little more than 10 dBm, not a terribly frightening value
applications. In cases where this level is still too great, see Section 7.2.4 for
ves.

FET's gate-to-channel capacitance limits the frequency at which this circuit
l. LO leakage through this capacitance into the RF port usually is the
rrnining factor. Often the RF and LO are not very far apart in frequency, and the
the RF tuned circuit cannot be made high enough to reject LO leakage
cantly. Even when the frequency separation is great, the limited Q of the
or and capacitor may prevent adequate isolation.

fhe RF and IF ports do not require blocking capacitors, but the LO port does
e one. A bypass capacitor is needed in the dc bias circuit.

Design

2 Selection

indicated in Section 7.1.3, the largest device (greatest gate width) possible
be used. As the device increases in size, port impedances decrease, although
essarily in proportion to device size, and LO-to-RF and LO-to-IF leakage
. As long as the gate capacitance is negligible at the LO frequency, LO
requirements do not change; however, if 2 more conventional matching circuit
at the gate, LO power requirements may increase.

) minimize LO power, the FET’s pinch-off voltage must be as close to zero as
ible; usually a pinch-off voltage of about 1V, typical of small-signal FETs, is
‘The low pinch-off voltage allows the FET to be turned on and off with minimal
e voltage, thus minimizing LO power. Unfortunately, most large devices are
gned for power-amplifier circuits, where a high pinch-off voltage is preferable.
ordingly, large devices usually have high pinch-off voltages.

ding off device characteristics, LO power, and leakage usually requires
ear analysis.

nhancement-mode MOSFETs work nicely in this circuit at frequencies below
2 GHz. One important advantage is that their pinch-off voltage (which in
SFETSs is called the threshold voltage) is somewhat above 0V. The optimum gate
in a FET resistive mixer is somewhat below pinch-off, so in enhancement-mode
FETs, zero-voltage gate bias is nearly optimum. MOSFETs have two other
ntages leading to low distortion: their channels are silicon, which is more linear
GaAs, and, because of the lack of gate rectification, they can be pumped very
. Unfortunately, MOSFETs also have negative characteristics in the quest for
performance: their generally higher minimum channel resistance, which limits
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conversion efficiency; slower switching; and greater parasitic capacitances. It j
clear, at this point, whether GaAs or silicon MOS devices have superior IMD
performance at lower frequencies. Because of their lower minimum Chaﬁm
resistances, GaAs devices clearly have lower conversion loss at all frequencies and
are superior in all respects above approximately 2 GHz. '

s nm

HEMTs probably are a last choice for FET resistive mixers. Although their

capacitive parasitics are small and only very low LO voltages are needed to turp

them on, the channel resistance of a HEMT is much more strongly nonlinear than

other types of FETs. HEMTs are best used when very little LO power is available op
for millimeter-wave mixers, where the importance of low distortion is secondary,

Design

It is a good idea initially to design an ideal circuit and to simulate it by nonlinear
analysis. This circuit is used to determine the best device size and port impedances.
Finally, a detailed design finishes the process. Here is the approach:

1. Create a circuit like Figure 7.4, using ideal elements, but leave out R; . Use a
large-value inductor (RFC) for the bias circuit. Make the capacitance in the
L-C resonators very large. This minimizes their bandwidths and guarantees
that the drain and the source are grounded at the LO frequency.

&}

Analyze the circuit and determine the port impedances and conversion loss at
a single RF and LO frequency.

Adjust the device size by scaling (in the case of an IC) or by selecting
different devices (in the case of a discrete circuit) until both the RF and IF
input and output impedances are within a factor of two of the desired value.
For each device size, adjust the LO power and dc bias to optimize the
performance. You will find that you can get good conversion loss and port
impedances with almost any device at some bias voltage, but unless the bias
is below pinch-off, optimum IMD performance will not be achieved.
Therefore, keep the gate bias at or below pinch-off.

4. Note the LO input impedance and port impedances when the performance
looks good.
5. Now design the mixer using real components instead of ideal ones. Include

all the parasitics for the inductors and capacitors used in the resonators:
Include Ryg. if low LO VSWR is more important than low LO power. The
capacitance in each resonator is found from the loaded Q:

wC +Im{Y} _ oy
Re{Y}+G Ao

(75)

where y is the center frequency of the RF or IF band; Y is the RF or IF input
or output admittance of the FET, as calculated by nonlinear analysis; G 1S the
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port admittance (G= 1/R, where R usually is 50Q); and Aw is the
bandwidth. Solve (7.5) for C. The inductance is

1

L= O (@eC+Im(T])

(7.6)

that is, we have absorbed the reactive part of the input or output admittance
into the resonator.

6. If the real part of the input or output impedance determined in step 3 is too
high, tap the inductor to help match the input or output port. Remember that
this will change the loaded Q, as well as the conversion loss, and you may
have to modify L and C to compensate.

9. Finally, use nonlinear analysis to calculate the performance of the complete
mixer. Especially note the LO-to-RF isolation and make certain it is
adequate. Similarly, confirm that the RF and LO circuits are on frequency and
have adequate bandwidth. The easiest way is to view the input and output
admittances; the band center is the point where the real part is zero.

18 and Adjustment

tuning adjustments are the obvious ones: LO power, dc bias, and the two L-C
ors. The conversion efficiency should be relatively sensitive to gate bias at
20 levels, and even at very low LO levels it should be possible to achieve good
ersion efficiency. At low LO power the IMD will be high. As LO level is
ed, the optimum dc bias point also should become more negative, and
ion loss should become less sensitive to bias. In MESFETs, at the optimum
as voltage and LO level, there should be no gate current, but adjusting the gate
a few tenths of a volt either positive or negative should cause gate current to

Variations

ced LO Power

ncrease in LO power caused by the presence of Ry is unacceptable in many
cations, If so, the best way to design the LO is to use the method described in
6.2.3 and (6.7) to (6.9). That method consists of resonating the LO input
ance with a series inductor and adjusting the source impedance to achieve a Q
t provides just enough LO bandwidth. A transformer or other conventional means
used to adjust the source impedance. If this approach still does not provide an
able 1.O design, which often is the case when the bandwidth is great, a
entional L-C matching circuit can be used. See Reference [14] of Chapter 1 for
More information, and be prepared to spend some time optimizing the circuit.
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Figure 7.5 A microwave implementation of the FET resistive mixer uses distributed circuits for the.
RF, IF, and LO matching circuits and the gate bias circuit. The capacitor at the LO portis

a de block, and the RFC keeps the drain dc voltage at zero.

Microwave Single-Device Mixer

The circuit in Figure 7.4 is a little clumsy to realize as a microwave circuit. A better
microwave version is shown in Figure 7.5. There are a number of ways to realize

such circuits; this is only one example.

The circuit uses a coupled-line RF filter, This filter has good performance and is
ideal for bandwidths around 20% of the RF center frequency [5]. Most important, its
output impedance is high at frequencies well below the passband, so it does not load
the IF. The IF filter is a simple structure consisting of a series high-impedance line
and a shunt low-impedance stub. The lengths of these elements are one-quarter
wavelength at the RF center frequency. Their impedances are chosen so the structure
behaves as a series-L. shunt-C filter at the IF. The RFC provides a dc ground to the
drain; it may not be necessary if this function is provided elsewhere in the IF.

The gate-matching circuit is a series-L, shunt-C structure. This usually 1§
adequate to match the gate adequately over a 10% to 20% bandwidth: remember, the
input Q is much lower at microwave frequencies than at RE. Some degree of
empirical tuning often is necessary to compensate for the discontinuities in the
structure and uncertainties in the FET’s input impedance. The gate-bias circuit i
similar to the IF circuit,

The design of this mixer is straightforward. The RF and LO input impedances
and the IF output impedance at the device can be found in essentially the same WaY
as those of the low-frequency circuit. In this circuit, however, there is limi
provision for matching the RF and IF ports. It is best to select the device and 23t
bias to achieve an adequate match. This is something of a juggling act; the bias a0
the LO level must be chosen simultaneously to match the device and still provide the
optimum conditions described in Tuning and Adjustment, on page 225. Anothef
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lity is to use a more complex set of filters that include some degree of
ing as well as filtering.

Cautions

s a relatively easy circuit to get working, and few problems should be
d. One possible problem is a strange oscillation that occurs only when LO
on is applied. It is especially evident in two-tone tests and behaves like IMD
onents whose level is very sensitive to dc gate bias. This type of oscillation is
d by a combination of the nonlinear gate-to-channel capacitance and some
tance in the circuit or perhaps by interaction with the dec-bias power supply.
olution in the former case is to load the gate with extra resistance, especially if
not used. In the latter case, add series resistance and a large capacitor to the
ircuit.

. 180-DEGREE SINGLY BALANCED FET RESISTIVE MIXER

Characteristics

is a true singly balanced mixer. Its conversion loss is about the same as the
~device mixer, but its odd-order IPs are 3 dB greater. Because of its inherent
on of even-order IMD, its even-order IPs are typically 20 dB better, often
This makes it especially nice for applications where even-order IMD is a

ause there is no RF balun and a matching circuit is usually unnecessary, the
bandwidth can be very broad. Since the RF port drives two FETs in parallel, the
impedance usually is very close to 50€.

