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A Method for Measuring an Equivalent
Circuit of Waveguide - Mounted Diodes

M. Pospieszalski* and S. Weinreb*#*

Abstract - A method of measurement of the embedding circuit and
diode parasitics of a semiconductor diode mounted in a waveguide is
described. The method is unique in that no instrumentation is requirec
other than an RF signal source, wide-range DC milliammeter, VSWR meter,
and a sliding short (usually built into the mount) with a linear posi-
tion scale. Thus the method is applicable at millimeter wavelengths
and can be performed upon a mixer which is mounted in a system or is
at cryogenic temperatures. The basic technique is to apply a small
microwave signal to the mount and measure the &iode current as a
function of sliding short position for several different values of

d-c bias voltage. The method is demonstrated by analysis of two 140-

220 GHz mixer mounts.

I. INTRODUCTION
A common problem in present day microwave engineering is the
characterization of the coupling network and parasitics of a diode

mounted in waveguide. Tools for attacking this problem are

* National Radio Astronomy Observatory, Charlottesville, Va, on
leave of absence from Warsaw Technical University, Institute of
Electronic Fundamentals, Warsaw, Poland.

*% National Radio Astronomy Observatory, operated by Associated
Universities Inc., under contract to National Science Foundation.



theoretical analyses of the waveguide-to-gap coupling network given by
Eisenhart and Kahn [1] and Joshi and Cornic [2], microwave measurement
methods of diode parameters, such as described by DelLoach [3], large
scale model measurements, such as those applied to millimeter wave
mixers by Held and Kerr [4,5], and a recently published reflectometer
technique by Hagstrdm and Kollberg [6].

In our work concerning millimeter wave mixer development, all of
the above techniques are of some usefulness. However, we desired a
diagnostic technique which can be applied to a completed mixer mount,
including diode, and give detailed information as to why the mount was
particularly good or bad. The technique should answer questions such
as "What impedance is presented to diode by the embedding circuit?,"
"Are the losses due to the diode parasitic elements too large?,"

"What behavior may be expected at a nearby frequency?"

During fests of various mixers, it was noted that curves of recti-
fied diode current versus backshort position varied in appearance
according to the frequency and diode. The analysis of these curves
for a diode with sufficient LO power for good mixer performance is
a quite complex non-linear problem [4]. However, it was recognized
that diode current vs. backshort position curves could be measured
for LO currents small compared to DC bias current and analyzed by con-
ventional linear network methods, plus square- law detector theory as
outlined in Sections II and I1I of this paper. Furthermore, by measurin
this curve for several values of DC bias current much information about

the diode and coupling network could be obtained.



A typical set of these curves made under the small LO condition,
and for five different DC bias voltages is shown in Fig. 1. (All
measurements made in this paper are at constant DC bias voltage, but
are described by the DC current for zero LO power.) It will be shown
l2

in Section IV that each curve is proportional to 1/ ‘YIN + Yg + YBS

where YIN + YBS is the input admittance of the waveguide port, Yg is

the generator source admittance, and YBS is the backshort admittance.

The latter two quantities are known, and thus, Y is determined by

IN
measuring the peak and width of each curve. It will also be shown
that a mount equivalent circuit can be determined by measuring YIN
for five different values of differential diode conductance, 845 i.e.,

for five different values of DC bias current.

II. DIODE MOUNT AS A THREE PORT JUNCTION

A cross section of a typical mixer mount is shown in Fig. 2. This
mount can be considered as a microwave network having three ports con-
nected to: 1) generator, 2) backshbrt, and 3) diode. Any lossless,
reciprocal three port junction can be represented at a given frequency
by the equivalent circuit shown in Fig. 3a [8,9]. This circuit con-
sists of 7 independent elements, although it is obvious that one trans-
former may be assigned an arbitrary turn ratio. It is most convenient
to set ng = 1. As lengths 1l and l2 may be set equal to zero by a
proper choice of reference planes in the generator and backshort arms,
only 4 elements Ny, Ny, Y, ZS need to be determined. It is also obvious

that for reference planes close to the diode, so that the three port

excludes the waveguide-height transformer, the mount is symmetrical and
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n, = mn,. This requires the assumption that any deviations from sym-
metry in the diode mounting structure are small compared to a wavelength.
With this symmetry assumption and some simple transformations, the
circuit can be changed to that of Fig. 3(b) which contains 5 independent
elements, i.e.: 11, 12, n, Bp, and XS.
Again, only three elements-- n,Bp, and XS need to be determined.
It is also clear that the validity of the equivalent circuit is not
affected by the choice of the particular definition of the waveguide
characteristic impedance ZG, as it can be changed by a change of the

value of n. However, following previous works on waveguide mounts, the

power-voltage definition of Schelkunoff is chosen throughout this paper;

: A
_ ]g_. 2b . '8
ZG “ e a A (1)

that is,

where all the symbols have their conventional meaning.
III. SCHOTTKY BARRIER DIODE AS A VARIABLE LOAD
AND SQUARE LAW DETECTOR.
The equivalent circuit of a Schottky barrier diode is also shown in
Fig. 3(b). The i -V characteristic of the ideal-diode portion of the
model can be very well determined by dc and low frequency measurements,
and should be equally valid at millimeter wavelengths. This character-

istic is described by:

1=1 (e®¥ -1) (2)
and o= _q (3)
nkT



where: IS = diode saturation current
q = electronic charge
Kk = Boltzmann's constant
T = absolute temperature
n = junction ideality factor

For small RF signals [10] the diode biased at a certain operating

point (IB, VB) can be considered as a linear conductance,

8do ~ 0‘IB )

and a square law detector having small signal current responsivity,
= AL _ o

Bo TP 2 )

where: P = RF power absorbed by the diode,

AI = increase in dc current of the diode due to the presence of

RF signal.

The knowledge of the i-v characteristic of the diode allows both
the computation of the value of the resistance terminating the network
of Fig. 3(b), and also the measurement, through AI, of the amount of
power absorbed by this load. Equations (4) and (5) are valid for small
signals applied to the diode. To evaluate how small the signal must be

a given error, we use the following relations [6]:

2 4
8 21, (oV ) i (an) (aVP)
___._LV 1+— + S S (6)
Bio *'p 2°112! 272131
2 4
(av ) (av_)
i_I_ = I (av ) —_ 1 = ——2——2—2 + —4"2_2 + R E (7)
B °o P 2°(11) 27(21)



where: Vp - the amplitude of a sinusoidal voltage applied to the diode,

8y ~ diode conductance defined as a ratio of the fundamental
frequency current and voltage amplitudes,

Io’ Il - the modified Bessel junction of the first kin.

Under small signal approximations, (6) and (7) can be combined

to give

g
n 142 (8)
8do B

e

lquation (8) can be used either to correct values of o needed in the
analysis, or to set an apper limit upon AI|IB to allow using 840 in
place of gy
IV. DETERMINATION OF MOUNT AND DIODE
EQUIVALENT CIRCUITS

The diode can be represented as an ideal diode as described above
coupled to a voltage-dependent diode capacitance, CD’ and series resis-
tance RS as shown in Fig. 3(b). We wish to determine these two quanti-
ties, and the coupling network parameters.

Connecting generator and backshort to the circuit of Fig. 3(b)
results in the equivalent circuit shown in Fig. 4(a). Since no micro-
wave power is coupled to the diode (i.e., AI = 0).for positions of the
backshort where YBS = o, g reference plane for measurement of backshort

position is established and YBS is given by:

_ s 2ml
YBS = —j YG cot XE_ 9)



s
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Fig. 4.
backshort connected.
KLYSTRON Sy wn ’;fi;‘s
Tkitz Mop, SuppLy
AH.
MME 5
o .
~ N
fodd
COUPLER

Fig. 5. The measurement setup.
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where 1 is the distance between the backshort position and the next

position towards the diode where AI is a null, Xg is the guide wave-

-1

length, and YG = ZG

If the mountAis symmetric and the generator is well matched, Y = YG
and only three parameters of coupling network: n, B , and XS, need to be
determined. It is convenient to assign a post capacitance Cp = Bp/w and

a whisker inductance LS = Xs/w to replace Bp and XS, although it is not
known in advance whether Cp and Ls will be found to be positive and inde-
pendent of frequency. (In analyses we have performed, Cp is usually posi-
tive, small, and varies with frequency; Ls is always positive and usually
increases with frequency.)

If the mount is not symmetric and/or the signal source is not well
matched, the generator impedance Yg is complex. However, its imaginary
part cannot be distinguished from post reactance, and can be treated as
part of it. The real part of Yg then constitutes a fourth unknown of the
coupling network.

