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Abstract—A circuit model has been developed to describe a class of -

commonly used waveguide cavities for V-band IMPATT oscillators and
amplifiers. Calculated results based on this model used in conjunction
with theoretical small-signal IMPATT characteristics have shown good
qualitative agreement with experimental data. Detailed characterization
of a small-signal V-band IMPATT amplifier and a mechanical tuned
oscillator are presented, and the predicted performance is compared with
measurements.

I. INTRODUCTION"

NTIL RECENTLY, the design of IMPATT com-

ponents for millimeter-wave applications has relied
heavily on the “cut-and-try” approach with some intuitive
guidance. An analytical design approach is not widely used
mainly because of the difficulty encountered in obtaining an
accurate model to describe the circuit. This paper presents
an effort made toward designing active millimeter-wave
components utilizing a circuit model in conjunction with
the small-signal IMPATT characteristics. Although the
model developed contains gross approximations resulting
from a compromise between mathematical rigor and
practical application of the model without excessive num-
erical calculation, the results show good agreement with
experiments. The purpose of this paper is therefore not to
cast a precise model for millimeter-wave IMPATT circuits,
which is exceedingly complex and difficult, but to sum-
marize a design approach that provides qualitative pre-
dictions to aid in circuit design.

. Circuir MODELING

The basic circuit under consideration is a reduced-height
waveguide circuit in which a packaged diode is mounted
under a round metallic bias post with a movable short
-provided behind the post for tuning. A short-circuited
coaxial section is provided in the top waveguide wall for
impedance matching. A cross section of the circuit is
shown in Fig. 1. This circuit configuration has been widely
used as an IMPATT cavity [1], [2] and has been studied in
the past [3]-[7]. However, the mathematical complexity
has prevented the development of a concise model that can
be used efficiently for circuit design over a wide range of
circuit parameters. Approximations are generally used to
simplify the analysis. The resulting equivalent circuit model
is therefore valid only for a range of parameters. Our
experience has shown that a circuit model which applies
well at lower microwave frequencies is often inadequate
for commonly used millimeter-wave circuit parameters.
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Fig. 1. A reduced-height waveguide IMPATT circuit with a cross-

coupled coaxial section above the diode.

In order to develop an adequate model for millimeter-wave
circuits, two specific considerations are in order. 1) In
many applications the diameter of the bias post is relatively
large in terms of the waveguide width (i.e., d/a > 0.2 in
Fig. 2), which makes the commonly used thin post ap-
proximation rather inaccurate. 2) In active millimeter
component development, the tuning short is often posi-
tioned in close proximity to the bias post to achieve proper
operation. In this case the higher order waveguide modes
may not be sufficiently attenuated to neglect the interaction
between the post and the tuning short. These factors will
significantly modify the current distribution on the post
resulting in reactance change. In this paper we will attempt
to develop a first-order circuit model incorporating these
two elements,

To accurately account for the diode mounting parasitics,
the driving point impedance of a post with a gap must be
considered. Lewin [6] has derived an approximate equiv-
alent circuit for a thin post containing a gap at the wave-
guide floor. Although his analysis results in a diverging
series because of certain assumptions made, the equivalent
circuit derived deals with a broad class of waveguide circuits
with explicit physical interpretation on the circuit elements,
and makes it attractive for circuit design. Eisenhart and
Kahn [7], through the use of dyadic Green’s function,
have derived the driving point impedance of a flat post with
arbitrary gap width and position. Later, Bradshaw [8]
formulated a general analysis which considers a thin round
post. For millimeter-wave applications, a precise equivalent
circuit requires the detailed consideration of a large diameter
post containing a gap, which poses a formidable math-
ematical problem. The solution of such a problem will
likely involve extensive use of numerical techniques, which
limits its usefulness. For the purpose of achieving quali-
tative design guidelines, we will seek an approximate model
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to allow rapid circuit design. Our approach to the develop-

ment of an equivalent circuit model for the cavity (shown in
Fig. 1) can be outlined in two steps. .

