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CHAPTER 1. INTRODUCTION

1.1 Research Objectives and The<is OQutline

The primary objective of this research is to gain a
better understanding of the factors affecting the perfor-
mance of room temperature single ended Schottky diode
mixers operating above 100 GHz. The project is specifi-
cally aimed at the analysis and subsequent optimization of
an existing mixer design [89] whose nominal operating

frequency range is 140-220 GHz.

At the time this thesis was begun only one accurate
analytical study of mixer performance had ever been per-
formed above 100 GHz. This study, by Held and Kerr [63],
cleared up many of the problems which had plagued earlier
analyses and in the end the authors were able to predict,
fairly accurately, the performance of an existing Schottky

diode mixer operating at 115 GHz.

Even at 115 GHz . wever, questions had arisen regard-
ing the accuracy of t... diode equivalent circuit and the
exact nature of the noise generation process. It was

natural to ask whether or not the Held and Kerr analysis



could be applied to a higher frequency mixer.

Above iOO GHz, reported mixer performance varies
widely frém laborétory to laboratory (and in fact there is
a considerable difference in performence amongst devices
produced in the same laboratory using diodes fabricated on
the same semiconductor wafer).; The reasons for these
differences have never been adequately explained. In
addition few guidelines exist to aid researchers in their
efforts to produce better mixer diodes, nor is there any
clear underataﬁding of the relationships between mixer
performance and the diode mounting circuit at these fre-
quencies. The desire to solve some of these problems and
to extend the work of Held and Kerr [63] were the motivat-

ing factors for this thesis.

As in any research project of this size several

related topics were also investigated. These include:

(1). The development of a flexible computer program for
the analysis of microwave and millimeter-wave mixers which
would serve as the main analytical tool for this thesis.

(é). The development of a semi-automated microwave
network a&nalyger to be used for making accurate low fre-
quency measurements to characterize a particular mixer
biock design.:

(3). The development of an improved procedure for mea-



suring mixer performance in the millimeter-wave band
which, unlike most previous methods, differentiates be-
tween the response at the upper and lower sidebands.

(4). The developmént of a varactor diode frequency
doubler for the 140-220 GHz waveguide Band to facilitate
the measurements of mixer performanée.

(5). The development of a computer program for the
analysis of millimeter-wave varactor diode frequency
multipliers.

(6). The development of a new type of rectangularﬁ
waveguide transformer which can be used in place of con-
ventional electroformed varieties greatly reducing‘the»v

fabrication time for both mixers and multipliers.

Finally, although Schottky diode mixers have been in
existence for twenty years no definitive set of design
criteria has yet been established. It is hoped that the
results presented in this thesis will at least lay the

groundwork for the attainment of this most importanf goal.

The main body of this thesis is divided into six
chapters. The topics covered can be briefly summarized as

follows:

Chapter 2 describes the essential mixer theory, and

the computer program for mixer analysis, on which the rest



of this thesis is based.

Chapter 3 describes the measurement techniques used
to characterize the mixer block (diode mount) over a wide
(6 octave) frequency range. Such a characterization is
necessary for an accurate analysis. The measured mount
impedances of a 140-220 GHz mixer are given as a function
of backshort position over the -frequency range 140-1320
GHz .

Chapter 4 outlines an improved procedure for mea-
suring mixer performance in the millimeter-wave band.
Measurements of the noise temperature, conversion loss and
IF output VSWR of the 140-220 GHz mixer are compared with
the values predicted using the mixer analysis program

described in Chapter 2.

Chapter 5 investigates the dependence of millimeter-
wave mixer performance on the diode and mount characteris-
tics. Extensive analysis of the 140-220 GHz mixer is
performed, using the computer program of Chapter 2, in
order to derive some guidelines for the optimization of

the mixer diode and mounting structure.

Chapter 6 addresses the problem of obtaining swept

frequency sources of power in the millimeter-wave region.



A flexible computer program for the analysis of varactor
frequency multipliers, based on the mixer analysis pro-
gram of Chapter 2, is described. The program can be used
to predict the performance of frequency multipliers once
the circuit and diode characteristics are known. The
design of a high efficiency so0lid state frequency doubler
for the 140-220 GHz band is also presented. When coupled
with a lower frequency oscillator enough power is gener-

ated to drive the 140-220 GHz mixer.