Description

of two possible configurations for a singly balanced mixer is shown in Figure
In this circuit, the LO is applied 180 degrees out of phase at the gates and the RF
plied in phase. The alternative is to apply the RF out of phase and the LO in
e. We prefer the former circuit, because it is a bit more practical: it has lower RF
thus better noise figure, and the transformer can be used to optimize the LO
impedance, thus minimizing LO power. The FETs are in parallel at the RF,
L this usually results in a good RF match. Most important, in this configuration the
! drains are a virtual ground for the LO, so the optimum LO termination is
ded automatically and the LO-to-RF isolation is very good.

ne templing circuit to avoid is the configuration where both the RF and the LO
applied out of phase. This configuration seems attractive because the IF currents
two devices are in phase, so no IF balun is needed. The advantage is obvious:
fiminating the IF balun saves space. The disadvantage, however, is serious: the
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7.3.3 Design

s circuit is really no different from the one in Section 7.2. Figure 7.7 shows
single-device equivalent circuit, which is obtained by splitting the mixer
the middle and transforming the source and load impedances appropriately (n
turns ratio of the transformer).

‘Recognizing this equivalence, we can use the procedure in Section 7.2.3 to
ign the mixer. For simplicity, the initial design, steps 1 to 4 in the procedure on
224. should be based on the single-device equivalent circuit. This circuit has
' same conversion loss and port VSWR but only half the LO power of the
lete balanced mixer.

H 3

D

11 R

Figure 7.6 Of several possible singly balanced FET mixers, this circuit is best for virtually a||

applications. Its main advantage is the IF and LO virtual ground at the FETs" drains. 7.3.4 Variations

alanced Mixer Without an IF Balun

circuit is simply two single-FET mixers in parallel, not a true balanced mixer. A way
to aveid the IF balun in a true singly balanced mixer is shown in Section 7.3.4, bu
for reasons given in that section, this is not a very good circuit either. Keep the IF
balun. :
In the circuit in Figure 7.6, the RF current returns through the low-pass filters, It
is tempting to make it return through a center tap in the transformer and to eliminate
the filters, but this isn't a good idea: it would require the IF transformer bandwidth to
include the RF band, and this inevitably would compromise the IF performance. It
also would require avoiding the better transformers—transmission-line types—
which do not have a center tap. A less obvious problem is that LO leakage likely
would be within the transformer’s bandwidth, and the transformer would pass this
leakage directly to the IF. Finally, in any case, the IF filters are necessary to ground
the FETs’ sources at the LO frequency. Keep the filters.
Because the RF connection is made to the FETs’ drains, a virtual ground for both
the IF and the LO, no filter is needed in the RF port, Avoiding an RF filter keeps the
circuit simple. RF impedance transformation is rarely necessary; it’s pretty easy (0
match the RF port without it.
A dc gate-bias circuit is not shown in Figure 7.6. The easiest way to provide gate
bias is through large-value resistors connected from the dc bias source to the gates.
Because the gates normally do not draw current, no dc voltage is dropped in this
resistor. If the LO level is made too great, a gate resistor may help prevent excessive
gate current caused by rectification in the gate-to-channel junctions, protecting the
devices. The resistors also protect the FETs from electrical transients and static
electricity, the two leading causes of dead FETs.
Finally, a note on layout. In most FETs the drain and the source theoretically &
interchangeable when the de drain-to-source voltage is zero. However, usually th®
source connection has considerably more metal and thus more parasitic capacitanc®
than the drain. For this reason it is best to connect the lower-frequency port, the
to the FETs' sources.

circuit in Figure 7.8 has been suggested occasionally. It is arguably a true singly
anced mixer but has no IF balun. Still, it’s not a good circuit, and it illustrates the
blems we encounter when we try to sneak around the IF-balun requirement.

The series connection of the FETs at the IF frequency is the greatest problem
this circuit. Remember, we have stated frequently that the IF output impedance
any resistive mixer, diode or FET, is about 100Q. This means that the output
nedance of the two FETs in Figure 7.8 is about 200Q, possibly higher. This may
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re 7.7 The single-device equivalent circuit of the singly balanced mixer shows that it is nearly
identical to the single-FET mixer in Figure 7.4. Impedances and LO have been
transformed to account for the separation of the circuit into two picees; n is the turns
ratio of the transformer at each port, and Ry g, Rz and Ry are the port impedances. The
resonators account for the LO and IF virtual ground at the RF port.
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Figure 7.8 It is possible to remove the IF balun by putting the FETs' channels in series at the [g
frequency. Unfortunately, this makes the IF output impedance quite high and difficult ¢
match. It also introduces the need for an RF filter. ' 0

be difficult to match to a 50Q IF load without the use of a transformer—ijust the
structure we had hoped to eliminate!

In this circuit the RF connection to the FETs is no longer a virtual ground for the
%'F, amli now an RF filter is necessary. This RF filter can be difficult to design; its
input impedance, at the port connected to the FETs, must be very high at the IF
frequency; otherwise, it will unbalance the mixer. We must retain the IF filter as
we]l,_ and it is somewhat more critical. In the circuit in Figure 7.6, marginal IF
filtering, whatever its other effects, does not unbalance the mixer, Here, however, the
IF filter must ground the source of the lower FET very effectively at the RF and LO
frequencies, or the mixer’s balance will suffer, and there will be no virtual LO
ground at the FET drains.

. Clearly, this mixer is a tricky design, and making it work well is much more
difficult than making the basic circuit work well. Still, the elimination of the IF
balun may be worthwhile in some applications, especially ones where a high IF
output impedance is acceptable. An example of the latter is a mixer followed by a
low-frequency video IF amplifier.

Microwave Balanced Mixer

Tl'1is circuit works well at high frequencies if the LO transformer is replaced by 2
microwave balun or a 180-degree hybrid, the sources are grounded, and the RF and
[F both are filtered from the drains. If the IF frequency is not too high, the circuit can
be relatively simple. ‘

A possible configuration is shown in Figure 7.9. There a half-wavelength loop of
transmi:.ssion line is used for an LO balun. Although narrowband, this type of balun
has an important advantage over most other types: it presents a short circuit to an
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¢7.9 A singly balanced FET mixer appropriate for use at microwave frequencies. The
capacitors in series with the RF port are for IF blocking.

wode excitation at its output ports. Thus, it effectively short-circuits RF
yoe from the drain at the gate, the optimum termination. LO matching should be
outside the balun; otherwise, the FETs must be tuned individually, unbalancing
pixer. In discrete circuits empirical LO tuning usually is adequate.

he high-frequency design has much higher levels of LO coupling through the
o-drain capacitance than the low-frequency design. Therefore, the virtual
nd at the drain, which is inherent in this circuit, is all the more important. To
ent degradation of this property, the drains must be located very close together.
_O virtual ground is halfway between the drains, and any transmission line from
ground point to the drain is, in effect, a shorted stub. The LO-frequency
nating impedance at the drain, Z; ; o, will then be

Z; 1o = JZytan(0) (7.7)
e Z, is the characteristic impedance of the connecting line and 0 is the distance
the drain to the short-circuit point, in degrees of phase at the LO frequency. If
ine is, for example, one-quarter wavelength long, 8 = 90 degrees and the drain
see an open circuit, not a short. It is essential that the drains be connected to
d at dc. The tap in the IF transformer provides this connection nicely. The tap,
e way, is not essential for any other purpose; it can be replaced by an RFC or
other structure. Even a high-value resistor will provide the termination, as long
88 the LO level is kept low enough so dc gate current is not generated.
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90-Degree Mixer

It is possible to make a 90-degree FET two-device resistive mixer. (You may notj
re’iuctancc to call this a balanced mixer, because it is, at best, a very poor one ) f-"[;a
mixer requires gq-degree hybrids for applying the LO to the gates and the RF.to !h:
drains. It is possible to select the hybrid’s ports for the RF and LO excitationg j
§uch a way that an IF balun is not needed. In this arrangement, however, the LO»RIF"I
1sola.zmn is poor and the drains are not virtual grounds for the LO. In the other
possible configuration, a balun is needed, but the drains still are not LO vinua}

grounds and the mixer has all the disadvantages of a 90-degree diode mix i
3.3). Forget this one. : e

7.3.5 Cautions

Probably because of the LO transformer’s high inductance at low frequencies, this
circuit seems to be unusually susceptible to the type of parasitic oscillation
described in Section 7.2.5. The cure, as before, is to load the LO with extra
resistance. The amount of resistance must be determined empirically, but usually it
is only a few tens of ohms, at most.

7.4 DOUBLY BALANCED RING MIXER

Yes, FET resistive mixers come in doubly balanced forms, too. This is a very nice
way to make a low-distortion RF mixer. Especially if you like transformers.

7.4.1  Characteristics

Because of the complexity of the ring and the interconnections between the FETS,
this mixer is best suited for use at frequencies of, at most, a few gigahertz. Evenin
ICs, the interconnection parasitics and the unavoidable asymmetries hurt the
performance of this circuit. Still, at frequencies up to about 18 GHz, careful layout
may produce performance exceeding that of diode mixers.