1) Firstly, the analysis of a large diameter post, with no
gap, extending across a reduced-height waveguide in close
proximity to the short is considered. We attempt to derive
the post reactance taking into comsideration the large
diameter post as well as the interaction between the post
and the short through higher order modes. The post current
distribution in the y direction (Fig. 1) is assumed to be a
constant, which is a valid approximation for reduced-
height waveguide.

2) Secondly, a gap under the post and a cross-coupled
coaxial section above the post are included in an approx-
imate manner.

The current distribution on the post in the transverse y
direction, caused by a gap at the bottom of the post (Fig. 1),
can be represented by a Fourier expansion:

I, + ni [A cos ( 5 ) + B, sin (nzy)]

I, + A(Y) W

where b is the waveguide height.

Assuming that the current distribution is a slowly varying

function in y for a short post (reduced-height waveguide),

the higher order Fourier components constitute a minor
modification to the dominating constant current com-
ponent. Therefore, we assume that the modifications due to
the higher order current components can be made according
to the analysis by Lewin [6]. Furthermore, following
Lewin, the top coaxial section (Fig. 1) is modeled by a
gap terminated by the input impedance of the coaxial
section [6]. This approach leads to an equivalent circuit
model for the cavity shown in Fig. 1. Our procedure for
including the gap parasitics and the coaxial section im-
pedance is done without analytical rigor to simplify the
analysis. However, the agreement between experimental
oscillator and amplifier behavior and the equivalent circuit
model prediction is good enough to make the model a
useful design tool.

The analysis of the large diameter post in a reduced-
height waveguide proceeds by assuming a constant post
current distribution in y. The assumption of a constant
current distribution in y simplifies the boundary value
problem to a two-dimensional scalar field problem, and the
solution can be found in a straightforward manner. Since
the analysis is quite standard and the essentials can be found
in many textbooks [9]-[11], only the key steps will be
outlined here.

The coordinate system for the problem to be solved is
shown in Fig. 2. The characteristic Green’s function G sat-
isfies the inhomogeneous wave equation

1(y)

]
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where k = oV pggo. Applying the appropriate boundary
conditions, the Green’s function arising from a current
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Fig. 2. Coordinate system for analysis of a waveguide with a post and
an adjustable short.
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filament located at (x',z") is found and

,max . mnx’
» Sin—
. a a
G(x’z;xl;zr) = —J Z
m=1 ﬁma
% (e—.iﬁmlz—Z’l — e-jﬂmIZ*'Z""le) 3)

where B, = [k* — (mm/a)*]*/%. Based on (3), one can
formulate an integral equation to solve for the current
distribution on the post surface. In order to derive an
equivalent network for the present structure, the approach
developed by Schwinger and Saxon [9] using variational
principles will be followed. Since the analysis is lengthy
and the details are given in [9], we will only outline the
results here. Considering the even and odd excitations, the
equivalent network of the post can be represented by a T
network; and for the even and odd incident waves,

V.(x,2) = sin X cos Bz + D
" a

V,(x,2) = sin X sin Bz + D)
a

the elements of the T network can be represented by the
following variational expressions:

_ JBia [{ IL(x2)Go(xz5x' 2V (x',2) ds ds”
Zyy + Zyy ) § I(x, 20 (x,2) ds ®
1 — Jﬂ_la 5.’. Io(x,Z)Go(va;xlazl)lo(x,’ZI) ds ds’ (5)

le - Z12 2 jlo(x’z)lllo(x’z) ds

The integrals extend over the entire post surface. G, and G,
are the even and odd Green’s function defined by

G, = G(x,z;x',2") + G(x,2;x',—2")
G, = G(x,z;x',2") — G(x,2;x',—2')

and I, and I, are the kernels related to the current distribu-
tion on the post caused by the even and odd excitation,
respectively. Expanding I, and I, into Fourier series and
retaining only the lowest order terms, the integrals in (4)
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Fig. 3. Equivalent T network of a post in waveguide.