Chapter 7 introduces a new type of rectangular wave-
guide transformer which greatly reduces the fabrication
time required for millimeter-wave mixers and frequency
multipliers. A theoretical analysis of the transformer is

undertaken and design curves are presented.

The appendices contain computer program listings and
specific computations which supplement the material in the

chapters.

In the next section we will take a brief historical
look at the origins of the modern day mixer and survey the
state of the art in Schottky diode mixers for the 100 to
300 GHz range.



1.2 An Historical Introduction to Mixers

1.2.1 The Origin of the Superheterodyne Detector

More than 80 years have passed since R.A. Fessenden
[48,69,70], while general manager of the National Electric
Signaling Company in 1902, patented the principles of the
heterodyne receiver. At that time the heterodyne action
(literally, the "other force", indicating that energy was
obtained from a source other than the incoming signal) was
employed to convert an incoming radio frequency (RF)
signal directly into the audio band. The received signal
induced a current to flow in the coil of an antenna. A
locally produced current having a slightly different
frequency (local oscillator or LO) was then combined with
the signal current using a transformer and the resulting
beat frequency (intermediate frequency or IF) was used to
drive a diaphragm. The diaphragm played the role of the
nonlinear element, responding to the square of the applied

current when the IIF was in the audio band.

It was not long before E.H. Armstrong [7,8], working



at Columbia University, described the now familiar concept
of superheterodyning (derived from supersonic heterodyne)
in which the beat frequency produced by the signal and LO
was fixed above the audio band. Here it was amplified,
demodulated amplified again and finally applied to the
audio membrane. In the 1920's the nonlinear frequency
converting element was a vacuum triode tube. Superhetero-
dyning had the advantage of eliminating the audio fre-
quency interference associated with atmospherics which
greatly increased the receiver sensitivity. Actually, the
concept of superheterodyning was first mentioned in a
discussion at the end of a paper by J.L. Hogan [70] of
National Electric, in 1913. It was also, according to W.
Schottky [145], contained in two patents preceding that of
Armstrong, one by L. Levy in 1917 and the other by W.
Schottky himself working at the Siemens lLaboratory in

Germany in June 1918.



1.2.2 The Crystal Mixer

Although the principle of the superheterodyne re-
ceiver was enployed extensively in the 1920's, the term
"mixer" did not come into popular use until the mid
1930's, after the advent of the pentagrid converter valve
[117,123,156]. This tube, for operation in the megahertz
range, contained a local oscillator grid and a separate
grid for the injection of the signal. When the LO was
housed separately the vacuum tube in which the signal was

superposed was generally known as a mixer tube.

In the push towards higher frequencies transit time
effects between the vacuum tube grids imposed severe
restrictions on the use of these components as mixer
elements. At 3 GHz, even the best tubes were extremely
noisy, having noise temperatures more than a hundred times
higher than present day mixers at the same frequency
[129]. During World War II a tremendous effort was made
to find alternate mixer elements and the crystal rectifier
became the central figure in the quest. Before the war,
mixers using crystal rectifiers had very nearly the same

noise temperatures as triode or pentagrid converter tubes,



but by 1945 this figure had dropped by more th: an order
of magnitude even at 30 GHz, a frequency ten times higher
than that of the old vacuum tube devices [129]. The best
mixers at this time contained point contact diodes which
consisted of a thin tungsten wire, or "whisker", which
made a pressure contact with a boron-~doped silicon crystal
[165]. The point contact crystal rectifier replaced the
vacuumn tube in almost all microwave receivers, and over
the next decade was pushed well into the millimeter-wave

band.

1.2.3 Point Contact Mixers in the 100-300 GHz Range

Although H.C. Whitby, working at the Telecommunica-
tions Research Establishment, built a superheterodyne
receiver in the millimeter-wave band in 1945 [174], it was
some time before the 100 GHz mark was passed. The
earliest published results of which the author is aware
for a superheterodyne receiver operating above 100 GHz
were reported in 1954 by C.M. Johnson [75] at the Radia-
tion Laboratory of Johns Hopkins University. Using sili-
con diodes with tungsten point contacts, Johnson was able
to obtain third, fourth, and fifth harmonic mixing with a
31 GHz klystron. However, at 124 GHz he measured single

AN



sideband mixer noise temperatures in excess of two million

degrees and a best conversion loss of 19 dB.