This mixer has some very nice properties. The best is that all the FETs' drains
and sources are virtual ground points for all undesired signals. The gates are all
virtual grounds for the RF and IF. Because of these pleasant properties, the port-1¢-
port isolation usually is very good, and this mixer can be used when the RF, LO, and
IF bands overlap.

. Finally, this is a true doubly balanced mixer, and it does a spectacular job of
rejecting even-order IMD.

7.4.2  Description

Eigure 7.10 shows the mixer. The FET ring operates as a commutating switch, much
like the diodes in the ring and star diode mixers in Sections 3.4 and 3.6. As with the
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¢ 7.10 The doubly balanced resistive FET ring mixer is a commutating mixer, similar in
concept to the diode ring and star mixers. The drain and source connections shown in the
figure are not essential but nsually work best.

s mixers, it is easiest to understand this circuit if the FETs are viewed as
tches. At any time, the two FETs on opposite sides of the ring are turned on, and
other two are off. When the LO voltage changes in polarity, the former FETs turn
and the formerly-off FETs turn on. This switching action connects the RF
former to the IF transformer, reversing the polarity of the connection every half
LO cycle. In effect, the RF is multiplied by a square wave.
Because of the symmetry of the circuit, the ring is, in effect, a balanced bridge at

the RF and IF frequencies. Viewing the ring this way, we can see that there is no RF

oltage between the nodes where the IF balun is connected and no IF voltage where
e RF is connected. It is a little more difficult to see that the LO is coupled to each
IT’s drain and source nodes equally, so any pair of these nodes, on opposite sides
©f the ring, have zero LO voltage between them—the ideal situation!
In low-frequency mixers (and we did, after all, say that this is the most practical
d), wirewound transformers are used for the baluns. These provide some room for
djusting the impedances seen by the devices and also provide good balance. At
her frequencies, if you want to attempt such a design, an appropriate type of
microwave balun can be used.




234 The RF and Microwave Circuit Design Cookbook

7.4.3  Design

Fundamental Design
Figure 7.11 shows the single-device equivalent circuit of the mixer. It is almosy

identical to the mixer in Figure 7.4, so the design approach in Section 7.2.3 is
applicable. -

The design of this mixer largely consists of adjusting the transformer turns ratios

and the device size until reasonable VSWR has been achieved at all ports, the
conversion loss is low, the LO power is within the required range, and the devices
are as large as possible within these constraints.

These mixers are easiest to design when the equivalent circuit in Figure 7.11 js
used for the initial design. With such a simple circuit, it is easy to perform the
appropriate trade-offs, determine the performance, and determine the effect of
nonzero-length interconnections. When the computer confirms that the circuit is
working, the entire four-FET circuit can be simulated. If the single-device design is
a good one, the complete circuit should work well with minimal effort.

DC Bias
As with all FET mixers. the simplest way to provide dc bias is through a center tap

on the LO transformer and to ground the drains and sources through center taps on
the RF and IF transformers. Unfortunately, many of the better types of transformers

Figure 7.11 The single-device equivalent circuit of the mixer shows that it essentially is the same
the single-device mixer of Figure 7.4. The resonators are located at the virtual gmunﬂ
points, halfway between adjacent FETs" drains or sources. The shaded areas represent
microstrip line connections between the devices. The turns ratio of the transformer 8t
each port is n.
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no center taps, and frequently we want to use GaAs MESFETs but not negative

igure 7.12 shows one solution to the biasing problem. For negative bias, the dc
e is applied to the gates as described above. For positive bias, the ring is
ted” at the dc bias voltage and the gates are grounded. Large-value resistors are
to couple the bias to the FETSs, so no transformer taps or large inductors are
ed. These are adequate as long as the LO level is kept low enough, as it should
'so no dc gate current exists in the FETs.

yout

frequency increases, the parasitics associated with all the interconnections
ome significant. Uncontrolled, interconnection parasitics can ruin the
formance of the mixer. It is essential that the connections be as symmetrical as
ible. The FETs should be connected drain to drain and source to source, and the
hs of the four interconnections between FETs should be equal. The node at
ich the IF and RF baluns are connected should be precisely halfway between each
- of drains or sources, and the LO connection should be precisely halfway
veen each pair of gates. The lengths of these connections should be only a few
rees of phase at the highest operating frequency. FETs’ sources usually have
ater stray capacitance than the drains; to minimize the effects of these parasitics,
nnect the IF to the sources and the RF to the drains, as shown in Figure 7.10.

£

R
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¢ 7.12 A complete mixer circuit. Transformers are used for the baluns, and the mixer can be
biased with either positive or negative voltage. The unused bias port is siniply shorted.
The resistors R should be 1 - 2 kQ, and the capacitors are for bypassing. Series inductors
are used in the LO circuit to resonate the FETs” gate-to-channel capacitance.
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Now that you know what to do, try to do it. It's impossible! When you try
out one of Ll}ese mixers, you will see why some degree of asymmetry i:y sio- -
unavoidable in a circuit this complex. Unless the frequency is very low, an }I(I:pl-
almost ess?ential, at least for the FET “quad” if not the whole mixer, to mir;jmiz -
asymmeftnes. The most difficult asymmetries seem to be the gate conneclions'e‘ ﬂ!n
almost impossible to connect the LO lines precisely halfway between the gaielt &
any layout that equalizes the lengths of the drain and source interconnects E-:Sacm
d.egrec of phase difference results in loss of balance, and imbalance is manii"e :
limited even-order IMD rejection and port-to-port isolation. | -

7.4.4 Variations

The same trick we showed in Figure 7.8 to eliminate the IF balun in the sing]

balanced mixer can be used in this mixer. It has all the same problems, plus a fez
new ones. Now that the drains are no longer IF virtual grounds, we need RF filters
two of them, one in each lead from the RF transformer to the ring. We also need;
pretty good IF filter. Don’t attempt this variation unless you feel that you realiy
understand this circuit. Even then, think about it.

7.4.5 Cautions

HPF —O RF

The most common problem in designing one of these mixers is achieving a good
enough LO match to provide good IMD performance with reasonable LO powgr. In
MESFET circuits it is easy to know whether the mixer is well matched and
fidequately pumped: you should see dc gate current when the gate bias is slightly
increased or decreased. The instructions in Tuning and Adjustment, in Section 7.2.3,
apply to ring FET mixers as well as to single-FET mixers.

1
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7.5 SUBHARMONICALLY PUMPED FET RESISTIVE MIXER

There are at least two good reasons for using a subharmonically pumped mixer and
one good reason not to. The reasons for using one are (1) a reduction in the
complexity of the local oscillator and of the mixer itself, and (2) easy rejection of
LO leakage into the RF and IF, especially at millimeter wavelengths, where the
reactance of the FET's gate-lo-drain capacitance is low. The reason for avoiding
subharmonic mixers is sobering: virtually all aspects of their performance are worse
than those of fundamental mixers.

Figure 7.13 (a) Channel conductance waveforms in the FET subharmonically pumped mixer; (b) the
mixer circuit.

nd the basic circuit. The upper FET, marked F1, conducts when the voltage at its
is positive; this is shown in the first curve of Figure 7.13(a). Al the same lime,
: yoltage at the gate of the other FET, F2, is negative, and if F2 is biased near
\ch-off. the FET is off. The conductance waveform is shown in the second curve
Figure 7.13 (a). In the next half LO cycle, the situation is reversed; F1 is off and
is on. Because the FETs' channels are connected in parallel, the pair of FETs
erates as a single device whose conductance is the sum of the channel
conductances of the two FETs. This is shown in the third curve of Figure 7.13(a).

7.5.1 Characteristics

In a subharmonically pumped mixer, we use two devices connected in parallel but
pumped out (')f phase. This creates a conductance waveform for the pair that has only
even harmonics of the LO frequency. Figure 7.13 shows the conductance waveforms
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Basic Fourier-series theory shows that the conduct

combined FETs has no fundamental or odd-harmonic frequzlr:f:; c\:::(t;ggts- i
only even-harmonic components. Since it has no fundamental frequency tht;rll =
be no mixing at the fundamental LO frequency, only at the LO’s even l:La_rme s
The strongest of these is, of course, the second; the fourth harmonic is much wonjcg__
so the second-harmonic mixing is by far dominant. S

As with the singly balanced mixer, the drain is a virtual

fu_ndamema! LO frequency. It is not a virtual ground at the second LOg}l;(;izc:m?é ;he.
this does not matter: the FET generates only very weak harmonics of lhe' Lut
voltages and currents, primarily by the nonlinear gate-to-channel capacitance FQ
these reasons LO leakage into the RF and IF ports is very low and, at appruxim' {1”
half the RF frequency, is easy to filter out. i

Similarly, AM LO noise, which is strongest close to the LO frequency, is not
copve{ted directly to the IF. Furthermore, as in all FET resistive mixers, '[he LO
noise is not applied to the mixing element (the channel), so downconversion of AM
LO noise usually is negligible.