It is sometimes convenient to think of the network of Fig. 4(a) as
a two port described by matrix [y], shown in Fig. 4(b). This two port is
determined by six real numbers (real and imaginary parts of [y] matrix

2

elements), as is the equivalent circuit of Fig. 4(a) (Cp + n Ing, RS,

Ls’ Cd’ n, Rng). The following relations exist:

Rs
g = ReY + -
11 8 a*{Rr %+ ()2}
s s
1 st
b = — (wC_ - ' ) +ImYg
11 n2 P (wLS)z + RSZ

- 11 -



S
g -
2 ar )+ w)?
wLS
bjp = 2 2
n{R © + (oL )“}
S S
(10)
B2 T TBppn
mLS
by = wCy -3

2
RS + (mLS)

The experimental procedure consists of measuring the DC current
change, AI, due to RF signal as a function of backshort position, 1, and
for a fixed DC bias voltage, VB’ which gives DC bias current IB for zero
RF signal. For acceptable accuracy without correction through (8) AI/IB
must be kept < 0.1. Since IB is temperature dependent, drifts of AI/IB
of the order of .005 afe typical and the modulated RF source system
shown in Fig. 5 is convenient and more accurate; maximum AI/IB of .01
can be used and the temperature drift of IB has negligible effect.

The relation of a AT vs. 1 curve to the circuit element values can
be easily found* by noting that AT is proportional to the square of the
magnitude of the voltage across gd (i.e., the power absorbed by gd).
Since all voltages in the network are proportional, AI is also pro-
portional to the square of the magnitude of the input voltage at plane

A - A of Fig. 4. Thus, we may write:

. 12
| g

AT =

+Y +Y

2
Yy + Y, Bs|

* .
We thank John Granlund for his contribution to the solution of this
problem.

- 12 -



where iG and YIN are defined in Fig. 4, and c is an arbitrary constant.

Denoting jB, as the value of Y when AI is a maximum, and j(B, t+ AB)

BS
as the values of YBS which give 1/2 the maximum AI, it is easily shown
that:

YIN + Yg = AB - jBo (12)

Thus measuring two points on the AI vs. backshort position curve is

equivalent to measuring the complex input admittance, YIN’ which is

related to the 6 unknowns (n, C_ + nZImY o, RY, R, L and Cd) and known
% g eg s s

diode conductance, 84 by

jwuC, + g
T+ (3aC ~ )(g ¥ joL )]‘ ¥, (13
d €4 s J0%g g

Y., = n-z[jwc +
in P

Referring to Fig. 4(b), the same relation can be written as:

(y12)2

AB - jB Yo, = —————
o 11 Y99 + g4

(14)

where Yon = 8un + jbmn' The relation between the [y] matrix elements

and circuit parameters are then given by (10).

The diode conductance, gq> can be varied over a wide range by vary-

ing the bias current, IB’ and thus, Y can be determined (producing 2

IN

real equations) for many values of 8q° However, each time I_ is changed,

B
the diode capacitance, Cd’ also changes, introducing one new variable.
This is equivalent to changing the imaginary part of Yy, every time a

measurement is made. Thus, the measurement at each diode bias can be

described by the equation:

- 13 -



2

(k)
AB - = -
3B, M ., s Y
1522 227 &4
This equation can be rewritten in the form:
2
(yy,)
g, + 38,80 + gy, = = (16)
d 22 22 _ AB(k) + 4B (k)
1 %
Equating real and imaginary part of both sides, we get:
2
(vq,)
(k) 12
8 = Re { } -8 17)
d _ &) | ., (k) 22
yll AB + JBO
2
(v,,)
b, = 1fn o O (18)
Y91 ~ AB + JBO
Equation (17) has 5 unknowns (gll, bll’ 819> b12’ g22), therefore,

at least 5 measurements must be made to determine them. Then unknown
values of bzék),for every diode bias,can be found explicitly from (18).
The circuit element values can then be found thru (10).

The solution of 5 or more (for reason of accuracy) real equations o
the form (17), or 5 or more complex equations of the form (16) is not a
simple task, since the equations are non-linear. It can be performed by
utilizing numerical techniques on a digital computer, or thru an optimi-

zation program such as Compact [11]. An error sensitivity analysis

could also be performed with either of these methods.

- 14 -



Our present approach has been not to solve for the ten unknowns
directlys but to use other information and special characteristics of
the equations to simplify the problem. An example of this approach will
be given in the next section. Some of the possible simplifications are

listed below:
(1)

(1)
IN

¢

>> mC(l) for most practical cases; D

1
1) For IB( ) v 5 mA, gd
has negligible effect upon Y , and need not be determined.

2) The functional form of C,, as a function of IB (or VB), may be

d
(&)

known, and thus, all Cd

may be replaced by 2 unknowns, such as zero
bias capacitance and barrier potential.

3) RS may be known or predictable from low frequency measurements.

4) LS, Cp, or n may be known from measurements on another diode at
the same frequency.

5) CD(k) may be known from measurements on the same diode at
another frequency.

6) The mount may be assumed to be symmetric, and the signal source
perfectly matched, then Yg = Z;I.

7) The obstacles (chip and whisker post) within the waveguide are

small enough so Cp is negligibly small.

V. EXAMPLE OF 2-MM MIXER ANALYSIS
A. Evaluation Of A Diode Embedding Circuit
Two 140-220 GHz mixer mounts, designated A and B, were constructed
using the design described by Kerr, et al, [9] and were equipped with
diodes supplied by R. J. Mattauch of the University of Virginia. Scan-
ning electron microscope photographs of the mounts are shown in Fig. 6(a),

and 6(b), respectively. The diode chips have an array of platinum-gold

- 15 -



Fig. 6. Electron microscope photographs of the 2-mm
mixer mounts: top is mixer A; bottom is mixer B.



anodes, 2 um in diameter, fabricated by electroplating on lightly doped

a"

(N 4.5 x 1016 cm_3) epitaxial GaAs. Although the chips for mixers A

D
and B came from the same wafer, they have undergone different processes
of thinning of the epitaxial layer, resulting in slightly different
diode geometry. The schematic cross section (not to scale) of the diodes
in mount A and B is shown in Fig. 7.

These mounts were measured with the apparatus shown in Fig. 5 at a
frequency of 152.8 GHz, and for the following diode bias currents: 5 mA,
1 mA, 500 pA, 200 pA, 50 pA, 20 pA, 5 yA.

(k) (k)

The values of AB and B0 for every current were determined as

mean values of several analyses of the AI curve at different levels
(typically 1, 2, 3 dB below peak).

The numerical procedure of finding circuit elements was based on
the assumption that the mount is symmetric, and the source is well

matched to the waveguide. Also, the high current approximation mentioned

1)

in the previous section was employed. That is, for I & = 5 mA, gd( >>

B
de, and (12) and (13) reduce to:

wL
Bo(l) - o2y ZS 7 - wC,) (19)
(wLS) + R,
ABo(l) = n? { ET 7 1= Yo (20)
(wLS) + RT
where RT =R +-l—.
S gd

Equations (19) and (20), together with 2 equations of the form given

by (17), can be solved for n, LS, Cp, and RS. However, it was recognized

-17 -
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that the value of the transformer turn ratio, n, is primarily determined
by (20). This led to the following algorithm:
1) For the assumed value of n (usually n ~ 1), equation (19), to-

gether with 2 equations of the form (17) taken for 2 different bias cur-
(2) (2

rents, I and I (3), was solved for L , C_, and R_. Capacitances C
o o s P s d

and Cd(3)

pairs of possible IB

could then be found from (18). This was done for all fifteen

) and I (3

B selected from the 6 remaining measure-

ments. The solution of these equations was performed numerically on a
Hewlett Packard 9830A desk-top computer, using the Newton-Raphson method
[12]; typical computation time for one solution was fifteen seconds.

2) The mean values of LS and Rs’ from the fifteen solutions, were
computed and used to find a new value of n from (20).

3) Steps 1 and 2 were repeated until 2 digit agreement for the valu
of n had been achieved in 2 consecutive iterations.

The results of this procedure are summarized in Table I for both

mounts A and B. The mean values and standard deviation of Cp, L,R,

s s
and Cd(k)

measurement resulted in fifteen values of CP, Ls’ RS and 5 values of

(k)
d ).

are given (as evident from the algorithm just deséribed, the
every C For comparison, the results of some dc and low frequency
measurements are also included.

A comparison of the results for mounts A and B shows different re-
sults for LS, Cp, and n, as would be expected for the different geometry
shown in Fig. 6. The whisker inductance has changed only a small amount,
as the length of whisker wire was the same in both mounts (it was only

bent differently).

- 19 -
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The dependence of the diode capacitance C, versus bias voltage VB

d
is shown in Fig. §. The diode in mount A has considerably less capaci-
tance than the diode in mount B. To check the consistency of the results,
the curves -l§-= f(VB) have been plotted in Fig. 9. These curves can be

c
approximateddby straight lines with slopes corresponding to doping con-

3 and N B_ 1.9 x 10]'7cm—3

D for diodes A

centrations of NDA = 6.8 x 1016cm—
and B, respectively. In these computations the diameter of the diodes

was assumed to be 2 ym and fringing effects were neglected. The epitaxial
doping density measured by the manufacturer was 4.5 x 1016cm—3. Higher
doping is to be expected for diode B, since its epitaxial layer has been
thinned more than diode A, and the depletion layer is closer to the highly

8cm_s) buffer layer.

doped (ND =2x 101

The value of series resistance RS is cqnsiderably higher than that
expected from the diode chip alone. The skin effect at 150 GHz in the
diode chip should add only about 39 to the diode resistance measured at
10 MHz [4][5]. This falls several ohms short of the measured values of
Rs' The discrepancy is probably due to losses in the mount, choke, and
whisker. However, it should be remembered that the mount equivalent cir-
cuit is for a lossless mount, and representation of mount losses as an
effective increase in RS is only an approximation.