In the early 1960's klystrons and traveling wave
tubes operating above 100 GHz became commercially avail-
able [29] and spurred the development of fundamental
mixers in this region of the spectrum. In 1963, R.
Meredith and F.L. Warner [110] at Britain's Royal Radar
Establishment produced a 140 GHz mixer with a germanium-
titanium point contact diode using a carcinotron as the
lqcal oscillator. Their best reported single sideband
mixer noise temperature was approximately 10,000 K with a

corresponding conversion loss of 12.3 d4B.

By 1958, both D.A. Jenny [74] working at RCA labora-
tories and G.C. Messenger [111] of Philco Corporation had
recognized the superior high frequency characteristics of
the type III-V semiconductors, namely gallium arsenide,
over silicon and germanium. The first use of the new
compound semiconductor above 100 GHz was probably in 1963
by M. Cohn, F.L. Wentworth and J.C. Wiltse [27] at the
Advanced Technology Corporation (ADTECH). For a 140 GHz
second harmonic mixer with a GaAs point contact diode,
they reported a single sideband noise temperature of
37,000 K with 15 dB of conversion loss. In 1966, when
R.J. Bauer, M. Cohn, J.M. Cotton and R.F. Packard [12]

summarized the work at ADTECH on millimeter-wave detectors

10



from 70-420 GHz, GaAs was firmly established as the most
appropriate semiconductor for use in high frequency mixer
diodes. Bauer achieved conversion losses below 6 dB with
a 146 GHz fundamental mixer using a GaAs point contact
diode, unfortunately however, he quotes no noise tempera-
ture data at this frequency. Some results from a 1.4
millimeter (210 GHz) receiver using second harmonic mixing
were reported four years later by W.A. Johnson, T.T. Mori
and F.I. Shimabukuro [79] at the Aerospace Corporation.
Using a highly doped GaAs point contact diode with a
gold-copper alloy whisker, Johnson measured a conversion
loss of 22 dB. At 94 GHz these same diodes yielded a best
conversion loss of 5.7 dB in a fundamental mixer con-
structed by M. McColl, M.F. Millea, J. Munushian and D.F.

Kyser [108] also at Aerospace.

Most of the high frequency mixers at this time used
sharply pointed phosphor bronze whiskers making point
contact diodes with the semiconductor crystal. Generally,
after contact, a forward voltage was applied to the diode,
heating the area in the vicinity of the point and forming
a weld. What is actually believed to have happened is
that copper atoms from the phosphor bronze whisker dif-
fused into the n-type GaAs. Since copper is an acceptor
in GaAs, a sort of hybrid metal-semiconductor p-n junction

was formed [18]. These diodes were usually mounted in a

11



permanent structure developed by W.M. Sharpless [146] of
Bell Telephone Laboratories (BTL) in 1956 and known as the
Sharpless wafer. The wafer contained a coaxial low pass
filter to prevent the RF energy from being coupled into
the IPF and DC bias circuits, and was mounted across a
waveguide whose nominal height was reduced for better
meatching of the signal to the diode. A tuning plunger in
the reduced height waveguide served to resonate out the
capacitance of the diode and the inductance of the wafer
mount so as to improve the RF matching to the diode.
Despite the progress which had been made in the years
since the first point contact devices [108,146-148] they

still had serious stability and reproducibility problems.

1.2.4 The GaAs Schottky Diode Mixer

Although the theoretical behavior of the Schottky
barrier diode had been generally understood 25 years
earlier, no one had succeeded in producing a device which
realized the ideal junction characteristics. With the
development of a high vacuum metal film deposition tech-
nology, due largely to the work of R.J. Archer and M.M.
Atalla [6] of Bell Telephone Laboratories (BTL) in 1963,

most of the fabrication problems inherent in the point

12



contact diode were overcome. In the microwave band, the
most significant advancement came in 1965 when D.T. Young
and J.C. Irvin [184] also of BTL, produced the first
"honeycomb" diode. Instead of a single point contact, a
planar array of diodes with micron sized anodes was pro-
duced using photolithography. These new Schottky barrier
diodes were put to immediate use at the longer millimeter
wavelengths (30-60 GHz) [23,26,37,38,98,158] but no re-
sults were reported for receivers above 100 GHz until the

early 1970's.