. The performance disadvantage of this mixer can be traced to the fact that the rise
time of the conductance pulses is not as fast as it would be if the FET were pumped
by a fundamental-frequency source, and their duty cycle is not the same either. Of
course, the second-harmonic component of the conductance waveform of each FET
always is weaker than the fundamental, so the conversion efficiency must be lower
than in fundamental-LO mixers. The difference usually is at least 2-3 dB, giving the
subharmonically pumped mixer at least 9-10 dB conversion loss. IM intercept points
are also lower, but the difference depends on several factors, including operating
frequency. Although it is difficult to generalize, a drop of at least 4-5 dB, compared
to a fundamental, single-FET mixer, should be expected. The RF and IF port
impedances also are harder to match and may be more sensitive to LO level. On the
positive side, however, the half-frequency LO reduces the complexity of the LO
source (and LO sources do have a tendency to become compléx) and eliminates the
IF hybrid, while retaining performance that is still good enough for many
applications.

of the

7.5.2  Description

Figure 7.13 shows about all there is to this circuit. The IF and RF circuits are, in
effect, a diplexer; this is the most complex part of the circuit, The RF input and IF
. output impedances at each FET are relatively high; having two FETs in parallel
helps to reduce these impedances, but they still may be difficult to match. The RF
and IF filters shown in Figure 7.13 may have to include matching as well as filtering
functions.‘ Using relatively large devices also may help to reduce the impedances.
The_ circuit is appropriate for very high frequencies; subharmonically pul‘l‘-lp'*”d
FET mixers have been produced at millimeter wavelengths [6]. In such mixers, &
microwave balun should be used for the LO; the simple half-wavelength balun and
matching circuit shown in Figure 7.9 are just fine.
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ure 7.14 The single-device equivalent circuit is similar to those we have seen earlier. The ®zp
resonator accounts for the RE virtual ground at the drains, and the Wpp and ©yp
resonators represent the diplexer. The picce of transmission line (shaded area) accounts
for half the length of the connection between the drains.

The single-device equivalent circuit of this mixer is shown in Figure 7.14. It is
imilar to those we already have seen and, as before, is a good place to begin the
gn. The process is the same as the one on page 224. Nonlinear analysis is
essential here, because the circuit tends to be more sensitive to device size, LO level,
and bias than a fundamentally pumped mixer.

The design of the gate matching circuit is identical to that of a singly balanced
mixer, described in Section 7.3.3 for the low-frequency mixer and Section 7.3.4 for a
microwave mixer. In the earlier mixers, we suggested adjusting the device size to
help match the RF and IF ports, either by scaling the FET's gate width, in the case of
an IC, or by selecting devices of different sizes, in a design for a hybrid circuit. That
exercise is worthwhile here, but it may not be possible to achieve good port VSWR
by adjusting device size alone.

7.5.4 Variations

For better or worse, there are not a lot of ways to make these. You're stuck with the

one circuit.

7.5.5 Cautions

The magnitude of the second harmonic component of the conductance waveform,
‘which is the dominant contributor to mixing, is much more sensitive to the shape of
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the conductance pulses than the fundamental-frequency component. As a result th
performance of this circuit usually is much more sensitive to LO level and de »gate-
bias than the fundamental mixer. This sensitivity alone may make a subha;mmﬁ:
mixer unsuitable for some applications.

As with other FET balanced mixers, be careful to minimize the length of the
connection between the drains of the FETs. This should be ne more than about 20
degrees long at the fundamental LO frequency. Similarly, be sure that the lines from
the LO balun to the gates are equal in length. Remember that fr‘t’-quency
multiplication is phase multiplication, so one degree of difference in these lines g
the fundamental frequency is two degrees at the second harmonic.
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Chapter 8
Active Frequency Multipliers

they use diodes. Because diodes are passive elements, diode frequency
wltipliers are lossy. Although varactor frequency multipliers theoretically are
able of 100% efficiency, in practice we are lucky to achieve a conversion
fficiency of 1/n in a varactor multiplier, where n is the harmonic number. Resistive
ode frequency multipliers are even worse. These have a theoretical optimum
fficiency of 1/n%, but in practice 10-dB conversion loss is pretty good for a
stive doubler, The efficiency of resistive triplers is unspeakable.

Fortunately, FETs and bipolar transistors make dandy frequency multipliers.
eir noise levels are decent (although, in this respect, nothing is as good as a
tor), their bandwidths are broad, and they can achieve conversion gain. These
acteristics can simplify a frequency multiplier chain significantly.

Table 8.1 lists the circuits described in this chapter. The doublers are probably
e most practical circuits. Triplers are difficult to produce successfully, and their
‘ormance is invariably poorer than the doublers’. It’s a good idea to design the
quency-multiplier chain with this fact in mind.

8.1 ACTIVE FREQUENCY-MULTIPLIER THEORY

1.1  Why Use Active Multipliers?

In a single word, efficiency. Suppose we want to generate a 24-GHz signal by
‘multiplying a 3-GHz signal, and we need to generate 10 dBm for a mixer local
‘oscillator. Figure 8.1 shows two multiplier chains, one using diode multipliers and a
'second using FETs. RF and dc power levels are shown below the figures. The chain
‘using passive multiplier stages needs several amplifiers to overcome the high losses
‘of the multiplier stages, and these use a lot of power. The active multiplier chain, on
‘the other hand, has approximately unity gain in each stage, so no amplifiers are
‘Necessary.

241
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Table 8.1 Multiplier Circuits Deseribed in This Chapter

=

Multiplier Type Typical Applications

Characteristics

Single-device fre-
quency multiplier

Good efficiency and band-
width; fundamental-frequency
leakage can be a problem.

R
General-purpose circuit; best used

in ICs or other applications where
small size is most important.

Balanced doubler Very low fundamental-fre-
quency and odd-harmonic
leakage. Requires an input
balun or hybrid. The optimum
load impedance is easier to
realize than with the single-
device circuil.

This is the circuit 1o use for most
doublers, unless you have a good
reason not to.

Of course, we have “cooked the books” a little in our favor by assuming that the
passive chain uses resistive multipliers, and these have greater loss than varactor
multipliers. Still, a chain of varactor multipliers needs at least one or two amplifiers,
and these still require more dc power than the active multiplier chain. Furthermore,
cascaded varactor multiplier stages must have interstage isolation, and the cheapest
isolator is often an amplifier. Finally, take a sober look at the warnings about the
stability of varactor multipliers in Chapter 4. Do you really want to try to cascade
three of those things?

Tn spite of its lower efficiency. a varactor frequency multiplier chain still may be
apPropriatB in a few situations: (1) where LO noise—both phase noise and AM
noise—are more important than efficiency, (2) where odd harmonics are needed, or
(3) where very high harmonics must be generated from a low-frequency source (in
this case, a step-recovery diode is best). Active multipliers have disadvantages,
compared to varactors, in noise and in the generation of high or odd harmonics.

8.1.2  Active Multiplier Operation

Long ago, before transistors even existed, engineers designed frequency multipliers
that used vacuum tubes. They quickly discovered what was necessary to make these
beasts work well, The same principles, which we discuss here, apply to modern
transistor frequency multipliers.

The Ideal Active Multiplier

:‘\n active frequency multiplier generates harmonics by rectifying the sinusoidal
input signal. The principle is simple: the device—a FET or bipolar transistor—is
biased near its turn-on point, and the input sinusoid turns the device on over part of
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A=A =

+20 +10 +20 +10 +20 +10
0.3 0.3 0.4
(a)
K2 X2 X2 —0O
Power, dBm: +10 +13 +13 +10
Power (W): 0.1 01 0.1
(b)

e 8.1 In general, a frequency-multiplier chain using passive elements (a) has lower de-to-RF
efficiency and more stages than a multiplier using active clements (b). The latter has
greater efficiency because the active multiplier has approximately unity gain. The chain
using passive multipliers must have intermediate amplifier stages, and because of the
high loss of the multipliers, the amplifiers must have high gain and output power. In the
example shown here, the passive-multiplier chain requires more than three times the dc
power of the active-multiplier chain.

its cycle. The fraction of time that it is on, compared to the entire period, called its
cycle, is adjusted to maximize the desired output harmonic. The higher the
armonic, the shorter the duty cycle must be. For a doubler, the optimum is around
30%:; for a tripler, about 20%.
. Figure 8.2 shows a somewhat idealized active FET multiplier. (To retain some
degree of concreteness in the following discussion, we describe only a FET
frequency multiplier. The principles, however, are applicable to any active device.)
‘The gate is driven by an RF source, V.. at the input frequency, @y, and gate bias, Vg,
lis applicd as well. We assume that capacitive parasitics at the drain and gate are
absorbed into the tuned circuits and, for now, simply neglect parasitic resistances.
Another LC circuit at the drain is tuned to a harmonic o, of the exci tation frequency,
=n ;. This tuned circuit allows only nth-harmonic components of drain voltage
across the load, R, and also across the channel. The de drain voltage is V.
The de drain bias is the same value used for the FET in such ordinary
applications as small-signal amplification. The gate bias voltage is somewhat below
(more negative than) pinch-off. Figure 8.3 shows the resulting waveforms in the
multiplier; the FET conducts in pulses that occur whenever the gate voltage is above
the pinch-off voltage, V,,.

