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Measurements of Embedding Impedance of
Millimeter-Wave Diode Mounts

CLAES E. HAGSTROM anp ERIK L. KOLLBERG

Abstract—A method for measuring the embedding impedance of diode
mounts is presented. The method is based on the measurement of reflec-
tion coefficient magnitude only. The reflection coefficient is measured as a
function of diode bias (impedance). The embedding impedance can then be
obtained in a simple way from the measured data. Results obtained on a
coolable 60-90-GHz waveguide mixer are presented and discussed.

I. INTRODUCTION

PROBLEM that is often encountered at microwave-

and millimeter-wave frequencies is that of experimen-
tally determining load impedances for various devices
mounted in actual circuits, such as mixer diodes, IMPATT
diodes, etc. Difficulties arise because the terminals of the
device are seldom physically accessible, i.e., the device is
seen through an embedding network. A theoretical
evaluation of the impedance parameters of this network is
usually difficult due to the often complicated geometry of
practical mounting structures.

In this paper, we will discuss a very simple reflectome-
ter method for the determination of the load impedance
seen from the device (diode) terminals in two-port circuits.
In particular we will discuss measurements on
waveguide-type millimeter-wave mixer mounts. The
method may also be used for similar measurements on
any two terminal device with a variable impedance ele-
ment such as varactors, p-i-n diodes, etc.

Several papers dealing with the problem of measuring
the elements of embedding networks have been published,
e.g., [1]-[3]. The theoretical basis of the various techniques
used will now be described in terms of the impedance
matrix [Z] of the embedding network. Let Z, be the load
(diode) impedance. The measured input impedance then
is

4 12221 (1)
Z,+2Z,
where Z,,, Z,,, Z,;, and Z,; are the clements of the
embedding network matrix [Z] By varying Z; and
measuring Z; it is possible to derive Z,,, Z,,, and Z,,-Z,,,
which can be used to calculate the load (mount) imped-
ance Z,_ seen by the device [1]

ZiyZy
Z,+Z

where Z_ is the impedance of the source.

Z,=2Z,—-

Z,=Zy- 2
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Z, for a diode is often known from device physics and
low-frequency measurements. It is also often a strong
function of dc¢ bias. By varying the dc bias one then has a
variable Z,.

The method to be described below differs from the one
above in that it uses only reflection coefficient magnitude
information, i.e., only |I',,|* is measured as a function of
diode bias. (To measure Z,, I';, is usually measured and
Z,, calculated). It is then possible to determine Z,, but not
Z,,, Zy,, and Z,,-Z,, separately. However, in some cases
the latter quantities can still be determined by varying
some other element in the network, e.g., the short-
circuited position as will be discussed below.

The main advantage of the method is that very simple
equipment can be used, e.g., a reflectometer setup will
suffice. This should be contrasted with the expense of a
network analyzer or the timeconsuming process of using
standing wave techniques to obtain phase information.
The method is convenient especially at millimeter wave
frequencies where other equipment is presently unavaila-
ble. ‘

In the following, we will limit our discussion to millime-
ter-wave mixer mounts. We think that modifications nec-
essary for other applications should be fairly simple.

II. EMBEDDING IMPEDANCE OF MILLIMETER-WAVE
MIXERS

To be able to predict mixer performance one must first
of all know the embedding network at the signal, the
image and the local oscillator frequency [4], [5]. These
frequencies are separated by the intermediate frequency,
which for mixers of this type can be quite high. For
millimeter-wave mixers the usual approach has been to
use impedance measurements made on scale-models at a
much lower frequency than the actual signal frequency
[2]). Even though valuable information can be gained in
this way there are inherent difficulties with this technique.
The shape of the contacting whisker is rather critical and
cannot be accurately controlled and the diode chip is not
negligibly small at the frequency of interest. It should,
however, be pointed out that the technique described here
can only be used in the fundamental mode frequency
range and therefore embedding impedances at harmonic
frequencies can in general not be determined.