By 1972 there were at least three millimeter-wave
astronomy antennas capable of operating above 100 GHz in
the United States; a 15 foot dish at the Aerospace Corpo-
ration, the University of Texas at Austin's 5 meter tele-
scope, and the 36 foot antenna operated by the National
Radio Astronomy Observatory (NRAO) at Kitt Peak [126].
Low noise broadband receivers were made for these instru-
ments by groups at NRAO, Bell Telephone Laboratories (BTL)
and Aerospace. Both the BTL and NRAO receivers containéd
GaAs Schottky barrier diodes with Sharpless wafer type
mounts. The diodes were developed largely by C.A. Burrus
[18] at BTL who was able to obtain 2 micron diameter
junctions using standard photolithographic techniques.
The resulting mixers had conversion losses in the neigh=-

borhood of 7 dB [19] and typical single sideband mixer
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down converted thermal and shot noise components produced
in the diode are determined and an equivalent input noise

temperature for the mixer is derived.

A computer program which implements the mixer theory
pr sented in this thesis has been described previously
[151,152]. The nonlinear circuit analysis is ba d upon
the multiple reflection technique of Kerr [83] and can
handle a diode with any given I-V and C-V relationships.
The diode series resistance is taken to be frequency
dependent due to the skin effect but is considered
independent of voltage. Arbitrary diode embedding imped-
ances are allowed and although the diode mount is assumed
lossless, it may have external loads connected at any
nunber of sideband and LO harmonic frequencies. The large
gignal analysis produces the diode voltage and current
waveforms and the available mixer LO power. The small
signal analysis calculates the conversion loss between any
pair of sideband frequencies and the mixer input and IF
output impedances. The noise analysis determines both the
thermal noise produced in the diode series resistance and
the shot noise from the periodically pumped current in the
diode conductance. The effects of intervalley scattering
and hot electron noise can be included only as ar rox-

imations.

To facilitate the use of the mixer analysis program

23



the implementation of the Fortran code is described in
detail and a number of examples are given. These include
a study of the effects of the series inductance and diode
capacitance on the performance of two simple mixer cir-
cuits containing (i) a conventional Schottky diode, (ii) a
Schottky diode in which there is no capacitance variation
and (iii) a Mott diode. A listing of the mixer analysis

program and sample execution appear in Appendix 1.

24



2.2 Large Signal Analysis

2.2.1 Introduction

The most difficult step in analyzing a mixer is to
determine the diode waveforms produced by the local oscil-
lator. The procedure is complicated by both the highly
nonlinear behavior of the diode and the distributed nature

of the elements comprising the mixer mount.

One of the first attempts at solving the large signal
problem is contained in the monograph by Torrey and
Whitmer [165]. They obtained analytical solutions by
- assuming a sinusoidal voltage at the diode terminals, i.e.
that no harmonic voltages were present beyond the local
oscillator frequency. 1In their analyses, Torrey and
Whitmer considered both a purely resistive diode and one
represented by a nonlinear conductance shunted by a con-
stant capacitance. The more complicated variable capaci-
tance case was looked at gqualitatively. Later investiga-
tors [13,40,103,112], dealt with the variable capacitance
diode quantitatively, however they continued to make the

simplifying assumption of a sinusoidal driving voltage.

25



Barber [10] pointed out the necessity for removing this
waveshape constraint at the LO frequency but did not
consider higher harmonics or varying capacitance in his

analysis.

Fleri and Cohen [49] sdlved the large signal problem
for é diode in a very simple lumped element embedding
network. In their approach a numerical Runge-Kutta
integration algorithm was used to solve the network state
equations for the diode voltage and current. Gwarek [58]
extended this method to allow more general embedding
circuits. In his formulation the embedding network is
represented as a simple lumped element circuit in series
with a string of voltage sources, one at each harmonic of
the local oscillator. The amplitudes and phases of these
generators are adjusted to keep the apparent terminal
impedance of the circuit equal to that of the actual
embedding network. Although the scheme works well for
many mixer circuits, it is strongly dependent on the
guessed values of the lumped elements and does not con-

verge for all embedding impedances.