The duty cycle of the drain-current pulses can be adjusted by changing the dc
gate bias, V,,. Clearly, for best efficiency, we want the peak drain current to be as
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Figure 8.2 A somewt{al idealized representation of a FET frequency multiplier. We assume that t
FET s drain and gate pa.tasitic capacitances have been absorbed into the tuned ci:t’ni;
and, in the accompanying discussion, that resistive parasitics are negligible.

Va(t)

Vd,max

I\"g‘m}r'f_

Figure 8.3 Voltage and current waveforms in the FET frequency multiplier. The FET's channel

conducts in pulses when V,ir) > V. These pulses generate a second-harmonic vohage 8
the output.
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sat as possible, [, 80 Vg(r) must peak at Vg-max; as we reduce the gate bias. to
the duty cycle of the pulse, we also must adjust the level of the input
citation to compensate. A shorter duty cycle, which is necessary for higher
armonics, requires more negative V,, and greater RF input voltage (and, therefore,
¢ RF power). As we continue to decrease the duty cycle in this manner,
atually the negative peaks of the gate voltage reach the gate-breakdown voltage,
and we can reduce the duty cycle no further.

 The drain-current pulses can be modeled as a train of rectified cosine pulses. The
me axis is arbitrary, so the pulses can be centered at { = 0 to remave the phase terms
= Fourier series. The drain current, then, is

I(1) = Ig+1, cos(, 1) + I cos(myf) + ... (8.1)
yhere I, is the nth-harmonic current component, @, given by
41
= mu?ﬁq cos.(mtr(,/T)2 sl
1—-(2nty/T
( ﬂtﬂ ) (8-2)
21,
= Im&rﬁ n=70

Hax 15 the maximum channel current, fg is the length of the pulse, and T is the
Hod of the fundamental frequency. When n> 0 and fo/ T'= 0.5/ n, (8.2) has some

vious problems. In that case,

5
S (8.3)

n m‘ﬂ.t?

From Figure 8.3 we see that the peak RF drain voltage can be no more than V.
regardless of /,. To maximize output power at the nth harmonic, we must maximize
it's the only option. To maximize [, we know that we must keep the peak value of
constant at I,,,,.; (8.2) shows that the only remaining degree of freedom is the duty
ycle, 1o/ T. This is what we need to optimize.

Figure 8.4 shows I, /1, as a function of the duty cycle. There are distinct
ptima for all values of . For n =2, the optimum is #o/ T=0.32; for n=3, it is
fo/ T=0.21. The latter value is unachievable in most MESFETs, as is the optimum
or n = 4, approximately 0.18. Interestingly, the next peak in the n =4 curve is al
fo/ T=0.50, a much more practical value. Although the output power is a little
cer than tg [ T ~ 0.30, this power is achieved with lower input level and, therefore,
better conversion gain. Conseguently, 15/ 7= 0.50 probably is no worse, in practice,

This is really a lie. There is a way 1o reduce the duty cycle further: allow the peak gate voltage 1©
decrease as V,, decreases and, consequemty, the peak drain current. This usually results in lower
harmonic output power than simply using a nonoptimum duty cycle. Tt’s a Pyrrhic victory.
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Inflm*
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=2
0.2 =
n=3
Bl = n=4
n=5
| | e
0.1 0.2 0.3 0.4 0.5 /T

Figure 8.4 Magnitudes of the harmonic current components of ,(t). normalized to the maximum

channel current, 1,,,,,.

than 75/ T ~ 0.30. For a fourth-harmonic multiplier, avoid tg! T~0.38!

_ “{e Ijleed an expression for the duty cycle as a function of the voltages in the gate
circuit; 1t is .

T .
ﬁ = 2 o P B, mdx g, min
= S[ A— ) 84)

where B, is the conduction angle, 21 ¢y/ 7. The gate-bias voltage that achieves this
value of @, is

% +V
Vgg — _ & max = &, min [8;5)
and the peak RF gate voltage is
Ivg(!)l = Ve max ~ Vg (86)

The rest of the design is all downhill. The maximum peak-to-peak RF drain
voltage, at the nth harmonic, is 0.5 (Vi.max = Vg min)- When the output power at the
nth harmonic is optimized, the peak RF voltage is

Ve =V
V()] = IR, = _d_g@z__"dmu &7
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here Vg ax and Vi, are defined in Figure 8.3. Ry can be found from (8.7). The
t power at the ath harmonic is

1
Pen= iffRL
(8.8)

1
= Zin(vd, max Vd, ml'n)

the dc power is

Py = 1oV
21y, (89)
T

]

max "dd

Ihe dc-to-RF efficiency is just the ratio of (8.9) to (8.8).

A multiplier's most important performance parameter is its conversion gain. In
tive multiplier the gain can be greater than unity. We already have an expression
- the output power, (8.8); we need an expression for the available input power in
ms of the RF gate voltage. If we simplify the input circuit to a series combination
resistors and the gate-to-source capacitor, C,q, the input power can be found
sily. Whensthe input is conjugate matched, the input power equals the available
power from the source, P,,. Therefore,

1
B iws-m — Vs VAR, R+ fsz‘,})(«m,cgs)2 (8.10)

Where R;, R; and R, are the source, intrinsic, and gate resistances of the FET,
respectively. The ratio of (8.10) to (8.8) is the conversion gain.

Feedback Effects

A short-circuit drain at the fundamental frequency usually resulis in the best overall
ormance but not necessarily the best performance in any one respect. In triplers
and higher-harmonic multipliers, for example, a fundamental-frequency drain short
ults in disappointingly low conversion gain. By adjusting the fundamental-
‘equency termination, we can achieve much better gain but at the expense of
duced stability margin. This trick is somewhat like using positive feedback in an
plifier; it is a little dangerous. Still, it may be worthwhile if the alternative is an
Unacceptably low conversion gain.

An illuminating description of feedback effects in a FET multiplier can be found
in a classic and very readable paper by Rauscher [1]. Figure 8.5 is a reproduction of
one of his figures showing the dependence of conversion gain on the fundamental-
frequency drain termination. The latter is described by 8, the [ength of a hypothetical
50Q transmission line between the FET’s drain terminal and the short-circuit
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reference plane of the filter:

X(U.‘Il) - 50[8“(0) (8 11)
It is mlen?sting to note that the gain becomes infinite, signifying oscillati
maoderate mc!uctive reaclance. This corresponds to reésonatine the FET’: :EP‘. g
source capacitance. The resonance maximizes the fundamentgl-frequcnc drdfn-to.
source vol.la_ge and causes high fundamental-frequency feedback. it ;leo.
corresponding to an open-circuit termination, the gain is very low ami at 0 = ¥
8= 180, th{: short-circuit case, the gain is somewhere between thes'e exlreme_ dug
Imeresnngl)f and in contrast to the high sensitivity of gain to fundas'
fTEC]L_Ich.)’ termination, the maximum output power is largely invariant WT;nta!~
tenmnguon. Feedback affects gain, not output power. o
This resu.lt shows that it may be worthwhile to use a little fundamental-fre
feedback.to increase gain in high-order multipliers, whose gain is characterigll'mnlcy
!mfm In triplers there often is a reasonably broad region of lo;:d reactances wh 3 ?}'
is improved but stability margin does not suffer unduly. i

15 —

10 I~

Conversion Gain, dB

-10

L0 o p p R
0 20 40 60 80 100120140180180

8, Degrees

Figure 8.5 Effect of fundamental-frequency drain terminating impedance on conversion gain of 2

doubler. See (8.11) for th i ; 2 i i
o oty e meaning of 6. From [1], @ 1983 [EEE; reprinted with
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SINGLE-DEVICE MICROWAVE FREQUENCY MULTIPLIER

Characteristics

most important characteristic of a FET frequency multiplier, as we already have
d, is the possibility of obtaining conversion gain instead of loss. The gain
epends on a number of factors, and a few minutes experimenting with (8.2) through
.10) should show what possibilities exist for achieving the desired gain and output
ver. Generally, ordinary small-signal MESFETs can achieve conversion gain in
blers at frequencies up to at least 16 GHz, possibly higher. Because of their
aller parasitics, especially C,, HEMTs can achieve gain up to considerably
er frequencies than MESFETs, often well into the millimeter range. However,
ITs have relatively low values of I,,,, so output power may not be as high as
with MESFETSs at lower frequencies.

Because I, is proportional to gate width, output power depends largely on the

of the device. An output power of 10 dBm from a single small-signal MESFET
10 GHz, with a decibel or two of gain, is typical. There is indeed a trade-off of
ower against gain. To achieve gain at higher output frequencies, C,; must be
duced, and this requires a narrow device. A narrow device results in lower output
(o1
FET and BIT frequency multipliers can be made very broadband, but again there
is a price: increasing the bandwidth reduces conversion gain. As with other FET
circuits, the FET’s input Q may be very high, and if the multiplier’s bandwidth is
‘more than a few percent, the input may be impossible to match over the whole band.
‘The equation for available input power, (8.10), is based on the assumption that the
input is matched. If it is not. reflection losses will reduce the gain to a value lower
‘than predicted by (8.8) and (8.10).
One of the most important considerations, as in any multiplier, is fundamental-
frequency leakage at the output. The FET is, after all, an amplifying device, and it
‘amplifies the applied fundamental-frequency excitation. Thus, it is more difficult to
filter the output of an active multiplier than a passive one. Balanced multipliers,
‘described in Section 8.3, are a nice solution to this problem.