A typical millimeter-wave mixer mount is shown in Fig.
1. The physical dimensions of the Schottky barrier diode
are extremely small. The diameter of the diode junction is
about 2 um, while the width of the barrier is of the order
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Fig. 1. A schematic diagram of a millimeter-wave (60-90-GHz) wave-
guide mixer.
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Fig. 2. Mixer mount equivalent circuit.

0.1 pm. For a single-moded waveguide, the mixer mount,
i.e., the embedding network, can be represented by the
equivalent circuit shown in Fig. 2.

The elements of the w-network will in general be com-
plex. They represent magnetic and electric energy (cou-
pling to various cutoff modes) stored in various parts of
the mount such as the inductive reactance of the whisker.
If the network is lossy they will have a real part, if not
they will be purely reactive. Z,, is the impedance of the
dominant mode and jZ,,tan B/ is the impedance of the
variable short.

The mount impedance Z, seen from the diode can
easily be shown to describe a circle in the impedance
plane when the position of the backshort is varied over
A, /2. This fact has some important consequences when
analyzing the embedding network of a mount and it will
also serve as a test of the accuracy of a measurement
series. In Fig. 3 we illustrate these properties of the mount
and the relevant equations are given. We note that the
diameter of the circle is proportional to the waveguide
impedance Z;, and “magnified” by the factor (1—
X, /Xcy)~? The reactive coordinate of the centre of the
circle is proportional to the series elements X, and “mag-
nified” by the factor (1—X;/X.;)"!. The angle ¢ be-
comes equal to —2p/ if the reactances of the parallel
elements approach infinity.

III. OUTLINE OF THE METHOD FOR MEASURING

EMBEDDING IMPEDANCE

The embedding impedance for a fixed backshort setting
may now be determined, knowing the diode impedance
versus bias voltage and measuring the reflection
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Fig. 4. Measurement setup.

coefficient magnitude |T'| of the mount. The measurement
setup is illustrated in Fig. 4.

If the embedding network is lossless and we will assume
this to be the case, we can write (see, e.g., [6])

2

: €)

Zm_Z;

=T, =|=2—%
lml lml Zm+Zd

Note that the phases of I',, and I, are not equal. For a
lossy mount, (3) will be modified in a way which depends
on where in the mount the losses occur. Z, is the diode
small signal impedance, which is a function of dc bias. It
can be seen that if ZF = Z, for some bias we will obtain a
matched condition and |T,,|*=0. Hence, if we measure
IT,.|*=0 we know that Z,, = Z*.

For a Schottky barrier diode, the dc current through the
diode when no RF power is present may be expressed as

(4)

igo= io(exp®/°0 — 1)
where

nkT
op=-——.

V=104~ ldc'Rs
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Fig. 5. The diode small signal equivalent circuit.

Here & is the Boltzmann constant, T the physical tempera-
ture of the diode, e is the charge of the electron, and 7 is
an ideality factor (usually n=1.05—1.15). The small signal
(differential) resistance of the diode is

e(i+ig)”
The small signal capacitance of the Schottky barrier diode
is

CO
Cj=——"—. 6
(1-v/¢)" ©

Typically y=0.45 and $=0.95 V for a GaAs Schottky
barrier diode. From Fig. 5 we may now evaluate the load
impedance Z,(v,,) as
r r2wC,
Z(v4)=R,+ L Ta_,
14+ (wCyrp) 1+ (wCyry)
With Z, =R, +/jX,, and Z,= R,+jX, we can rewrite (3)
as

™

( 1+|T, ]
R, —— "

1+|T, [ 2_1
-7,

2
Ry| +(X,,+X,)’=R?
d) ( d) d (I—II',,,|2

(®)
which is the equation of a circle in the impedance plane.
The radius of the circle is

2 2
r,=Rd\/ Y —1 ©)
1-T,,?
and the center coordinates are
1+|T,,[?
ro=R; ——— Xo=—X,. 10
0=y I-[T, ]2 0 d (10)

Now if we know Z, for a particular bias and the corre-
sponding reflection coefficient we also know that the
mount impedance Z,, will lie somewhere on the periphery
of the circle given by (9), (10). To determine Z  we
obviously need more measurements at different diode bias
voltages. These measurements will constrain Z,, to lie on
other circles which will all intersect at the point Z,,.