Fig. 10 shows the AI = f(YBS) curves for mixer A computed using

values of circuit elements from Table I. Experimental points for each

curve are also shown. As the agreement is excellent, it shows that the

computational procedure adopted here was adequate.
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B. Embedding Network and Mixer Performance

The mixers were measured using a 4.75 GHz IF radiometer/reflectometer
apparatus described by Weinreb and Kerr [13]. Table II summarizes the SSB
performance of the room temperature mixers at 2 operating points corres-
ponding to the best noise temperature TMXR and best conversion loss L.

To explain the difference in the conversion loss of both mixers, the
equivalent éircuits determined previously were used to compute minimum loss,
Al, with respect to the backshort position, caused by the diode embedding
circuit for different values of small signal resistances RRF presented by

the pumped diode (the capacitances for V_ = 0.7V were assumed). The results

B
of computations are presented in Fig. 11. The loss component due to reflec-
tion ALR has been extracted from the total loss AL and is also plotted in
Fig. 11.

As the resistance presented by the pumpedvdiode at IF frequency RIF
was approxiamtely 200Q for both mixers, RRF should be in the range 100 to
6000 [14]. A particular value of RRF’ which would account for the 0.5 - 0.6
dB difference in the conversion loss of mixers A and B (compare Table II),
is approximately 1350 . This is in agreement with the common belief that

v RIF

a Y-type mixer [16] for which RRF 72 most closely describes the perfor-

mance of millimeter-wave mixers.

VI. ERRORS
The previous example shows that very reasonable results can be obtained
by the described method. However, application of this same method to

the same mixer measured at 200 GHz gives poor results in that the iteration
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y
AL

[4a]

Fig. 11. The total loss AL and loss due to
the reflection ALR caused by the embedding
circuits of mixers A and B versus resistance

RRF pPresented to the circuit by the pumped diode.

8EST NOKE TEMPERATURE | RE(T CONVERSION LOSS
MIXFR vV, Ib T;tw L \5 I 1}»r L
V1| A (k7| ]| [v]| [ma]| []| [0€]

A 0,70 | 070 | 850 | 6,75 | 0.8 | 2.0 | 1240 | 6.00
0.74 | 1.10| 990 | 7.30]| 0.3 | 30 |1560] 6.65
- .

Table II. The SSB performance of mixers
(fp = 152.8 GHz, fIF = 4.75 GHz.)
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procedure does not converge, and unreasonable element values are com-
puted. This problem is being investigated further. Our present belief
is that some of the problem is due to the computation procedure as will
be discussed below, and this can be improved. It appears that the final
result will be a method which: a) gives good accuracy (¥10% for element
values) for some mounts, b) includes an error sensitivity computation
procedure which gives the elément error for a given measurement error,
and c) allows good accuracy for all reasonable mounts if one of the
element values is known by some other method.

The errors can be categorized into five areas which are
discussed below: a) measurement error, b) errors due to invalid assump-
tions, c) computation convergence, d) error multiplication effecting y-
parameters and element values, and e) error multiplication effecting

only the element values.

A. Measurement Errors

With fairly conventional instrumentation, AI can be measured to within
1% of AImax. The errors due to backshort position readout have a larger
effect for millimeter wave mounts. A typical good readout accuracy of
.01 mm (i.e., v0.5 mils) represents Ag/200 at Ag = 2 mm. The effect of
this error on a given B and AB can be easily computed, and a computed
sensitivity table for a given mount will allow determination of element

value errors.

B. Validity of Assumptions
The two assumptions which have the most effect upon error are matched

generator admittance (Yg = YG) and mount symmetry; these have similar
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effects. As discussed in IV, the first assumption need not be made,

Re Yg can be determined by the computation procedure and Im Yg can be
absorbed as part of Cp. However, to ease computation, we assumed Yg =
YG for the example in V. It can be shown that a small source VSWR has
the approximate effect of adding t (VSwr -1) YG to AB, where the VSWR
includes the waveguide-height transformer. For the example of the pre-
vious section, a VSWR = 1.1 changes the computed value of n from 0.90

to 0.85 or 0.95. The effec¢t upon the value of C,, and other element

d
values, is shown in Fig. 12 and Table III.

Mounts will be asymmetric if the diode whisker bend is in the
direction of propagation (it need not be), and due to small fabrication
differences very close to the diode. This problem has not been inves-

tigated, but it is believed that the effects will be small, since the

departures from symmetry are usually small compared to a wavelength.

C. Computation Convergence Error
A closed form solution for y parameters or element values has not

been found. These have been computed, using a successive apfroximation
procedure which often does not converge. The lack of convergence is pro-
bably due to the effect of errors in the data.. However, it is believed
that an improved computation algorithm will alleviate this problem. All
computation thus far has been performed on a HP 9830 calculator, and a
faster computer would make using a larger data set feasible, including a
model of diode capacitance variation, and a more sophisticated computatio

scheme.

D. Error Multiplication Effecting [y] Parameters and Element Values

It is fundamental to all methods of determining a network by
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measuring the impedance at one port with a variable load at the other
port, that the method breaks down as Y1291 becomes small. The method
described in this paper certainly falls in this category. As the diode

becomes decoupled from the input waveguide (by LS or C, becoming large),

d
less effect on B and A B will be measured as the bias current is varied
and less information is determined about the network. Larger errors in
both [y] parameters and element values will result for a given error in
B and AB. Fortunately, this is not the case for an efficient diode mount,
whether its purpose be for mixing, detection, frequency multiplicationm,

or power control. Conversely, if a mount shows little variation in B or

AB with bias current, it may be assumed that the mount is inefficient with-

out further analysis.

E. Error Multiplication Effecting Element Values Only

It can easily be shown that the element values in the equivalent cir-
cuit are not unique when RS = 0. (The transformer turns ratio, n, can
be varied and this can be compensated for by different values in the II-
network consisting of Cp, LS, and Cd') Thus, large errors in element val-
ues, but not in circuit [y] parameters, should be expected for small values
of Rs (more precisely, for RS << (Léu)z/ZG). This tends to be the case
for an efficient diode. However, the power transfer properties of the
coupling network can still be computed from the [y] parameters. Further-
more, if one element of n, Cp, LS, or Cy is known by some other method then

the other elements can be found even if RS = 0.
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APPENDIX 1.

SUMMARY OF EXPERIMENTAL DATA ON 2-mm MIXERS

This appendix contains results of detailed measurement on 2-mm mixers.
Two mounts were investigated. Mount A (mount No. 2) and mount B (mount No. 3)
have been assembled with 2P11 and 2P8-600 diode chips, respectively. The
electron microscope photographs of both mounts and the schematic cross sec-

tion of the diode chips have been shown in Figures 6 and 7.

A.1.1. D.C. and Low-Frequency Measurements

The d.c. characteristics of 2P11 and 2P8-600 diodes are shown in Fig. A.1l.
The shape of the curve for the 2P1l1 diode in its high current region suggests
deviation from the normally assumed d.c. model composed of an ideal diode
and a series resistance RS' This is further confirmed by measurement of the
small signal diode resistance RT at a frequency of 10 MHz, which is shown in

Fig. A.2. This resistance is equal to the sum of the series resistance R

S
and the differential resistance of the diode Rd = El-and should therefore be
'd
a linear function of (ilﬁ. Small deviations of the measured points from
D

the straight line for the 2P11 diode are apparent, but they are not for the
2P8-600 diode. This effect is probably connected with the negative differ-
ential mobility of carriers in GaAs in high electric fields. The doping
concentration of the 2P8-600 diode is three times that of the 2P11l diode.
This may explain why a similar effect was not observed in the 2P8-600 diode.

This effect should be further investigated as it can be strongly depen-
dent on frequency and diode physical temperature as well. Therefore it

could be of importance in understanding the behavior of mm-wave cooled mixers.

A.1.2. The Backshort Measurements

Backshort measurements were performed using the measurement set-up shown
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in Fig. 5 at frequencies of 152.8 GHz and 200.3 GHz. The maximum change of
d.c current flowing through the diode due to the presence of the microwave
signal was about 1%. Tables A.l. and A.2. summarize the data taken for mixers

(k) (k)

A and B, respectively. Each value of AB and Bo was computed as the mean
value of three results recovered from measurements at levels 1, 2, and 3 dB
below the peak of the curve. The number given in parentheses is the standard
deviation of these three results. The values of AV best describing the as-
sumed exponential form of d.c,characteristic of the diode around the given
operating point are also included.