Egami [41] used a harmonic balance technique to find
the terminal voltage and current waveforms for a diode
with a nonvarying capacitance. 1In his method the mixer
equivalent circuit is separated into two parts, one

containing the linear embedding network, and the other

26






diode and the embedding network. Like the harmonic
balance methods, the algorithm operates in the time domain
when considering the diode and in the frequency domain
when dealing with the embedding network. Although this
multiple reflection technique sometimes requires more
computing time than either the methods of Gwarek [58] or
Hicks and Khan [65,66], solutions have been obtained for
all the mixer circuits which have been studied and no

initial guesses are required.

2.2.2 Large Signal Equivalent Circuit

The large signal equivalent circuit of a Schottky
diode mixer is shown in Fig.2-1. The embedding network is
represented as a linear black box whose input impedances
Ze(w) need be known only at the LO and its harmonic
frequencies*. The diode junction is modelled in the usual
way by a varying conductance g(ig) shunted by a voltage
dependent capacitance c(vd). The series resistance Rs(w)

accounts for the resistance of the undepleted epitaxial

*¥ In the small signal analysis we will require a knowledge
of the embedding impedances at the sideband frequencies as
well.

28






layer and of the bulk semiconductor material. It is a

function both of frequency and of diode geometry.

At room temperature and for forward voltages greater
than ~3kT/q the diode I-V relation is described by the

thermionic emission theory * :

ig = ig [exp (avd) - 1], (2.1)
where
a = q/nkT (2.2)

and n is the ideality factor which is temperature depen-
dent. iS is the saturation current which, for a Schottky

diode, is given by [59,161]:

i, = A R** 1% exp[-q(¢y)/nkT], (2.3)

* Strictly speaking the voltage dependence of the semi-
conductor barrier height modifies the I-V relation of
(2.1) such that ig = i  exp(avy) [1-exp(-navd)] [135]). Un-

der normal operating conditions the error will not greatly
affect the mixer performance.
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where o is the capacitance at zero bias and ¢bi is the
built in potential. Y reflects the doping profile in the
epitaxial layer and is equal to one-half for an abrupt

junction and one-third for a linearly graded junction.*

The built in potential ¢,; is [161] (see Fig.2-2):

bpi = b = Vy + B¢, (2.6)

where Vn is the potential from the semiconductor Fermi
level to the conduction band edge and the last term

accounts for image force lowering.

The differential conductance of the diode is obtained

from (2.1):

g = dlg/dvd = aig exp(avd) = a(ig+is) x aig . (2.7)

* Y is, in reality, a weak function of applied voltage due
to nonuniformities in the doping profile and to the fact
that in small area diodes edge effects contribute substan-
tially to the overall parallel plate junction capacitance

[31,105,175].
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Since we will be using a form of harmonic balance
technique we want to express V3 and id in the frequency

domain. Using the Fourier series expansion:

vd(t)=:E: vdn exp(jnwpt) , (2.8)
n=0 .

id(t)=:E: Idn exp(jnwpt) , (2.9)
n=0 :

where wp is the radian frequency of the local oscillator.

Using the above Fourier coefficients and referring to
Fig.(2-1) we can express the constraints imposed on the
steady state diode voltage and current by the embedding

network as:
‘Vd£7345= Zo(nup) + Ry(nup) , n=2,3,...% (2.10)

P) , (2.11)

(VDC-vdo)/Ido= 2,(0) + Rg(0) , (2.12)

where Vy5 and Vp, are the Thevenin equivalent LO and DC
voltages seen by;the diode.
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Consider the circuit of Fig. 2-3. In general there
will be a set of right and left traveling waves (Vr’vl) on
the transmission line. These waves are related to the

total voltage and current [v(x),i(x)] at point x on the

line by:

v(x) = v.(x) + vy(x), (2.13)
and

i(x) = 1.(x) - 13(x) = [vp(x)-vy(x)]1/2,. (2.14)

Since the transmission line is an integral number of
wavelengths for all frequency components being considered,

we have at the two ends (once we are in steady state):

v(x=0) = v(x=1) and (2.15)

]

i(x=0) i(x=1). (2.16)

Assume that the transmission line in Fig. 2-3 is

38
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