and (5) can be evaluated. It can be shown that Z,; — Z,,
is a capacitive reactance reflecting the average phase change
from z = +d to the center of the post, and Z,, is simply
the post reactance. The resulting equivalent network can be
represented by lumped capacitive reactance (X, = Z,, —
Z,,) and inductive reactance (X, = Z;,) as shown in
. Fig. 3. The expressions for these reactances are

nd

+(5)
'_X_" =i 8ﬂla 2 sinzzl.r.).c..q

2 (kay;(id—) ’ ©)
A

Z, 4r a nd a a

Xy - J bra csc? (E—@){ln (@ sin -7-119) — 2sin? (@)
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1. a 2a
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2

cosh Eﬂ — cos n_d
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where
a0
7 1 mnx
S, = (—— - ) sin? 0
m=2 \ILya m a
© = 2Tl —(2mnl/a)
e T e ., MTX
Sg= Y ( : - ) sin® 0
m=2 \ I,a m a
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and Z, = 754((kb)/(B,a)) is the waveguide impedance for
TE,, mode. J and Y are the Bessel and Neumann functions,
respectively. The post reactance as shown in (7) consists of
two components; the first part is the self-inductance of the
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Ly = 0.075 n.h.
Cp = 0. pf

O

O

Fig. 4. Equivalent circuit model for the waveguide circuit shown in
Fig. 1.

post, the second part can be regarded as the mutual in-
ductance arising from the perturbation of current dis-
tribution caused by the short. This contribution is a rapidly
decaying function of /, the distance between the short and
the post.

If a small gap is opened at the bottom of the post to
allow mounting of the device with impedance Z, the current
on the post will change as well as the field around the post.
For a reduced-height waveguide, we assume that this change
is small and the analysis made by Lewin [6] is approximate-
ly valid for our case. The parasitics caused by the gap as
derived by Lewin can -therefore be integrated with the
equivalent circuit shown in Fig. 3 to complete our circuit
model. Furthermore, the gap terminated by an impedance
Z can also be approximated by a coaxial section {6] having
the same input impedance, provided that no higher order
modes propagate in the coax. The circuit configuration is
shown in Fig. 1, and its approximate equivalent circuit
model is shown in Fig. 4. Z_,,, is the input impedance of
the coaxial section and C, and C,’ are the post mounting
gap parasitics. The expressions for C, and C,’ are [6]

kb - (1 — cos mm)¢ ,

oC, = 5 ®
30n? In (ﬂ) " m? — (E’—)
nd i
oC.! = kb (cos mn)é )

g - e 3
3072 In (ﬂ) Ym? - (@)
nd T/,

e~ ™2k In (ﬂ sin 7—5—&’-)
nd a

K, (mn‘d) - K, (Zmnxo)
2b b

and K, is the modified Bessel function of the second kind.
It is of particular interest to note that, though C,’ has the
frequency dependence of a capacitance, its reactance has a
positive sign. This gives rise to some interesting effects,
and an example will be discussed in a following section.

Also shown in Fig. 4 are the diode package parasitics.
In our case, the millimeter-wave IMPATT diode is mounted

in a quartz ring package which consists of a connection gold
ribbon (0.001 by 0.003 in), and a quartz ring (0.030-in

where

¢ =
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Fig. 5. Reduced-height waveguide circuit with packaged diode
mounted under the post.

outer diameter, 0.020-in inner diameter, and 0.005-in in
height). The package parasitics are modeled by an ideal
inductance (L,) in series with the diode and an ideal capac-
itance (C,) in shunt with the inductance. Their values have
been determined initially by means of low-frequency
measurements at 10 GHz using a network analyzer, and
confirmed at ¥ band by means of DeLoach measurements
[12]. The values so determined are L, = 0.075 nH and

» = 0.1 pF. These values can only be considered typical
since there is some scatter in the parameters from package
to package.

III. OSCILLATOR CHARACTERIZATION

Using a simple reduced-height waveguide circuit as
shown schematically in Fig. 5, which is a special. case
(Zex = 0) of the circuit shown in Fig. 1, an extensive set
of oscillator data have been taken for comparison with
the computer simulation based on the circuit model dis-
cussed previously. This exercise was performed to gain
confidence in the model and demonstrate the bandwidth
prediction capabilities. The experimental circuit used has
a reduced-height section of 0.020-in height with a taper
transition to full-height WR15 waveguide at the output.
The spring contacting sliding short in the reduced-height
section is driven by a micrometer to accurately determine
its position during the measurements.