This is illustrated in Fig. 6 where also a typical diode
impedance locus is shown. Measurements made at three
different voltages will suffice to determine Z,. (Two
measurements will give two possible solutions). In practice
more than three theasurements are useful since the circles
will probably not intersect in one point due to measure-
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Fig. 6. Geometrical solution for Z, with R,=15 §, C;=6.6 {F, y=
045, $=0.95V, and =85 GHz.
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Fig. 7. Illustration of measurements made on a wafer type mixer at

87.8 GHz. The bias points used are indicated by crosses.

ments inaccuracies etc. In Fig. 7 a practical measurements
series on a millimeter wave mixer is illustrated.

There are several possible variations of the above
method, e.g., besides the mount impedance, also the series
resistance and the zero bias capacitance of the diode can
be determined [7], but the accuracy will be rather poor.

IV. Tue MmNniMuM METHOD

It was shown above that measurements of |I',,* at
several different dc-current bias points will yield the infor-
mation necessary to determine Z,. In the “minimum”
method we obtain this information by varying the bias
until a minimum in |T,,|* is obtained (see Fig. 8).
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Fig. 8. Mismatch circles around the mount impedance Z,,. The circle
corresponding to minimum |T,,|2 will be tangent to the diode imped-
ance locus.

The minimum |T,,]> and the corresponding diode im-
pedance are then used to calculate the load impedance
Z,,. The following relations can be derived by finding the
minimum of [T, |* versus the bias voltage v:

R
R, = 4
2 1/2
1+(T, 2, 1+[T |2
l_Irmlmin 1_lrmlmin
5 1/2
2
X, =-x,=R | [T nlmin ) 1 g
l_lrmlzznin

dR,/ dv
dX,/ do ] (11)

R,, X, are the diode resistance and reactance for the bias
current corresponding to the minimum reflection
coefficient |T',,|2, .. Choosing the right solution from the
two possible solutions should cause no trouble since in
most cases, it i1s obvious which one is the true one from
other considerations [7].

We find this method very convenient in practice. The
actual measurement is done quite rapidly and the analysis
can be done using a pocket calculator,

In Fig. 11 in the next section we illustrate some
measurement results obtained on a millimeter wave mixer
for varying backshort position (for further details see [7]).
The measured points fit a circle quite well and this circle
is very nearly tangent to the “imaginary” axis. This is in
accordance with the theory as discussed above and in
more detail in [7]. The fact that the locus of the mount
impedance is a circle, which is tangent to the imaginary
axis offers a convenient way of checking the accuracy of
the results. Systematic errors will show up in the measured
impedances in such a way as that they will no longer lie
on the periphery of a circle. For example, suppose that the
diode capacitance is inaccurately known. To investigate
this we calculated theoretical measurement series for a
simple circuit with X, =X.,=oc0 and X, =;85 Q. |T,,|*
was calculated versus dc-bias to obtain |T, |2, for dif-
ferent backshort positions. Using these values on |T, |2,

b= arctan[ -
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Fig. 9. Ilustrating the effect of incorrect values on Cj.

we then “applied” the minimum method with several dif-
ferent assumed values on C, as well as the correct one.
The results are illustrated in Fig. 9. It can be seen that you
will get quite visible deviations from a true circle with
values on C, not differing more than 10-20 percent from
the true value.

It is also possible to investigate other sources of error in
the same way, such as the presence of loss in the mount,
measurement errors, etc. [7].

In conclusion we find the minimum method convenient,
not overly sensitive to loss and small inaccuracies in the
measurements, An inaccurate value on, e.g., zero bias
capacitance will show up in the results in the form of
distorted mount impedance circles.