Doublers are the most practical active multipliers. Triplers and higher order
frequency multipliers have low conversion gain, perhaps no better than a resistive
diode doubler. When high harmonics are needed, it is best to avoid the use of high-
harmonic stages. The ideal situation is to use a chain of doublers or, at worst, a
tripler and some doublers. Try to avoid using quintuplers or higher-harmonic
multipliers in frequency-multiplier chains, or be prepared to amplify their outputs
and to use a lot of filtering. Note that the efficiency of these circuits depends largely
on the fundamental nature of the multiplication process and applies to all types of
devices. Using a different device will not avoid the inherent inefficiency of high-
harmonic multiplication. The universe was created this way.
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8.22 Description

F!gure 8.6 shows a single-device FET frequency multiplier circuit appropriat
microwave use. The input matching circuit uses a single inductor and a qua?te ] fm-—
trans-fonner, and the output circuit uses a filter consisting of a series of hi ;'l-wave
!claw-I!:npedance sections, all one-quarter wavelength long. The bias circu‘ti
high-impedance line and a low-impedance, open-circuit stub. l
The output filter is relatively large, but necessarily so. Although a simple quarts
wave qpen-circuil stub, connected to the FET's drain, might be el: sgd mFr_
alternative, a single stub usually does not have a high enocugh Q to rmricle:ufcwE
fundamental-frequency rejection. It is also rather narrowband. ° o

As we shall see when we apply some numbers to (8.4) through (8.10), a conventional
|-signal MESFET makes a pretty good frequency multiplier. These devices can
hieve a few decibels of gain at frequencies below about 12 GHz. If higher power is

ded and the frequency is not too high, a power device can be used. At higher
frequencies, the input capacitance of a power device may limit the gain too severely.

- and
use g

nitial Design

First determine the basic operating parameters of the MESFET:

1. Select an optimum value of 5/ T from Figure 8.4 and note the corresponding
value of 1,, / I,

2. Use (8.4) and (8.5) to determine Vg ,;, and V.

3. Use (8.10) to determine the available input power. Remember, this is for a
conjugate match.

4. Determine a reasonable value of dc drain bias V. Do not make this value too
great; remember that the peak reverse gate voltage is very large, and the
drain-voltage swing will be large as well.

5. Estimate values of V. and V. For a small-signal MESFET, V, i,
should be about 1V and Vy 0y = 2 Vg — Ve iin:

6. Estimate the load resistance, R;. from (8.7) and the output power from (8.8).

7. The available input power and output power are now known, and from these
the gain can be calculated. If the multiplier is broadband, it may be necessary
to reduce the anticipated gain by a decibels or so to account for input
reflection loss.

8. Finally, estimate the input impedance as

8.2.3 Design

Equalnn.ns (8.4) through (8.10) are all we need to perform an initial design of

multiplier. Once the initial design is in place, it can be optimized by hzsu*mt:mir:El
balance ar_:alysis. The initial design will be surprisingly close to the final one: th-
greatest d}ffercnce probably will be in the input matching, The design consists i;f az
mmg] estimate of the load impedances and resulting gain and efficiency, Knowin

_lhese,. we can design the input and output matching circuits. The initial de:;ign ﬁna]lg
is optimized on the computer by means of nonlinear analysis. i

A4 A W4 a4
Zio Zni Zio Z Output

Z. =R +R.+R_+ 8.12
! : ; jmlcgs ( /

o

Inpu P st
. Drm e It is interesting to apply some numbers to these equations. For example, let’s
look at R;. An ordinary small-signal MESFET has I, = 100 mA, so for a doubler
Lyay is @ little above this value and [, =30 mA. If we select Vyy=3.0V and
|Vi(r)] =2V, we obtain R, =67, a close match to our ideal of 50Q. A 50Q load
would give |V, (| = 1.5V and an output power of 13.5 dBm. This performance is not
bad at all, so it might be best simply to run our FET's second-harmonic output
through the drain filter and into a 50Q load. Of course, we must do something ahout
the FET's parasitic drain-to-source capacitance, but a judicious tweak of the output
filter, on the computer, probably will take care of it.

The design process is as follows:

Gate Bias Circuit

DC Gate Bias DC Drain Bias

L T

Figure 8.6 A microwave FET frequenc The i i
y doubler. The input matching and output fil similar 10
those used in FET mixers (Figure 6.3). : . SRS
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1. Design the input matching circuit. Use the input impedance from (8.12). For

L]

moderate bandwidths, less than a i
Iths, I pproximately 30% of the center frequ
Li.m rgethod dcscnbeq in Section 6.2.3 can be used to design a m?at:l?iiy‘
circuit, That methodzmvolvcs resonating the input capacitance with a sen'eg
::rli’ducm:;,h L‘%gg; / of" Cg. The transformer in Figure 8.6 is designed tq
ange the source impedance to a value of resistance, R i
the desired bandwidth, Am: Tl s

S R+R +R,+R,

Aw (8.13)

This r.::sults_ in an input mismatch, which decreases gain. For more broadband
matching circuits, it is necessary to synthesize a network. See [2].

Des.ign the output filter and matching circuit. If the operating parameters and
dlewce size have been adjusted so that the ideal load is 509, the design is
s1m1?le- The output filter consists of a cascade of low- and high-impedance
sections. The impedances of these sections should be as low and high as the
technology allows: in microstrip on alumina, for example, the va]uez will be
about 258 and 1002, respectively. The sections are one-quarter wavelength
long at the fundamental frequency;: at the second harmonic, they are half-
wavelength, and thus electronically invisible. Four sections are usuall

enough for moderate bandwidths. :

If a value of Ry other than 50Q is needed, follow this section with a
transformer. Because the filter is an integral number of half-wavelengths,
output of the filter is electrically equivalent to the FET’s drain terminal.

The high-impedance line in the drain dc bias circuit can be made a little
shorter than one-quarter wavelength to make it inductive. This inductance
resonates the drain-to-source capacitance at the output frequency.

For other approaches to the design of this filter, see the sections on half-wave
filters in Matthaei [2].

().pnm}ze fhis structure on the computer. If you do not want to use the drain-
bias circuit to compensate for the FET’s drain-to-source capacitance, Cy;.
you may be able to tweak this structure to do so. (Try both methods to sei:
which wo.rkfs better.) Simply terminate the FET end of the structure with 2
load consisting of R, and C; in parallel, and optimize for (1) a conjugate
match at the second harmonic and (2) a short circuit at the FET end at the
fundamental frequency. Include the drain dec bias circuit in the analysis.

7. Finally, design the bias circuits,

Optimize _the entire circuit on the computer by harmonic-balance analysis.
Tmat the input level and gate bias as tuning adjustments and adjust the gate
inductance, L,, and transformer for an input VSWR that is as good as
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possible over the required bandwidth. For uniform conversion gain over the
band, you may need to match the input best at the high-frequency end of the
band.

9. The drain circuit should require very little adjustment at this point. It is best
not to adjust the drain filter; once you have it right, don’t mess with it! If you
adjust this filter, you may indeed improve the gain and output power, but you
also may destroy the fundamental-frequency short circuit at the drain. The
imperfect termination may make the multiplier unstable and cause high
fundamental-frequency leakage. To adjust the harmonic load impedance,
make changes on the output side of the tuner. To adjust the fundamental-
frequency drain termination, use a length of line between the FET’s drain and

the filter and be careful!

8.2.4 Variations
At lower frequencies, MOSFETs and JFETs work well as frequency multipliers. The

«design approach is essentially the same as the one in Section 8.2.3, except for
‘obvious differences related to the differences in the devices. At frequencies up to at

least 1 or 2 GHz, carefully designed lumped-element matching circuits can be used,
and simple parallel L-C resonators usually have high enough Q to provide adequate
rejection of unwanted harmonics.

BIT frequency multipliers also are practical at frequencies up to about 1-2 GHz.
BITs are often less stable than FETs in circuits that are strongly driven. There are at
least two reasons for this behavior: first, the low-frequency gain of a BJT is much
higher, and this is conducive to low-frequency parasitic oscillations. These modulate
the multiplier’s output power and appear on the spectrum analyzer as a broad,
triangular spectrum of discrete tones.> Second, the nonlinearity of the base-to-
emitter capacitance in BJTs is much stronger than the nonlinearity of the gate-to-
source capacitance in FETs. This reactive nonlinearity also contributes to strange
parasitic oscillations when the BJT is strongly driven.

To prevent BIT instability, be sure that the connections to the device are short
and have no more inductance than necessary. Also, make certain that the emitter is
well-grounded or bypassed and that the base is terminated in a low resistance, a few
ohms, at low frequencies. This base-terminating resistance can be part of the bias
network.