Table A.3. shows the dependence of the signal power needed to produce

—TEEE = 0.1 on the diode bias at 152.8 GHz. The power levels given in the
B

Table are computed relative to the power level at I_ = 50uA. Similar measure-

B
ments were not performed at 200.3 GHz as the precise attenuator had not been

available at this frequency.

A.1.3. Mixer Measurements

The noise temperature and conversion loss of both mixers have been meas-
ured at 152.8 and 201.3 GHz using the hot-cold load technique. The R.F.
portion of the measuring set-up is schematically shown in Fig. A.3. for the
two frequencies. The mixer parameters are summarized in Table A.4. The
conversion loss LdB and noise temperature TMXR of Table A.3. have been correc-
ted for the R.F. losses in front of the mixers that are indicated in Fig. A.3.
and also for the reflection at the I.F. port. The modulus of the I.F. port
reflection coefficient lrIFI given in Table A.3. was measured through the
50/200Q transformer. The measurements at the operating point for least con-
version loss at 201.3 GHz have not been performed because of insufficient

pump power from the doubler.

The pump power necessary to pump the mixers at 152.8 GHz at the operating
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point where the least noise temperature has been observed, was about 0.25mW
for mixer A and 0.35mW for mixer B. For mixer A at 201.3 GHz it was about

0.3mW. This power 1s measured by replacing the mixer mount with a power met
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D.C. characteristics of the 2P11 and 2P8-600 diodes.
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TABLE A1

FREQUENCY |
Z’:;E AV 152 .8 QGiz| 200.3 GHz
CURRENT| - :
T, [mA]| [mV] ‘B 48 Bo AG
8 .5 | 0456 | 1328 | 0.38¢ | 2959
(a028) | (002) | (0.00¢ ) | (. 08)
5 70.5 | 0458 | 1.463 | 0355 |0 9%
f0.006) | (9.01)| (o 00¢) | (0,006)
{ To.5 |0.240 | 1753 | 0356 | 1093
(o 0’5:) (0.013') {o.oos/) ¢ 01{)
05 | 7105 0126 |2.133 | 0.39¢ | 1.20¢
. (0.034,) (. 0171 ) | (@o) | (0 00%)
0.2 | 1o.5 |-054% |2.808 | o582 | 1.446
(202) | (0033) | (000s)| (20%)
0.05 | 694 |-2.355 [27/9 | 1.249 | 1.722
’ (0035)| (0039)| (0035) | (2027)
002 | 690 |-2.918 [2.221 | [(.633 | 1724
(0. osz) (0. otg ) | (0025) | (vou1)
0.005 ¢7.9 -2.925 | 1.647 2,067 1.769
(0.033) (0045)| (0.016) | (0.020)
Table A.1. Summary of backshort measurements on mixer A

at 152.8 and 200.3 GHz.
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TABLE A2

FREQUENC Y
DIODE
v | av 1528 GHz | 200.3 CHz
CURRENT
| [mV] 3, 43 B, AR
S 72.5 | 125¢ | fhoc | 0904 | 0.9/
(0.025) | (0019) | (0.0:7)| (20m)
5 2.5 | 122y | 1.434 | 0.998 | 0973
(0.032) | (vot1)| (v.011) | (0.08)
1 72.5 1.199 17723 | 0.907 0.987
(0028) | (00us) | (0.083) | (0.029)
05 | 725 i t1.211 | 20u¢ | 0921 | 0.997
. (0.02¢) | (0.072) (0.025) | ( 0-0”0)
02 | 5 19 | 298 | t.2z0 | /.27
_(00u7) | (0097) | (6.022) | (0.043)
005 | 666 | [423 | 5.028 | (445 | 1.220
(002 2) (@021) | (voz 5) (0.020)
0.02, | 6.2 ' 1290 | 680 f 360 | 104y
(vos) | (0.0) | (o.0m) | (0.034)
0005 | 67.2, | -Q09 | &.49 1.362 | 0.947
(o.1) (0.024) | (0.034)
Table A.2. Summary of backshort measurements on mixer B

at 152.8 and 200.3 GHz.
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L.Oo. SOURCE

Ad.

STANDARD

MIXER 4,75 -GHz
BLOCK RECEIVE R
HoRWN COVPLER T-G
TBAND T- BAND ADAPTER
BAYTRON T™RG BAVTRON TOTAL LO3S - 1.9 o
0.3 oy .3 dn 0.3 o
N - BAND
(b ) Douster £ D ' ~
100/ 200 ¢
) Y- G
TRANSITION
D— L \x/ /?/v MIXER STANDARD
] ul1s-GHz
' <~ RLock QECEWVER
Horwn T-C ~ COVPLER
T-BAND AOWPTER G -BAND
BAYTRON  BAYTRON BAYTRON ~ TOTAL Loss - 31d8B
0348 ©03dR 2.5dp»

. Fig. A.3. The conversion loss and noise temperature measurement set-up used
at 152.8 GHz (a) and 201.3 GHz (b).
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APPENDIX 2.
COMPUTER PROGRAMS FOR DIAGNOSIS OF MICROWAVE MIXER MOUNTS

The computer programs described in this appendix were written in BASIC
for the H-P 9830A computer in connection with the development of the mixer
mount measurement method described previously. These programs can be divided
into two groups: programs that determine a mixer mount equivalent circuit from
measured data, and programs which compute the parameters of a given equiva-

lent circuit that are related to mixer performance.

A.2.1. Programs for Determining the Mixer Mount Equivalent Circuit
The equivalent circuit of the mixer mount used in these programs is showr
in Fig.3. As was previously explained, to find the elements of the equivalent

network of Fig.3 one has to solve a set of nonlinear equations of the general

form
.02
(k) o (k) _ : 12 (A.1)
AB - jB =y., -
o 11 ib (k) + + (k)
22 82 T B4
where RS
g,, = ReY +
11 g nz{R2+(mL )2}
s s
1 st
b,, = —={wC - ——— |+ ImY
11 nZ(P (wL)2+R2) g
S S
-R
81p = 2
12 n{? 2 + (wL )2
S s
wLS (A.2)

b =
12 n{g 2 4 (wL)?
S S
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Bro T T Bpo

wl

b,, =wC, - 8
22 d R 2 + L )2
s s
and
(k) (k)
84 -~ the differential conductance of the diode biased at Io
n - the ideality factor of the diode
K — Boltzmann's constant
T - absolute temperature
AV - V01 - V02 satisfying IO(VOI) =10 x Io(VOZ) and corrected for
the effect of d-c series resistance
Bo(k),AB(k)- the position of the maximum and the 3-dB bandwidth of the
Y S
ATl = £ Y| curve, respectively
G

The set of equations having the general form of (A.1l) can be solved
in many different ways depending on what prior knowledge, if any, of the moun
or diode parameters, is assumed.

Several programs solving this set are described in the following.
Although different in details, the basic approach to the solution is the
same for all of them. First, the set of equations is converted into a set
of real equations. Then it is solved by the Newton-Raphson method, to be
described next.

Given the set of equations

fl(Vl, V) ...vm) =0
£ (V,, V., ...V) =0

21 2 m (4.3)
fm(Vl, Vv, ...vm) =0
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one can present it in the matrix form

[«C] - [d (a.4)

where [V] is the column matrix of m unknowns Vl"'vm’
Some initial value of [V:I is taken, and every next approximation

to the solution is computed using, successively, the formula:

M, +1= M, * Y (A.5)

where [AVJ is the solution of the following matrix equation

[f([v]n)] + E([v]n)] x [av] = [0] (A.6)

and [J([V] n)jl is the Jacobian matrix of the form

ety
5v, &V, 8V,

[J([V]):l - . ) (A.7)
5%m SF_
5V, §V_

and evaluated for [V] = [V] 0

Therefore

M, =0, - [J([vn] )] x [f([vj n)J : (4.8)

It should be noted that, depending on the initial values of [V]

assumed, this method may not converge. Therefore, for the user's conven-

ience, every program provides a printout of the quantity

2
|

_ 2 2
E=ylel2+lg,l? + .. lE

(A.9)

at every step.
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Program in File O

This program solves the set of four equations of the following form:

2
(k) (y12)

d _oan(k) .
yll AB + JBO

@ - g22 (A.10)

It is assumed that the signal source is perfectly well matched to the wave-

guide, and therefore Yg = YG. Then only four equations are needed to find
n, Ls’ RS, Cp.

The diode capacitances are found from the following relations:

2
&) _ . (& "o (y;,) '
de = b22 + b12 Im 3 AB(k) T 13 ) + b12 (A.11)
11 o
Equation (A.10) can be rewritten in the following form
2 a2t 2, (k) ' ' 2, (k)
[g (by,) ][g n (4B YG)] 2b123["11 tn B, (A.12)

- [g + gd(k)] [g - nz[AB(k) - YG]]z + [bil + nzBo(k))2 =0

R ' wL '

S s 1
— T T b = b =wC -b (A.13)
RSZ + (mLs)Z 12 RSZ + (NLS)Z 11 P 12

where g =

The corresponding form of equation (A.1ll) is

\ 2. (k) 2 g 2 (k)
(k) _ —ng12{g - n (ABTT - YG)] " (& m )Py v BT o (A14)

2, (k) 2 ' 2. (k) 12
[g - n“(aBY’ - YG)] + (b, + 0B Y

de
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Equations (A.12) and (A.l4) in their normalized form (YG = 1) were actually
used in the program. The program listing and an example of the printout
during execution are shown on the next pages.