The diode used for the experiment is an n-type flat-
profile single-drift diode with doping density of 1 x 107
cm™3, The device has a junction area of 1.5 x 107° cm?
and was biased to a current density of 19.4 kA/cm?. For
the purpose of the computer simulation, these parameters
were determined carefully using standard capacitance—
voltage measurement techniques. The power and frequency
of the IMPATT oscillator has been determined as a function
of short position over a wide mechanical tuning range.
The frequency data are plotted in Fig. 6. Here the frequency
of oscillation is plotted as a function of the spacing between
the center line of the IMPATT bias post and the front edge
of the sliding short.

The solid theoretical curves shown in Fig. 6 were obtained
by means of the equivalent circuit model developed in
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Fig. 6. Caleulated and measured mechanical tuning behavior for the
IMPATT oscillator shown in Fig. 5.

Section II in conjunction with a computer generated small-
signal admittance characteristic for the IMPATT diode
based on the analysis by Misawa [13]. The silicon ioniza-
tion rates of Grant [14] are used in the analysis. The circuit
admittance presented to the diode chip is calculated using
the equivalent circuit model as shown in Fig. 4 by letting
Zeoax = 0.

The point of oscillation for each short position is found
by finding the frequency at which the diode susceptance
cancels the circuit susceptance presented to the diode chip.
In addition, for an oscillation to build up, the magnitude
of the device negative conductance must be greater than the
circuit conductance presented to the device. The theoretical
predicted oscillation frequency versus short spacing gen-
erated in this manner are shown as solid curves in Fig. 6.
The criterion used to generate these curves is only approx-
imate since the small-signal device characteristic is being
used to predict the large-signal oscillation frequency. In
reality, the device susceptance increases as the RF amplitude
increases, thereby making the stable point of oscillation
somewhat lower in frequency than predicted by the small-
signal criterion.

It is evident from Fig. 6 that there is some discrepancy in
short position between the theoretical prediction (solid
curve) and experimental points. Much closer agreement is
obtained by shifting the theoretical curve a constant 0.015
in in short position as indicated by the dashed curve. It

'is as if the effective short position was 0.015 in further

from the IMPATT diode than was measured experimentally.
The shift can be at least partially explained by the fact
that our short is not ideal. The short is curved as shown in
Fig. 5, and makes contact with the broad walis of the wave-
guide approximately 0.010 in behind the front edge of the
short from which the short spacing is referenced. In any
case, this uncertainty in short position is not a serious
problem since most millimeter components are provided
with a tunable short for fine tuning.

The remaining discrepancy between the dashed curve and
experiment can be explained on the basis of large-signal
effects. In Fig. 7 the small-signal device characteristic used
to generate the solid curves in Fig. 6 is shown as a function
of frequency in the admittance plane. The negative of the
circuit admittance presented to the diode for a short
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Fig. 7. Device and circuit characteristics for a short spacing of
“0.180 in plotted in the admittance plane as a function of frequency
in gigahertz indicated by tick marks on the curves.

spacing of 0.180 in is also shown. This short spacing was
chosen for illustration because a frequency jump is pre-
dicted near this point. The downward shift in frequency due
to large-signal considerations can be estimated from this
figure. A qualitative estimate of the shift in the device
characteristics as RF amplitude increases is indicated for the
two possible stable points of oscillation indicated by the
arrows. The shift in susceptance with signal level is expected
to be large at the low-frequency end of the characteristic as
indicated [15]. Even so, the downward shift in the stable
point of oscillation from the small-signal prediction is only
expected to be on the order of 1 GHz. This small shift is
due to the rapid variation in circuit susceptance with
frequency (high circuit Q). The circuit Q is much lower at
the higher frequency point of interception, but the device
susceptance increase with signal level is much smaller.
Here the downward shift is estimated to be on the order of
0.5 GHz. As can be seen in Fig. 6, the tuning pattern repeats
itself at multiple half-guided wavelengths. For larger short
spacing, the large-signal frequency shift is expected to
decrease due to increased circuit Q. These relative estimates
in the downward shift in frequency due to large-signal
behavior are borne out in comparing the experimental
and theoretical data of Fig. 6. The discrepancy between
small-signal prediction and experiment is largest for the
closest tuning range of short spacing of 0.070-0.180 in,
with the biggest discrepancy at the low-frequency end of
the curve.