V. EXPERIMENTAL RESULTS USING THE MINIMUM
METHOD

To illustrate the usefulness of the minimum method we
will discuss experiments performed on a 60-90-GHz
mixer mount with a geometry as depicted in Fig. 1. This
mixer was developed for cooled mixer experiments within
the program for development of low noise receivers for
the Onsala Space Observatory. The diode chip made from
molecular beam epitaxi gallium arsenide was supplied by
Dr. A. Y. Cho and Dr. M. V, Schneider at the Bell
Telephone Laboratories, New Jersey (batch N277-81 in
[8]). This diode chip has an extremely thin epitaxial layer
with a low doping of 2x10'7 ¢cm™3 which should ensure
low noise properties when operated at low temperatures.
Room temperature data for the diode at 80 GHz are
Rg=15 Q, n=1.14 and the junction capacitance for back-
ward bias voltages as shown in Fig. 10 were given to us by
Dr. Schneider. A theoretical calculation of the depletion
layer width (see, e.g., [10]) shows that it is equal to the
thickness of the epitaxial layer at a forward bias of 0.5 V.
Therefore, for bias voltages larger than 0.5 V the diode
capacitance is predicted from (6) where, however, C, now
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Fig. 10. Capacitance versus voltage for the diode used in the experi-
ments compared with some capacitance versus voltage curves drawn
using (6). (y=045,$=0.95 V)

will be lower than the measured zero bias capacitance. In
Fig. 10 we have also depicted the capacitance versus the
bias voltage as obtained theoretically for a diode on bulk
GaAs, for various assumed junction capacitances at zero
bias (C;y). The impedance characteristics of the mount
were measured using the minimum |T'|* method, discussed
in Section IV. We used only forward bias voltages within
the voltage range 600 mV<S V<880 mV and where
possible, backward bias voltages for which the capaci-
tance value was known (Fig. 10). For those forward bias
voltages, we may consequently use (6) where we chose
vy=045 and ¢=095 V.

Measurements of |T,,|2,, were made for a great number
of backshort positions and at several different frequencies.
Different values for C, were tried in the analysis of the
experimental data. The value of C, yielding mount imped-
ance loci which approximated circles best was found to be
6.6 fF with an estimated error of about 1 fF.

Using minima found for bias voltages in the backward
direction the maximum reactance of the circles could be
determined. The results were, within the accuracy of the
measurements, in excellent agreement with the assump-
tion of a C;=6.6 fF for the forward bias voltage regime.

In Fig. 11 measured impedance circles are presented for
three different frequencies. As can be seen there is an
obvious systematic change with frequency in the position
X,y and in the diameter D of the circles. For increasing
frequency both D and X, increase. We have observed this
effect in a number of other mounts as well. By measuring
D, X, and also the angle ¢ we calculated X, X, and X
[8]. The result is given in the Table 1.

It is seen that in general the reactance X, is large. It
should be compared to the waveguide impedance which is
approximately 90 Q. This is in agreement with the results
of the Eisenhart and Khan model [10] where X, =00. It
is interesting to compare these results with the idealized
model. Using the Eisenhart and Khan theory we calcu-
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Fig. 11. Measured mount impedance (Z,) for the mount of Fig. 1

using the minimum method.

TABLE I
ELEMENTS IN THE EQUIVALENT 7-NETWORK OBTAINED FOR THE
Mounr orF FiG. 1.

X.()

ACHZ)  Xo®  X,@ Xea(kS) theory
78 470 95 ~2.6 (ind.) 120
81 4n 100 165 125
83 424 108 —2.1(ind.) 129
86 408 120 25 135

lated the equivalent of X; and X,. As can be seen from
Table I the calculated X, over the experimental was about
1.2, while the calculated X, (not shown in the table) was
about two times larger than the experimental value. The
agreement may be considered as rather good, in view of
the difference between the actual mount and the model.
Experiments have been performed on some other
mounts with a larger waveguide height. We found these
mounts to have very large diameter impedance circles.
This is not only due to the higher impedance of the
waveguide but also to the influence of the ratio X, /X,.
In the evaluation of the experimental data one also has
to consider that the series resistance of the diode is
increased a few ohms [4] due to the skin effect. The value
for the series resistance can in fact be determined to some
accuracy if in the minimum method minima are found for
low bias voltages (compare Fig. 5). However, for the
minimum method and for a forward biased diode where
Re[Z,]> R, a few ohms error in the series resistance will
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only slightly effect the derived value for Z ..