It should be noted, however, that on some sets of input data this
program did not converge well, or did not converge at all. It is possible
that in the presence of measurement errors in the input data, the set of
nonlinear equations does not have a solution.

In the printout example, the diode capacitance Cd for IB = 5mA

takes an unreasonable value. This is caused by the fact that for high

current, gd(k) is extremely large, which leads to

oQ
I

Y aZ@s - YG) (A.1

11 o

and therefore the first term in Equation (A.1l4) is extremely sensitive to

very small measurement errors.
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WEVEGUIDE DIMEMSIONS IH MILLS
FREQUEHCY= 152, 3805HT

I
]
w
—
[x]
m
1]
ay
N

CURRENT 1: I= S.00000 MA  DELTA Y%= 78.59 MY
By 18= 4,452 DELTA B-Y19= 1.4e7
CURREHT 2t I= @.50088 MA DELTA %= Va.5a My
Bu.1l= d.1z2e DELTA B-%Y19= 2.133
CURREEMT 3: I= Q.85088 MA DELTH Y= &3.48 ny
Ba-v18=  -Z.355 DELTH BrY19= 2.71%
CUREEHT 48 I= @,08588 MA DELTH W= &7,38 nY
Ba-vle=  -Z,325 DELTH B-Y1A= 1,647
IMITIAL YALUES:MWSKRE. IMDUCTAMCE= 8,118 MH  POST CAP.=  &. 20
RESISTAMCE= 25.88 0OHM TURMS ERTIO= @,34a
B, 185832331
H.A17TE14852
1.539221E-83
2. 4E353E-A5
B.Z23114E-23
FIMARL “ALUES

RESISTANCE= 27,83 OHM _ INDUCTAMCE= @.113 MH
POST CAPACITANCE= &.17 FF  TURNS RATIO= 9.37
DIODE CAPACITANCES:

C=-£B,42 FF FOR I= S,00088 MA
C= &.71 FF FOR I= @,50880 HMA
L= 3.%5 FF FOR I= @,05388 MA
L= 5.12 FF FOR I= 9.88588 MA
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Program in File 1

Perfect match of the signal source to the waveguide has been assumed
in the previous program. As explained in Section IV of the paper, this
assumption can be relaxed if the data for five diode biases are used.

But if one of the bias currents is large enough, so the diode differential
conductance is much larger than the susceptance of the diode capacitance,

the large current approximation, discussed in Section V of the paper, can

be used. The large-current approximation of Equation (15) is

2

(ylz)

@) (A.16)
g4

@ gp @y

Superscript (4) has been used to denote large current data. This

equation can be split into two independent equations:

2 2
) b, - 8
88*= g+ . @ (A.17)
d
and
2by,819
A S )
o 11 g (A.18)

It is now clear that only three equations of the form (A.10) have
to be added to (A.17) and (A.18) to form the set of equations from which
five elements (n, Ls’ Cp, RS, Gg) of the equivalent circuit can be found.
This is done in the program to be described.

Equations (A.17) and (A.18), with the help of Equations (A.2) can

be rewritten as

'\2 2
@ _ o 4 T ¢
8B =G+ 2 g+ gé4) ] (A.19)
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and 1 ' ' 1 '
—Bo = bll = ?[pr - blZ] = 7 bll (A.20)

vhere g, b L, re given by Equations (A.13). The finite g,*) has

L
11° and b
a much smaller effect on the input susceptance than on the input conductance;

this effect has been entirely neglected in Equation (A.20). It should also

L
be noted that the post capacitance CP now also contains the imaginary part

of the admittance presented by the source. Now Gg is found from Equation

(A.19) and substituted in Equation (A.12) to get

2 2
' g - (b)) 1 '
[gz - (blz)z] [ ————;:7%%—— - P - AB(4))n2] - 2b 80k, + '8 1))
d
2 _ ' .2
g - (b ) 2 ' 2
- @+ g, —a— - @p® - ap®ya?|" 4 [bll +a?8 7 -0

4
(A.21)

Three equations of the form (A.21) and Equation (A.20) are then solved

]
for n, g, b12, bll’ i.e. for n, LS, Cp, Rs' After this is done, diode capaci-

tances C (k) (k =

d 1,2,3) are found from Equations (A.14) with Gg replacing Y

G
The listing of the program and an example of the printout during ex-

ecution are shown on the next pages. For reasons mentioned in the previous

section, this program did not converge well for some sets of input data.
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WAVEGUILDE DIMENSIONS IW MILLS A= S1.8 E= ©.4

FREQUENCY= 152.8BGHZ

CUREENT 1: I= 8.06508 MR DELTR W= &7V.5
a

Il Ju]
acx ]
=
=z

Bo-Y1le= -Z.325 DELTH BsY1B 1.647
CURREHWT 2: I= B&.65688 MA DELTH ¥= &3.48 MV
Bo-Y1@= -2.355 DELTA B-Y18= 2.71%9
CUREENT 3: I= B.SEGUU MA DELTH %= 78,58 MY
B@-Y18= .18 DELTR EB-Y1l8= 2, 133
HIGH CUREEMT 4: I= 5. HBGBH MHA DELTH W= 7B.58 MY
Ba-v1e= @.452 DELTH B-Y1@= 1.4867

INITIAL YALUES:WSKR.IMDUCTAHWCE= ®.116 HH POST CAF.= €.28 F
RESISTRHCE= 25.88 OHM TURNS RATIO= ©.%9%@

B.1180820638
H.815067587
1.3889%: 3
B DZEEE
1 I
FIHHL ”HLJESﬁ FESISTHHCE= 29.7& OHM INDUCTAMZE= @.188 NH

POST CRPRCITANCE= #&.8& FF  TURMS RATIO= ©.89
HOUFEE MEWE= 1.89
DIODE CHPACITHNCES

C= S.44 FF FOR I= &.08568 MA
C= €.48 FF FOR I= 0.05000 MA
C= 12.11 FF FOR I= @.5@865 MA
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Program in File 2

This program is a simplification of the program in File 0. Both

G

approximation are assumed. This program therefore solves a set of four

perfect match of the signal source, i.e. Y, A = Gg= Yg’ and the high-current

equations: two equations of the form given by (A.12), Equations (A.19)
and (A.20).

The listing of the program and an example of the printout during
execution are shown on the next pages. No case of poor convergence of

this program for the experimental data for mixers A and B has been observed

WAYEGUIDE DIMENSIONS IN MILLS A= S1.8  EB= ©.4
FREQUENCY= 152, 8GGHZ '
CURRENT 1: I= @,38508 MA  DELTA Y= &7.9@ My
BO-Y1B= -2.325 DELTA B-Y1G= 1,647
CURRENT 2: I= @.@5@@8 MR DELTA Y= 6%.4@ My
BG-YiG= -2,355 DELTA BoYi@= 2,719
HIGH CURRENT 3: I= S.08008 MA  DELTA Y= 7G.54 My
BBCYID=  @.4585 DELTA BoY1B= 1,467
INITIAL YALUES:WSKR. INDUCTANCE= ©.116 NH FOST CAP.= 6,68 FF
RESISTAMCE= 25.88 OHM  TURNS RATIO= &. %@
BB 1ES3369
3. B1SE2E193
7.01EEEE-04
1. 3431 7E-RS
1. SEUESE-QE
1. 17ESZE-B7
9, 2E3H1E-A2
FIMAL YWALUES: RESISTAHCE= Z6.18 OHM  INDUCTAHCE=  ©.112 MH

PHST CAFRCITAMCE= &.58 FF TURHS EATIO= Q.23

24 FF FOR I= ©.80588 MA
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Program in File 3

This program employs further simplification of the problem. Not only
is the signal source assumed to be perfectly matched, but also the diode
capacitance for each bias is assumed to be known. Thus, the complex diode
admittance gd(k) + ijd(k) is assumed to be known for every diode bias. As
the embedding network consists now of four unknown elements, Cp, LS, RS, n,

only two measurements are needed to determine them.