Over much of the short-spacing range, only one inter-
section between diode and circuit loci is possible. However,
near the frequency jump points, such as is illustrated in
Fig. 7, two intersections are possible. In fact, near these
points, multifrequency or very noisy oscillations are often
observed. As the short is moved away from the IMPATT
diode, but before reaching a frequency jump point, the lower
frequency intersection dominates. At the higher frequency
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intersection, the circuit load conductance is almost as large
in magnitude as the device small-signal conductance, so a
large amplitude oscillation is not possible. In fact, incidental
device and circuit losses, not taken into account in the
computer model, appear to have completely suppressed
oscillation at the high-frequency end of the tuning curve
above 68.5 GHz. As the short is moved through the fre-
quency jump point, the circuit loading of the lower frequency
intersection point becomes very small. This results in a
noisy low-power output since a very large RF voltage
amplitude can exist, but little power is coupled to the output.
At the same time, the circuit conductance of the higher
frequency intersection point is decreasing, allowing a
larger amplitude oscillation and higher power output.
Finally, as the short spacing is increased further, the low-
frequency intersection point disappears and the high-
frequency power output improves. Qualitatively, all the
features of the oscillator behavior near the frequency jump
point can be explained in this manner.

IV. SMALL-SIGNAL AMPLIFIER CHARACTERIZATION

To further test the accuracy of the circuit model as shown
in Fig. 4, a small-signal IMPATT amplifier has been
characterized in detail. The amplifier circuit consists of a
reduced-height waveguide (0.025-in height) cross coupled
to a coaxial section (0.030-in center conductor, 0.073-in
outer conductor) on top of the waveguide. The coaxial
section is terminated by a short. The packaged IMPATT
diode_is mounted under the bias post on the floor of the
waveguide. A cross section of the circuit is shown in Fig. 1.
The coaxial section above the diode is required to suppress
oscillation and provide the desired frequency response in
the amplifier. The coaxial section length is an important
tuning element in the amplifier. The IMPATT diode used
for the experiment is an n-type flat-profile single-drift diode
with doping density of 1 x 107 cm™3. The device has a
junction area of 2 x 1073 cm? and was biased at a current
density 17.5 kA/cm?. The theoretical calculated small-
signal admittance for this device is shown in Fig. 8.

A distinctive characteristic of this amplifier is that its
gain response always consists of two peaks (double tuned).
The high-frequency peak is not tunable and occurs at a
fixed frequency; the low-frequency peak is tunable only by
varying the coaxial length. Unlike the simple reduced-height
circuit discussed in the preceding section, the short position
has a negligible effect on the amplifier frequency response.
It only controls the magnitude of the gain peaks; one peak is
usually enhanced at the expense of the other one. It is,
therefore, possible to set the gain peaks at equal magnitude
simply by adjusting the short position for a given coaxial
length. The unique properties of this amplifier can be
explained on the bias of the equivalent circuit model shown
in Fig. 4.

Since the single-drift IMPATT device has a low im-
pedance, the matching to the waveguide must be accom-
plished by impedance transformation through the circuit
network. In this case the transformation is achieved by
means of parallel resonances. One resonance is directly
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Fig. 8. Calculated small-signal IMPATT admittance és a function of
frequency for a flat doping density (n-type) of 1 x 10*7 cm~2 and
a current density of 17.5 kA/cm?.

attributed to the device—package parasitics. For a given
device and package this resonance occurs at a fixed fre-

quency. Furthermore, because of the relatively high Q,

the resonance frequency is fairly independent of external
tuning. This explains why the high-frequency response of
the amplifier is not tunable. The low-frequency response of
the amplifier arises through the parallel resonance caused
by Z.. and C,’ as shown in Fig. 4. In practice, the coaxial
length corresponds approximately to one-quarter wave-
length of the low-frequency gain peak, and it gives rise to
a high capacitive reactance. As pointed out by Lewin [6],
C, is a megative capacitance or is actually inductive in
nature, and provides the necessary inductive reactance to
resonant with Z_,,. Since C, is a small value in the present
circuit, for the resonance to occur, the coaxial length must
be close to a quarter-wavelength, This explains why the
low-frequency response is controlled by the coaxial length.