VI. SoME NOTES ON THE EXPERIMENTAL
PROCEDURE

The experimental setup was shown in Fig. 4, To get the
best accuracy two tuners, one at each end of the direc-
tional coupler, are set as described in [6]. However, we
have found that for most purposes it suffices to use only
the tuner at the detector.

The power should be set at a low enough level to ensure
linearity. For a Schottky mixer diode this will correspond
to RF-junction voltages less than the thermal voltage
(=~25-30 mV). The RF-junction voltage due to the test
signal can be estimated by noting the change in the dc
through the diode when the test signal is applied. An
increase of 26 percent is equivalent to a test signal voltage
Ve=0;.

The change is proportional to signal power
(Vp=Vy/V2 will give a 13-percent increase) [7]. How-
ever, the easiest and safest way to check for linearity is of
course to lower the power level until the measurement
results are independent of the power level.

VIIL

A simple method to measure embedding impedance of
diodes has been presented. The method is based on the
measurement of reflection coefficient magnitude for vary-
ing diode bias. The embedding network is assumed to be
lossless, which is, however, no serious limitation since for
reasons of performance networks have low losses. The
method is not overly sensitive to loss and small inac-
curacies in the measurements, and the accuracy can be
checked by, e.g., simulated measurement series.

CONCLUSIONS

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL., MTT-28, NO. 8, AUGUST 1980

ACKNOWLEDGMENT

The authors would like to thank C. O. Lindstrém for his
excellent work in assembling the experimental mixer and
J. Jarnmark and T. Stahlberg for their valuable assistance
in the measurements.

REFERENCES

[1] F. B. Bauer and P. Penfield Jr., “De-embedding and unterminat-
ing,” IEEE Trans. Microwave Theory Tech., vol. MTT-22, pp.
282--288, Mar. 1974.

2] N. H. Held and A. R. Kerr, “Conversion loss and noise of
microwave and millimeter-wave mixers: Part 2—Experiments,”
IEEE Trans. Microwave Theory Tech., vol. MTT-26, pp. 55-61,
Feb. 1978.

[3] J. McBretney and M. J. Howes, “Electrical characterization of
transferred electron devices by a novel galvanomagnetic tech-
nique,” IEEE Trans. Microwave Theory Tech., vol. MTT-27, pp.
256-265, Mar. 1979.

[4] N. H. Held and A. R. Kerr, “Conversion loss and noise of
microwave and millimeter-wave mixers: Part 1—Theory,” IEEE
Trans. Microwave Theory Tech., vol. MTT-26, pp. 55-61, Feb.
1978.

[5] C. E. Hagstrom and U. S. Lidholm, “On mm-wave frequency
downconverters,” Res. Rep. No. 130, Research Lab. Electronics
and Onsala Space Observatory, Chalmers Univ. Technol., Gothen-
burg, Sweden, pp. 6-7, 1977.

{61 G. F. Engen, “Power equations: A new concept in the description
and evaluation of microwave systems,” IEEE Trans. Instrum.
Meas., vol. IM-20, pp. 49-57, Feb. 1971.

[71 C. E. Hagstrom and E. L. Kollberg, “A method for measuring
embedding impedance of diode mounts applied to millimeter-wave
mixers,” Res. Rep. No. 135, Research Lab. Electronics and Onsala
Space Observatory, Chalmers Univ. Technol. Gothenburg,
Sweden, 1979.

[8] M. V. Schneider, R. A. Linke, and A. Y. Cho, “Low noise
millimeter-wave mixer diodes prepared by molecular beam epitaxy
(MBE),” Appl. Phys. Lett., vol. 31, pp. 219-221, Aug. 1977.

[91 S. M. Sze, Physics of Semiconductor Devices. New York: Wiley

Interscience, 1969, pp. 370-372.

R. L. Eisenhart and P. J. Kahn, “Theoretical and experimental

analysis of a waveguide mounting structure,” IEEE Trans. Micro-

wave Theory Tech., vol. MTT-19, pp. 706-719, Aug. 1971.

[10]