The program solves the two complex equations of the form

(k)
R + R
®) ., (k) 1 d s
AB - jB = Y +
o g 2 (k) 2 (k) 2
n (Xd + XS) + (Rd + RS)
X (k) + X
iR —m 2 (4.22)
P Xy 0+ XD+ RS +R) :
where
B R gd(k)
X = uwL, = wC_, = ’
s s’ p p’ d (gd(k))Z + (de(k))z
de(k)
X, = - (A.23)
T g™+ e, M2

The program listing and an example of the printout during execution are
shown on the following pages.
No case of poor convergence of this program for the experimental

data for mixers A and. B has been observed.
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WAVEGUIDE DIMENSIONS IN MILLS A= S1.@ E= &.d
FREQUENCY= 15&.88GHZ

LOW CUREENT 1: I= 9.88388 MA DELTAR V= &7.2@ MW
BO-GlB= -2.925 DELTA B<sGlB= 1.647
CAFACITAHHCE= S.24 FF

Lk CURREENT 2 I= @.035888 MA DELTR Y= €9.48 MY
BosGlo= -2,355 DELTA BsGle= 2,719

CHFACITHHCE= &.18 FF
INITIAL MALUES:WSKR.INDUCTANCE= B.118 HH Pz
FESISTRHCE= ZS5.08 OHM TURHZ EA
R.OSFZET282
3.87V774E-84
E.l"”"' E-B6
2. 24e21E-12
I

FIHAL VALUES: RESISTAMCE= 2&.16 OHM IMDUCTAHCE= ®©.113 HH
FOST CAFACITANCE= &.352 FF TURNS EATICO= B.3%
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545, =0I18d SHANL, S€2 8 JWMHD . ¢2°34% ., =3JHHL5I1534. $4¢T Lukand
Héd{a2+ s ST> JLI4M
Hed LNdHI
§.=0I1HY SHANL ¢ *S34:53NTHA " TLNI., 451
HH  $2°34%  =30HBLININT "¥ASH 233N A IBILIND, LHWAE04
d8qcachsaTy 3LT4M
357 LNdHI

="482° 1504 ¢ “IHI A4S NG " TAHT. 4510
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1-12=
IH3 833 ZW-23-=
o A6Z 0LN9 353 W 29=
2°54¢.=0I1B4 SMYNL 44 .¢2°24¢,=3INHLIOH4HD 150d. S¥bT LIHWAD4 93
L _ . N¢2¢Bp3¢ST) 3LI4M BES TW-13-=1%
WHH L8202 49 =3ONELINANT . SHESLHHO L $2°94¢,=30HHLS1534 153784 THNIL. LHWHE04 923 TH-19=14
T44COZZ6STY ILIYM B3 Z41+2419=TH
. [#1A/T=H DS 1H-90-3T+K*22=23
20-3T=ND/TH#[ £ 1A=2 P62 #1
T8/ 210=4 982
CTH=WD 20T 1A= B2 CTH#IA) ~92 AT
g1s 0109 89, CTHETA) #92 B3z
-4=h LHW 8BS *LT /(A TEHET A AER+ITIRT 1) - A5
d*r=0 LYW Bbs w33 . ¥Z7349.=3INYLIIHIHI. Bt2
CFIANI=P LHW BgL |z
(LZIA+ZH#[ P 1A*2=[ i+ 1" BIL z ) RZZ
9=[25¢ 1" BTL WAH L EZTBdY =n HLTTL SHT . HW L5546 .=1 12 LNINHEND MOT. a12
(LZ1A+2)#2252-23L P IA=L( 20 I BBL ZASTICBTZ ST dAM A3
CLTIA+ERI#22+2-=[ 1¢H I 063 SIIZZETACTASTT LNHI 96T
(L2IA+Tad)*0 b 1A%2=[ b I B33 $.=7dH)V=3 BLIITEISAELIATS T2 LNIANNI. J4510 93T
B=[L€ I B3R wdd LS2°249,=3INBLIDHAEI. SHTT 1HMHE0d 841
(L2IA+TAI*TZ2#2-Z4L P IA=L 2 € I 9I3 12¢@2T55Ty 3LIAM @37
(LTIA+THI*T2%2-=L 1¢€ 1" BS2 €7244,=019,3 HLI30., SKT 2 244.,=019-93. ¢X1T LHWADS BST
T2/ALZIN+2AI*LCIAN£L 102 2-=[ F 2 I Bb2 TZ5TACASTSSTY JLIdN avl
2Z/(L2IA+2M)#24L P IA-=[ 221 AL Wil L EETRA0,=A HLTITL 6HE S, M L S5t34%.,=1 T LN3&dNI MO7. LHWE04 82T
EZ/CZA+LE 1A% P INY-=[ 2421 B2 TASTICAET STy 3LIAM A1
1=[1¢21" 912 TASTZSTACTASTI LNJNI ATT
T2/CLZIA+TEY %[ € 1AL b In22-=[H<T I D03 §.=°452°9 H113TS@ISABLIIAST T LNINENI. 4510 @81
12/CLZ2IA+Ta) %24l P IA-=[EST I 865 1 545, =3, ¢xpsT 945, HSEL3TTIN NI SNOISHIMIT 3TINDIAHM. LBMH04 B6
12/C¢TA+LE 1A% P IAI-=[ 2T I" B33 LZHDL $Z2°44¢, =0 DHINAT S, LHWH04 83
T=CT¢T 0 929 T4¢A3¥STy FLIAM @2
844 NIHL 30-3TXC24L b 14+24L €14+T4L 2 I4+24L T1HHDS 41 93¢ Td LNdNI a9
(UL 14+240£14+240214+240 T 1404DS INIdd 955 f.= AININD3IYL4. dSIT 8%
(24 IA+TUI+2LC0 T IA+2H) I 222 CLZ1A+282 240 1A=L + 14 B3 FEH(BESSTy ILTAM of
T (UL IATAIHSUCL T IA+THI 2% T2-CL 2 1A+ Tad 224l b 1A=L £ 14 OF g4 LNdNI 8=
S2/CL21A+28)#CZA+L € IA%T4L P 1A -L T IA+2K%=[ 214 823 £,358 STTIM NI SNOISNIMIT 3JTIND3AEM. 4510 52

12/C021A+THr *CTA+LE 102240 b IA)-L T IA+TX= nnuu a1s [PITSCEINCHePITSLPId WIT BT
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Program in File 4

This is a simpler version of the program in File 2. The signal source
is assumed to be perfectly matched, the transformer turns ratio is assumed
to be known, and the high-current approximation is also used.

The program therefore solves a set of three equations to find RS, LS,
and Cp. Two of the equations have the form given by Equation (A.12);

(k)

the third is Equation (A.20). The diode capacitances Cd for the two
smaller currents are then found from an equation of the form given by (A.14).
The program listing and an example ofythe printout during execution
follows.
No case of poor convergence of this program for the experimental

data for mixers A and B has been observed. This is the program that was used

in the computational procedure described in Section V of the paper.

WRYEGUIDE DIMENSIONS IH MILLE R= S1.8 B= &.4
FREGQUENCY = 152.88GHS

TEANSFORMER TURNS EATIO= &, 98

CURFEMT 1: I= @.88588 MA DELTR W= €7

[xx]

L9E MY
BA-<Y1@8= -2,.9%25 LELTH EBrsYlgo= 1.647
CURREHT 2: I= @&.,85080 MA DELTAH W= &9.48 MV -
Bo-Y1@=  -2.355 DELTA B<Ylas 2.719
HIGH CUFFEHT 2 I= 5.088608 MA Bb= g, 455
IMITIAL WALUES:WSEE. IHDULTHHIE“ B.118 HH POST CRFP.=  £.:28 FF
FESISTARMCE= 25.00 OHM
f.a951930812
2. 34324E-B3
2. E7VIEEE-AT
Z.ERSSSE-11
FIHAL YHLUES: EESISTAMCE= 25.21 0OHH IMDUCTHHCE= ©.111 HH
FOST CAFPACITAMCE= £.5&8 FF
LIONE CAFACITAMCES:

= 5.33 FF FOR I= @.80508 MA
= &.18 FF FOR I= &,85888 MA
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A.2.2. Programs for Analyzing Mixer Mount Equivalent Circuits

The programs described in this section were used for analysis of the

properties of the mounts once their equivalent circuits had been established.

Program in File 5

This program plots the AI = f(YBS X ZG) curve for a given equivalent
circuit. It assumes that the signal source is perfectly matched to the
waveguide. It can therefore be used for checking the agreement between the
measured points and the curves computed from the equivalent circuit. The
determination of the equivalent circuit is always based on the assumption
that the backshort and its containing waveguide are lossless. This program,
however, allows both of these losses to be taken into account. The user
can specify the attenuation constant of the waveguide (in nepers/mil) and
also the backshort series resistance. This resistance replaces the short
circuit in the model and therefore can account for the losses in the back-
short itself. The analysis can be performed for the backshort assuming posi-
tions within the range {(k—l) A%) k-kg}, where k is an integer specified by
the user.

The minimum transducer attenuation is computed for every curve. This
is defined as the ratio of power delivered to the diode incremental conduc-
tance to the available power of the generator, having internal conductance
equal to the waveguide characteristic admittance. The minimum transducer
attenuation corresponds to a peak of the AI = f(YBS X ZG) curve. For com-
parison, the minimum transducer attenuation for the loss-free case is also
computed.

The program listing and an example of the printout and plot during
execution are shown on the following pages.
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WAVEGUIDE DIMENSIOWS IMW MILLS A= 51.8 E=
FRERBUEHCY= 152.808GHZ

FOST CAPACITAHWCE= €.83 FF MWHISKER IWHDUCTRHCE= ©.