Extensive calculations of the amplifier characteristics
based on the equivalent circuit model using theoretical
small-signal IMPATT admittance data have been carried
out. It is found that good agreement has been obtained
between calculdtion and measurements. However, the
predicted short positions and coaxial lengths for equal gain
response differ from those obtained from measurements.
The discrepancy can be attributed at least in part to measure-
ment inaccuracy. Since there was no provision provided
in the circuit to indicate the precise short position and coaxial
length, the measurements were made by disassembling the
circuit after each RF evaluation. In view of this, the worst
case of 30-percent discrepancy in short position is certainly
not excessive, since only qualitative agreement is expected.

The amplifier response for a given coaxial length as a
function of short position has also been calculated. One such
example is shown in Fig. 9, where the calculated amplifier
gain as a function of frequency is plotted for a fixed coaxial
length of 0.060 in and three short positions. It is seen as the
short moves closer to the bias post, the low-frequency
gain peak increases in magnitude at the expense of the high-
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frequency peak, and vice versa. In fact, the calculation
predicts that the gain increases monotonically with the short
movement, eventually leading to oscillation at the peak
gain frequency. This is exactly what has been observed
with the actual amplifier. To obtain a quantitative com-
parison with measurements, the measured amplifier
responses are shown in Fig. 10. When these curves are
compared with those in Fig. 9, the agreement is quite
satisfactory. : ’

V. CONCLUSION

An approximate equivalent circuit model has been
developed to aid in the design of IMPATT oscillators and
amplifiers at V-band frequencies. Although the model has
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been developed under some gross approximations, the
calculated results have shown good agreement with ex-
perimental data using theoretical small-signal IMPATT
characteristics. The circuit model developed is not restricted
to IMPATT devices and should be applicable to similar
waveguide circuits used for other solid-state devices.
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Millimeter-Wave IMPATT Power Amplifier/
Combiner

H. J. KUNO, SENIOR MEMBER, IEEE, AND DAVID L. ENGLISH, ASSOCIATE MEMBER, IEEE

Abstract—The development of a two-stage millimeter-wave IMPATT
power amplifier/combiner is described herein. The driver stage consists
of a two-diode hybrid-coupled amplifier and the output stage consists of a
four-diode combiner (a pair of hybrid-coupled amplifiers). An output
power of 1 W was achieved with a 22-dB small-signal gain and a 6-GHz
bandwidth in the 60-GHz range. Design considerations and experimental
data are presented in detail.

INTRODUCTION

HE APPLICATION of IMPATT devices in millimeter-

wave systems has gained great importance in recent
years. It has been demonstrated that IMPATT oscillators
and amplifiers can be used effectively for millimeter-wave
power generation and amplification [1]-[7]. It is of great
interest to combine a number of diodes to achieve high
output power. In the microwave frequency range various
power combining approaches have been tried [8]-[14].
However, the same technique cannot readily be applied
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directly at millimeter-wave frequencies. This paper describes
the development of a millimeter-wave IMPATT power
amplifier/combiner with which a continuous-wave (CW)
output power of 1 W was achieved with a 6-GHz small-
signal bandwidth in the 60-GHz range.

The hybrid-coupled power amplifier/combiner, as applied
to the millimeter-wave range, offers the following advantages
over other approaches.

1) The power-impedance limitation of multidevice opera-
tion in a single cavity is removed. However, as will be shown
in the next section, other considerations limit the number of
devices which may be efficiently combined.

2) Since the hybrid coupler provides isolation between the
individual amplifier cavities, instability problems associated
with multidevice operation in a single cavity are minimized.

3) Ferrite circulators are not required if 90° hybrids
are used. _

4) Since hybrid couplers provide broad-band character-
istics (BW = 10 GHz at 60 GHz), broad amplifier band-~
width can be achieved.

5) Since each amplifier cavity can be tuned individually,
amplifiers can be well matched.