Both BJTs and FETs can be self biased. To do this, the base or gate is kept at dc
ground potential and a resistor is connected in series with the emitter or source. The

resistor’s value, Ry, is

3. The technical term for this behavior is Christmas freeing, a term that could be created only by
engineers.
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R, = 2

where Iy is the dc collector or drain current i
whe and Vj, is the gate > bi '
St » gate or base bias voltage, Iy
Thf: self-bias resistor must be bypassed at the operating frequencies. The bypass
Fapacnmj must have a low impedance not only at the fundamental and output
requencies but at all other harmonics up to at least the third. Remember that cﬁi
capacitors have a series self-resonant frequency, above which the chip capacitor ig
1§ducnvc._ The manufacturer should be able to provide the self-resonant frequency of
: cdcapamtor. Most chip and packaged FETs and BJTs have two source contacts or
eads. Do not connect both source contacts together and use a single chip capacitor:
use two capacitors instead, one for each contact. ' i
When_ self bias is used, the gate or base bias voltage varies with drive level. This
beha};or 1s actually an advantage: variable bias tends to compensate for overdrive. It
provides a more constant output power with variations in the dri .
iy drive level than does
Duzﬂ»gate FETs have been spggesled as frequency multipliers. Their theory is
somewhat more complex and their operation somewhat less intuitive. These are a bit

beyond the s i C i
im};mswd' cope of this book, but we provide some references [3-5] for anyone

8.2.5 Cautions

The most important cautions already have been stated, but they are important enough
to bf:gr repeating: (1) the efficiency of high-harmonic multipliers may be poor; (2)
stability, especially in BJT multipliers, requires vigilance: and (3) careful ﬁltcrir;g ‘i-s
needed to provide a good drain short at unwanted harmonics and to minimize the
fundamental-frequency output.

8.3 BALANCED FREQUENCY DOUBLER

8.3.1 Characteristics

This is probab!y the most practical way to make an active frequency doubler. It
should be considered the default approach; the single-device circuit should be used
on_ly _wherl; ﬂ[:e[ balanced circuit is not acceptable. The most likely reasons for
rejecting the balanced circuit, in favor of the single-ende i i
e, At gle-ended one, are its larger size and
This circuit uses two FETs. It has an in i

- : i put balun or a 180-degree hybrid but
d':spe;nses wndtlh the output filter. Additionally, when small-signal FETSs are )Lflscd the
circuit provides a good direct match to a 5082 load : ircui \
s e oad, so the output circuit can be very
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The greatest advantage of this circuit is its very good fundamental-frequency and
odd-harmonic rejection. The degree of rejection depends on the balance of the input
hybrid, but 20-dB additional rejection at microwave frequencies is typical. At lower
frequencies, where good balance is easier to maintain, greater rejection is possible.

~ As with other balanced circuits, this multiplier provides twice the output power
of a comparable single-device circuit. The gain is approximately the same, so twice
the input power must be provided as well.

" This circuit is most appropriate for doublers. Clearly, it can be used only for
even-harmonic multipliers. In theory it could be used for a quadrupler, but such a
circuit would have very low efficiency and would require filtering—just what we
‘want to avoid—to reject the second harmonic. In most cases it is better to cascade
two of these circuits than to make a single-stage quadrupler.

8.3.2 Description

Figure 8.7 shows the basic circuit. The gates are driven out-of-phase at the
fundamental frequency, and the drains are connected in parallel. As with the single-
device circuit, the FETs are biased below pinch-off, so each conducts over somewhat
less than one-half the LO cycle.

Since the FETs are driven out of phase, one FET conducts on the positive LO
peaks and the other on the negative. With the drains in parallel, the result is a
‘doubling of the drain-current pulses. The resulting pulse train has only even
‘harmonics; it contains no fundamental frequency or odd harmonics, so there can be
no output at those frequencies. '

This circuit has a virtual ground at the drains at the fundamental frequency. Thus,
the drains are optimally terminated at the fundamental frequency, simply because of
the symmetry of the circuit. No filter is needed to provide the optimum termination.

Figure 8.8 shows a microwave realization of the circuit. A rat-race hybrid
provides the phase split. The connections from the hybrid to the gates must be equal

Qutput

O— Balun
Input

Figure 8.7 Basic circuit of the balanced multiplier. Either a balun or a 180-degree hybrid can be
used.



256 The RF and Microwave Circuit Design Cookbook

in length and include a quarter-wave transformer to match the gates. An inducto

resonates the FET’s input capacitance. A quarter-wave transforul':er at the or'L ‘
provides the optimum load impedance to the FETs: since the optimum load GﬁUIDI:ll
very close to 509, this transformer may be unnecessary. The output (:apas::itanc'rm Is
the FETs can best be resonated by making the high-impedance part of the dce;i::

line a little shorter than one
. -quarter wavelength. The dc bias circuits at th
drains are conventional. o

8.3.3 Design

The circuit in Figure 8.8 is essentially two single-device frequ ipli
combined at their inputs by a hybrid and conncfted in parallc?l zlt-lcie?:u:;flii?
Because 'of the parallel connection, each multiplier sees an impedance equal to tgvice:
the load 1mp§dance of the pair. This has a distinct advantage: with smaller devices or
HEMTS, which would be used in a high-frequency doubler, the balanced circuit’s
optimum load is nearly 50Q.

Recognizing this point, we see that the design of a balanced multiplier is

essentially the same as the design of a single-devi ipli
! gle-device multiplier. We ch
load impedance. Here is the process: ; srae

Input
Transformer

DC Gate Bias

0.251 @ vy

Output Transformer

DC
Transformer Blocks

0254 @ w, OUPYU

0251 @ w, lj__

DC Drain Bias

DC Gate Bias

Figure 8.8 A balan_ced FET frequency doubler using a hybrid to provide the input phase split. The
connections between the hybrid and the FETs must be equal in length.
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1. Design a single-device multiplier according to the process described in
Section 8.2.3. Remember that the load impedance, Ry, in this process is twice
the load impedance that will be used for the complete balanced multiplier.

2. As in the single-device circuit, the optimum load impedance is a resistance in
parallel with an inductive reactance (which resonates the FETs' drain-to-
source capacitances). The length of the drain-bias line can be made shorter
than one-quarter wavelength to serve nicely as the reactance. (Remember,
this reactance must be half that determined from the single-device circuit,
because it resonates two capacitances.) If the ideal load impedance differs
significantly from 50Q, a quarter-wave output transformer can be used to
present the proper load impedance to the FET pair.

8.3.4 Variations

A Gilbert mixer or a similar FET doubly balanced mixer circuit (Sections 6.6 and
6.7) often can be used as a balanced frequency doubler. Just connect the outputs in
parallel, with appropriate matching, instead of using an output balun. Even though
four devices are used in the circuit, it is really a pair of singly balanced multipliers
connected in parallel, not a doubly balanced multiplier. There is really no such thing
as a doubly balanced active frequency multiplier.

A complete rat-race hybrid is often unnecessary. A 180-degree microstrip line
can be used as a simple balun. Such a balun has a bandwidth of approximately 15%.
See Figure 8.9 for an example of this type of circuit.

For broader bandwidth, another type of balun can be used. One option is to use a
Marchand balun similar to the ones described in Section 3.6.2. Since the output
circuit of a balanced multiplier inherently is very broadband, a broad bandwidth is
easy to obtain. Unfortunately, few good 180-degree hybrids exist; the one shown in
Figure 3.4 is about as good as they come. At low frequencies a transformer balun can
be used.

The bias circuits are conventional. Figures 8.8 and 8.9 show bypass capacitors at
the gate- and drain-bias terminals, but an open-circuit, low-impedance stub can also
be included. It's a good idea to use a large (~1,000€2) resistor in series with the gate-
bias terminals to protect the FETs and to help decouple the devices from the bias
supply. Both circuits show two separate gate-bias terminals, but usually these are
connected in parallel to a common dc bias source.

8.3.5 Cautions

The multiplier’s fundamental-frequency rejection depends on balance, especially the
phase balance of the input hybrid or balun. The hybrid and balun shown in Figures
8.8 and 8.9 have good phase balance over only a 10-15% bandwidth. Phase error and
therefore fundamental-frequency leakage will be worse at the band edges. In most
cases that will be the primary bandwidth limitation.
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= ; (8.16)
Input A X, = Zytan(0)

DC Gate Bias where Zg is the characteristic impedance of the connection line and 0 is the length, in

degrees of phase, from the drain to the halfway point. Most imgortant, c_io not allow
ﬂns reactance to become so great that it resonates the combined drain-to-source
capacitances of the FETs at @y, or the multiplier may become very unstable.

Input
Transformer

0.25M @ (O F]

0.51 @ o, Qutput Transformer REFERENCES -
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] 4
DC Gate Bias DC Drain Bias &

Figure 8.9 A 180-degree hybrid is not always necessary in a balanced multiplier. A balun consisting

of a 180-degree loop of transmission line also can be used. It is good for approximately a
15% bandwidth.