TRAHSFORMER TURNS RATIO= @.9@

CURREHT= B8,8%88MA DELTA Y= &9.468MY
CAPACITAHMCE= ¢&.23 FF RESISTAWCE= 24.9%@ (OHH
WMAYEGUIDE ATT. CONSTANT= . 1.988E-84 N-MIL
DIDDE-ES.DISTHHCE IH HHLF-MH?ELEHGTH= 1

EACKE SHORT SERIES RESISTRHMCE= ©.88 OHM

MINIMUM TEAHSDUCER ATTEWUATIONCLOSS FREE CHZEN=

4

Ty

1168 HH

2. 2950k

MIHIMUM TRAWSDUCER ATTEMUATIOWCLOSSY CRSEX= Z.o2ele

CURRENT= @.8508MA DELTA Y= &9.46MY
CAFACITAMCE= &.23 FF RESISTAMCE= 24.98 0OHN
WRVEGUIDE ATT. COWESTAMT= 1.B808E-84 H-MIL
DIODE-BS.DISTANMCE IHW HALF-WAYELEHGTH= 1

EACK SHORT SERIES RESISTHAMCE= u.EB OHM
MIMIMUM TRANSDUCER ATTEMURTIOMCLOSS FREE 'H’E*‘
MINIMUM TRANSDUCER ATTEMURTIONC LDﬂbY CRSE>»=
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Program in File 6

The program in File 6 is the version of the program in File 5 for
the case of a lossless backshort and associated waveguide. It is therefore
much faster. The program listing and an example of the printout during ex-
ecution are shown on the following pages. The plots generated by the progr:

are of the same form as those for the program in File 5.
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WAVEGUIDE. DIMENSTONS
152, 88GHZ

FREQUENCY=
FOST CAFACITANCE=
TRANSFORMER TURNS
CURRENT= 5,080660 MA
CAPHCITRNCE= 28, b6
MIHIMUM TRANSDUCER

CURRENT= 1.,0868 MA
CHPARCITAHCE= 14,45
MIHIMUM TRANSDUCER

CUREENT= @.S888 MA
CAHFACI TANC E" 18,13
MIHIMUM TREAHSDUCER

CURRENT= 8. z888 MA
CHFACITAHMCE= &,82
MINIMUM TRAWSDUCER

LUFFENT— B 3 qaly) HH

NINIHUN TRHHLDULEF

CURRENT= 4,8z288 MA

FEATIO=

IHN MILLS A=
€.63 FF
8.949
DELTH VW= 78.58
FF RESISTHHCE=
ATTEHUATION=

21.6
WHISKER

My
24,968 COHM

TarralB

DELTA Y= V@.58 My
FF  RESISTHHCE= 24,96 0OHM
ATTENURTION= 2. 924DE

DELTH V= vV&.58 MV
FF RESISTRHCE= 24,98 OHM
ATTEHURTICOH= 1.92elE
DELTH Y= 7VH&.58 MV .
FF  RESISTAMCE= 24.9@ OHM
HTTEHUARTION= . TIIDE
DELTH %= &9.48 MY
FF  RESISTHHCE= 24.9%@ 0OHHM
HTTEHURTIOH= 2. 295Dk

DELTR Y= &%.98 MY

CHFACITANCE= S.&87 FF RESISTAMCE= 24,98 OHM
MINIMUM TREAHSDUCER ATTEMUATIOM= ~ 3.452DE
CUREENT= 6.06568 MA DELTA Y= &7.98 MY
CHFRACITANCE= 5.34 FF RES IJTHHCE— 24.98 0OHM
MIMNIMUM TRANSDWCER ATTEHUARTIOHN= . 165Dk
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1L1

36
4@
58
69
e
SE

IGU
118
120
138
148
158
166
176
186
196
zaa
218
228
238
248
258
260
2va
280
2960
200
51@
538
348
256
288
are
386
296
480
416
4z0
430
440
456
460
476
4c8
490
See
S10
S2e
536
S46

SCALE -16:18.841
SAHEIS 8.1
YARIS 8.0.065
DIM ML261 1sFL2B11 ]
DISF "WRWEGUIDE DIMENSIQONS IN MILLS RsB";
IMPUT RsE
WRITE <13s2100A:E
DISF "FREGQUENCY ="3
INFUT F .
MRITE (15:180)F
DISF "POST CAP.s MWSKR.IND,.=
INPUT C2sL .
WRITE C135s:19682C2sL
DISF "TRANSFORMER TURNS RATIO="}
INPUT K
NRITE (15,230)K
FORMAT "CAFPACITANCE=":F€.2:" FF RESISTRHCE="2FE.2+" OHM"
FORMAT "FREQUENCY="sF7.2: "GHZ"

FORMAT "POST CAPACITANCE=":F&.2s" FF WHISKER INDUCTRHCE="

FORMAT "CURRENT="sF?.4s" MA DELTH V‘"-FS.-:" My

FORMAT "WAVEGUIDE DIMENSIONS IN MILLS"sS¥s"A="sFS. 14K "E="

IISF “"CURRENTsDELTA ¥="3

FORMAT “TRANSFORMER TURNS RATIO=")F5.Z

INPUT IV

WRITE (15:200)1,v

IISP " DIODE CAF.RESISTANCE="}

INPUT C)R

WRITE <15:178)CsR

E1=2+PI%F*C*1E-06

N1=Z%PI%F*L

B2=X1/(RTZ+X112)

G=R/(RT2+X112)

E3=B1-BZ

Gl=1#2.3026-Y
B4=(E3#(B212-GME)-2%G¥B2* (G1+G) )/ (BIT2+(G+G1 112D
Z1=376, 734B#2/ (A*SARC1-(1, 181 1E+04- (F¥AE2) 2120 4K12)
R1=G1/Z1+G*(1/21+G1)+B212-B4+E3
11=E4%G1+B3/21+G* (B4+B3+2%E2)
P1=-10%LGT(4%G1%(GI2+B212)/(Z1#CRITEZ+I1TE) 1Y
WRITE ¢15,418)P1

FORMAT "MINIMUM TRANSDUCER ATTENURTION="sFg.%s "DE"
BS=2*PI%F%C2%1E-06

R2=G1/21+G%(1/21+G1)+B212

FOR I=1 TO 201

Y=—1@+CI=1)%8, 1

ML I 1==B2+Y/21+ES

R3=R2-M[ I 1%B3

13=M[ 1 J%G1+B3/21+G* (ML I 1+B3+24E2)
PLIJ=CRIT2+I1112)/(R3M2+I312)

PLOT YsP[I]

NEXT 1

PEN

GOTO 220

END
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Program in File 7

This program allows the influence of the embedding network on the
mixer conversion loss to be predicted. It is known from ideal mixer theory
that the Y-, Z-, G-, or H-type mixer with a short-circuited, open-circuited,
or résistively—terminated image-frequency signal presents a certain resis-
tance RRF at signal frequency, which value is dependent on the characteristic
of the nonlinear element, pump power level, and type of mixer. For a given
type of mixer, the value of RRF can be predicted from measurement of the
resistance RIF presented by the mixer at I.F.

The program in File 7 computes the minimum transducer loss (with
respect to the backshort position) for a given embedding network, frequency,
and ideal mixer R.F. resistance RRF' It assumes that the signal source is
perfectly matched to the waveguide. The loss component due to the reflection,
the optimum position of the backshort, and the impedance Zp = Rp + jx,p
presented by the outside circuit to the ideal mixer at this backshort position,
are also printed.

The program listing and an example of printout during execution follows.

WRAVEGUIDE DIMENSIDH IN MILS A= S1.0 BE= &.4

FEEQLIENCY: STRRT= 158, 00GHT S5TOF= 166,06 DELTA= 1.88GH?
IDEAL MIYER RF RESISTAHMCE= 208.0 OHHM

INDUCTRMCE= ©.118HH CAFRACITANCE= S.18FF

DIODE RESISTHAMCE= 24,90 0OHHM FOST CAFRCITAMCE= &.60 FF
TRAHSFORMER TURMNS RATIO= @.90

FiGHZ» F TRAHCDE: F REFCDE EFCOHM AR COHM BEZCMIL
158, 98 3. 55 B.13 252,55 I S| 14,5
151.084 B, eSS B.13 20@. 54 1,28 14.4
152, B39 B.E5 #.13 248,68 25 14,3
152,80 B, 65 B,12 246,71 o 14,1
154. 68 B, 85 B.12 244,87 ia 14.6
1535, 88 8,85 B, 1z 243.@? Y 12,9
1-h.85 B.53 H.12 241,32 g 12,5
157. 088 0. &5 11 :JH 35 5] 13.7
1535, B B. 585 .11 2. = 13,5
15%. 088 B.6E6 B.11 S20.82 12.4
166. 68 8. 66 @.11 234,694 -321.58 13,3
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DA

il
o

IO S U W RO BRlN B S ¢ I NN I O I o IR o I S e ¢
DD DU A

Lo Lo B D00 D00 000 Do e 0 D00 Do e 00 P P T

[ K]
AR

ISP "WAVEGUIDE DIMEMSIONS IN MILS AsE"S
INFUT AsE

WEITE C13+s110XANE :