The effect of imbalance on fundamental-frequency rejection can be found easily
from the following relation:

e —lOlng(l ~2./Geosg + G) (8.15)

1+ 2J(_¥cos¢ +G

where [ is the additional isolation provided by the balanced structure, G is the gain
balance, defined as the ratio of the gains through the individual multipliers, and ¢ is
the phase balance, defined as the difference of the phase shifts through the individual
multipliers. The equation shows that 20 dB of rejection requires maintaining phase
balance better than 10 degrees and amplitude balance better than I dB. To some
degree, amplitude balance can be traded off against phase balance.

The connection between the FETs’ drains must be very short, ideally less than 20
degrees of phase at the fundamental frequency, and the point where the output is
connected should be precisely halfway between the drains. As with other balanced
FET circuits, a long interconnection results in a reactive fundamental-frequency
drain termination. This results in feedback and possibly instability.

Because the halfway point between the drains is a virtual ground, the connection

from one drain to the halfway point is a shorted stub. The reactance at the drain, X,
is, therefore,
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- drain-pumped 181
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single-device equivalent circuit 181
single-FET 182
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AlGaAs 73
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Balance 258
‘Balanced amplifier 44
Balanced mixer
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180-degree hybrid 103
balun 102
FET 199,202
hybrid 101
IMD 101
MOSFET 205
rat-race 104
Balun 44, 45, 102
Beam-lead diode 57
Beta 63
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base resistance 71
base-width modulation 71
beta 63
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Early effect 71
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Gummel-Poon model 68
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I/V characteristic 64
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c
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chip 29
MIM 30
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dispersion 7
phase velocity 8
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Conversion efficiency 180
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FET mixer 180
FET multiplier 247, 249
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resistive multiplier 129
Coplanar multiplier 144
Coplanar waveguide (CPW) 2,24
Coupled lines 15
Cutoff frequency 58

D
Detector 159
envelope 163, 166
square law 162
Detector diode 161
Dielectric loss 14
Differential mixer 202
Diode mixer 95
180-degree balanced 104
balanced mixer 101
conductance waveform 97
embedding impedance 98
image 100
intermediate frequency 97
intermodulation distortion 100
LO 97
matching 99
mixing 97
mixing product 97
monolithic 123
RF 97
ring mixer 109
spectrum 98
spurious response 100
star 119
Diode selection
rat-race mixer 104
ring mixer 110
Directional coupler 46
Discontinuity 36
Dispersion 22
Doubly balanced mixer
diode mixer 110
horseshoe balun mixer 115
MOSFET 205
ring mixer 109
star 119
star mixer 119
Doubly balanced multiplier 148
Drain-pumped mixer 181
IMD 181
DSB modulator 168
Dual-gate FET 190
Dual-gate FET mixer 190
conversion efficiency 192
Duroid 18

E
Early effect 71
effective dielectric constant 21

envelope detector 159, 163, 166
epitaxial layer 54
even mode 16

F

Feedback in multipliers 247
FET 74

capacitance 78, 83
frequency multiplier 249
gale resistance 82

linear region 76
pinch-off region 76
recessed pate 81
Shockley model 77
source resistance 82
transit time 79

FET acronyms 73

FET frequency multiplier;
see also active frequency multiplier
balanced 254
conversion efficiency 247
device selection 251
fundamental-frequency rejection 257
isolation 249
oplimization 249
stability 249

FET mixer 202,
see also active mixer
device selection 184
doubly balanced mosfet 205
dual-gate 190
FET resistive mixer 216
gate-bias circuit 186
input impedance 184
MOSFET 205
output impedance 183
resistive 213
saturation in balanced mixers 207
single-device 182
singly balanced 199

FET resistive mixer 213,216

bias

conductance waveform 217,238
dc bias 234

device selection 223
doubly balanced 232
FET model 218
hamster-pumped 213
IF balun 229
impedances 217
isolation 228

JFET and MOSFET 219
LO Power 225

single device 216

-single-device equivalent circuit of ring
mixer 234

single-device mixer 221
singly balanced 227
subharmonically pumped 236
tuning 225

‘jeld-effect transistor 74
Sour-wire IF balun 113

‘requency multiplier 125
 resistive 127,138

resistive (theory) 127
SRD 134

~varactor 129
Pundamental-frequency rejection 257
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'GaAs MESFET; see MESFET
Gate length 76
Gate resistive mixer 182
i width 76
Gilbert cell 206, 209
BIT mixer 209
FET mixer 206
used as a frequency multiplier 257
- used as a modulator 170
'Gummel-Poon model 68
H
Hamster-pumped mixer 215
‘Heterojunction 87
Heterojunction bipolar transistor (HBT) 52,73
equivalent circuit 74
structure 74
‘High-electron-mobility transistor (HEMT) 52,
75, 87
equivalent circuit 89
pseudomorphic 87
structure 88
two-dimensional electron gas 87
Horseshoe balun 115
Hybrid 47.101
90-degree 47
branch-line 108
rat-race 104
Hybrid coupler 44
Hyperabrupt varactor 62

I

Idler 130

Image 100

IMD 74, 100

Indium phosphide (InP) 18
Inductor 31

Intermediate frequency 97
Intermodulation distortion 74, 100
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1-Q modulator 173
Isolation 258

FET multiplier 249, 257
Isolator 48

J

Junction field-effect transistor (JFET) 52,75
I/V characteristic 77
large-signal equivalent circuit 78
small-signal equivalent circuit 78

L
Lange coupler 47
Linear mixing 213
Lingar region 76
LO power 225
diode mixer 99
FET resistive mixer 222, 225
Loss 22

M
Majority-carrier device 53
Marchand balun 119
design 121
MBE 73
MESFET 52,75, 81
electrical characteristics 84
JIc:i".\’.t 85
large-signal equivalent circuit 84
noise figure 835
operation §1
performance 83
Rd_\. 86
small-signal equivalent circuit 85
structure 81
Microstrip 2,23
Mid-frequency operation 211
MIM capacitor 30
Mixer; see individual mixer types
Made 7
Modulator
DSB 168
Gilbert cell 170
1-Q 173
SSB 171
Molecular-beam epitaxy 73
Monolithic substrate 20
MOSFET 52.73,.90
electrical characteristic 91
enhancement/depletion mode 75. 90
equivalent circuit 92
1/ V characteristic 91
in FET resistive mixer 223
laterally diffused 91,92
threshold voltage 90
MOSFET mixer 205
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N

Normalization resistance 39

0

Odd mode 16
Ohmic contact 54
Oxide layer 54

P

Phase velocity 6,21

PHEMT; see HEMT, pseudomorphic
Pinch-off voltage 75, 76

Planar transmission line 17

Q
Quadrature-coupled amplifier 44
Quasi-TEM line 24

R
Radial stub 35
Rat-race hybrid 143
broadband 106
FET frequency multiplier 257
Rat-race hybrid mixer 103
Rat-race multiplier 142
Recessed gate 81
Reflection coefficient 11
Resistive multiplier 127, 139
balanced 148
coplanar 144
diode selection 139
doubly balanced 148
singly balanced 141
Resistor 28
Return loss 13
Ring mixer 109
balun design 111
diode selection 110
FET 232
four-wire IF balun 113
IF design 113
RF/LO design 112

S

Sapphire 18, 19

Scattering parameter 37
conversion to other parameters 41
two-port 43

Schottky-barrier diode 51
cross section 34
cutoff frequency 58
detector 161
electrical characteristics 54
frequency multiplier 127
junction conductance 99
measurements 59
monolithic circuit 58

practical structures 56
selection 57
varactor 61
Schottky-barrier varactor 131
Shockley model 77
Silicon (Si) 18
Single-FET mixer 182
Singly balanced mixer
90-degree FET 232
branch-line hybrid mixer 107
FET 199
FET differential 202
FET resistive mixer 227, 231
rat-race 103
Singly balanced multiplier 142, 144, 145
Solid-state device 51
Source-pumped mixer 182
SPICE 69
Spiral inductor 33
Spurious response 100
Square-law detector 159, 162, 164
diode selection 165
sensitivity 163, 165
SRD 352,61, 134, 154
SRD multiplier 134. 155
efficiency 136
pulse generator 135
SSB modulator 171
Standing wave 13, 14
Star mixer 119
balun design 121
diode selection 121
Marchand balun 119
Step junction 36
Step-recovery diode 52,61, 134;
see also SRD
Step-recovery diode multiplier 154
Stripline 2,25
Subharmonically pumped mixer 236
Substrate 17
Suspended-substrate stripline 2, 27

T
Tangential signal sensitivity 163
Telegrapher’s equations 9
TEM 7
Termination
diode mixer 98
FET mixer 178, 180
FET multiplier 247
FET resistive mixer 216
resistive multiplier 127
varactor multiplier 130
Thick-film circuit 28
Threshold voltage 75

Transconductance mixer 177
Transmission line 1|
discontinuity 1!

input impedance 12

loss 14

propagation constant 14
standing waves 13

stub 34

substrate 17

Triplate 25

‘Varactor 52,61

C/V characteristic 130
dual-mode 62
equivalent circuit 62
hyperabrupt 62
pn-jjunction 131
punch-through 62
Schottky barrier 131
Varactor frequency multiplier 129, 151, 152
Burckhardt theory 132
diode 131

idler 130

- Vector modulator 173
'VSWR 13

‘Wave variable 37
Wilkinson current source 210
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