ODIZF "FREQUENCY:STARTsSTOPsDELTR"S

IMFUT FlsF2sF2

WEITE C1S+QB8)F1sF2sF2

FORMAT " INDUCTANCE="sF&,.3s "HH" s 23Xy CHPHCITHHFE— s FEL 2
"FOST CHFPAC
1FV. 2y

FORMAT "DIODE RESISTANCE="sFE&.2s" QOHM"3s 3

FORMAT "FEEQUENCY: STHRT="sF7.2s "GHZ" s Sy "STOF="

FORMAT "IDEARL MIMER REF RESISTRMCE="sFT. 1-"
FORMAT "WAVEGUIDE DIMEHSIONS IH MILS" 5%, "
ISP "IDEARL MIXER RF RESISTAMCE":

IHNFUT RS
MREITE (15+1882FES
DISF "WSkER. IWD.s DIOQDE CAP.=

IMFUT LsCC
WREITE (15+7AXLsC
DISPF "DIODE RESISTAMCESFOST FHFHEITHHIE—
IHPUT RsC2
WREITE (1S+8R0RsC2
LISF "TPHH FOREMER TURHS RATIO="S
IHPUT l
WREITE (15+2403EK
FORMAT "TRAWSFORMER TURHS RATIO="sF5.72
FEINT " F{GHZ> P TRAHCDE F REFCDIE
MI=IHT((F2=-F1asF2a
FI1=F1-FZ
FOR M=1 TO M1+1
F1=F1+F3&
81=E*PI*F1*C*1E—BE

HWl=2#PIxF 1L
Eb- AR TEHEN1ITED
G=RsCRTZ2+81120
Ez=B1-EBZ
G1=1-FES
L2=Ltz2-E2t2
Ga=G1+6G
l:.l—l_, T +E 2
Bd=(-B2*02-2+G*BE*5301-535
A2=SRR{1-C1.1S11E+B4 - (F1#A%2 33120
A1=R*A2*k12/(37E. TI*E*2)
G4=A1+5
LGE=G41T2+E412
F1=G1#A1+G*G4+B21t2-B4 =B
I1=E45G1+E2%A1+GC*(EB4+B2+2*E2D
Fl=—10#L0T{4401 %A1+ (GtE2+E2t20 < CR1T2+ 11200
F2=G-(L2*#G2-2+BE2*B3%G) G5
S1=-10#LGT(1-{CAI-RE)/{A1+RZD ) 12)
F2=G-(G2*#G4-2*G*EZ2*EB4 ) /GE
[3=B3+(B4#G2+2%G*E2+G4 ) /GE
Y=B4+B2-2%PI*F1*C2#1E-8¢
L1=1.1811E4+084/CAZ*F1)
Y1=ATH(-A1-Y>

2468 La2=Y1#L1-(2*PI)+(1-SGHuY1 %L 174

2598 MRITE (15sS603F1sF1S1s1-REs—1-I3sL2

BB FUORMAT Fr. 2y dRsFr. 2 GlsFr. 29452 FS, 2s 2 FO,
S78 HEST M

88 EHD
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Program in File 8

This program computes and plots the transducer attenuation of the em
bedding network for a given frequency and ideal mixer R.F. resistance versu
position of the backshort. It allows the positions of the backshort to be
fou&d at which good SSB or DSB performance may be expected. The program
assumes that the signal source is perfectly matched to the waveguide.

The program listing and examples of the printout and plot follows.

WAYEGUIDE DIMEMSIONE IN MILS A= 51.8 B= &.4
IDEAL MIXER RF RESISTRAMCE= 286,88 OHM

INDUCTAHCE= @.118HH CAFACITAHCE= 5. 18FF

DIODE RESISTRHMCE= 24.%@ FOST CAFRCITAMCE= &.88 FF

TRAMSFORMER TURHS REATIO= @, 9@

EACE SHORTCMILS):STRRET= @.a STOF= 280,08 IELTR= 1.
FREGQUEHCY= 136, BBGHZ

MINIMUM TRAHSDUCER ATTEHUATIOHN= a.647 DE

[an]

FRERQUENCY= 155,88G0HZ

MIHIMUKM TRANSDUCER ATTEHUATION= d.e252 DE
FREQUENCY= 1&8.08GHZ
MINIMUM TRAWSDUCER ATTEHURTIOHW= 8.565 DE
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Program in File 9

In some cases it is interesting to know if there exists a position

of the backshort for which the embedding circuit presents a real impedance

to the ideal mixer; the value of this resistance is also of interest.

This question is examined by the program listed,with an example of

the printout during execution, on the next pages.

The available attenuation

of the embedding network is also computed for the position of the backshort

that is found.

WAYEGUIDE DIMEHSIONS

IN MILLS

FEERUENCY: STHRT= 158.8080GHS

INDUCTAHMCE= ©.116HH
RESISTHHCE= 24, 9600HH

CHPACITHMCE= 35

FOST CHPACITHANCE= €.c28 FF
TEAHSFORMER TURNS RRTIO= @.38

FoGHE F1COHMY
156, ba A-RF NEWEFR
155. 648 “-RF HEWER
led, @@ a-RF HNEYEER
165, 8@ “-RF HEWEE

e, B8 w—RF HEWER
: 231,582
295,34

SE3.35

442, B2

— e
Ao 00 0 -

o R S N

,.,.,.
DI ORI x|
O O T

v
L

—t = =

00 U0 L0 T G0

Fi
EGLAL
EQUAL
EGJAL
EQLUAL
EQLAL

H=
STOF

(DE?

TO ZERO
TO ZERD
TO ZERO
TO ZERC
TO ZERO
.54

18,19
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145,12
145,87

PzCDED

[l G G0

e

iy o 00 100



M FI3B 1 BL38s2 1 CL38:2 1 HI 382 15 FL 20, 2]
SP "WAYEGUIDE DIMENSIONS IHW MILLS A.E"3
IFUT AsE
(ITE €15, 1202AE
P "FREGUENCY:STHRTsSTOFsDELTR"S
IFUT F1sF2sF3 '
'ITE (155188)F1,F2.F3
IERMAT “INDUCTANCE="sF&.3x "HH" s 3« "CAFACITANCE="sF5.2s "FF"
IRMAT "RESISTANCE="sF&.2x "0OHM"
ORMAT "FREQUEHNCY: START="sF7.2y "GHZ"sOXs» "STOP="sF7.2s Sy "TIELTH="sF¢
"ORMAT "FUOST CAFPACITANCE=",F&.2:" FF"
"ORMAT "WAVEGUIDE DIMENSIOHWS IHN MILLS" S8y "HA="+F0. 1148 "B="+FS.1
ORMAT "TRANSFORMER TURNS REATIO=".FS5.2
1ITSF "WSKR. IND.s DIOQDE CAP.="3
‘HPUT LsC ‘
IRITE (1Ss8@3LsC
1ISP "DIODE RESISTAMCE="
HPUT R
IRITE (1S:302R
ISP "POST CAPACITANCE="
[MPUT C2
IRITE (15!11@3C?
ISP "TRAHSFORMERE TURNS RARTIO="
[HFUT K
{EITE (15 1380K : '
*RINT "FOGHZ2 "R1ICOHM) F1oDE> R2C0OHM? F2:DE
N=IHTCCF2-F12~F32 ’
OR M=1 TO Mi+1
THMI=F1+{M=-1>%F3
H1=2+FI*FIMI«C*1E-BE
=E*FI*F[N]*L

=l A(RT2Z+K112)
3 P (R1r2+¥1422
aA—Bl-BE

1)

-

I1=376. PO¥B*2-(A*SORCI-C1. 181 1E+B4 - (FIM A2 220 k120
5=L*FI*F[M]*C’*1E B

N=cB2t2-Gr2012-4*B3* (B3xiG+1 -1 1 12-2#B2#G*(G+1 /210
[F Di<{e THEN 498

-OF H=1 TO 2

LMy H)I=CGrE-B2t2+ (-1 2 tH*SAR DL D 2 2 I 25B30

-LMyH1=BLMsNI-BS+BZ

AL M HI=G-((Gr2-B2t2i#(G+1-T10 -2 *E-*E[H!H]* SCCEHL-ZL0T2+BIMs It T
“1=HIMyN1-21+G# (1 /2Z1+HI M H 12 +EE 2B M H]*B‘
[1=BE[MyNI*H[Ms NI+E3/21+G# (Bl MsH I+E3+2*E2)
“THMaHI==10%LLGTC(A*HI M NI# CGT2+B2120 /(21 #(RITZ+I1120 00
HERT M

ARITE ©15:5202FCMIs 1 HIMs12sFPLMs11s1 HIMsZ2]FIMs2]
J0TO 5068

ARITE (1SsS1@>FLM]

1EXT M :

“ORMAT F7.2s " »-RF HEVER IS EQUAL TO ZERO"

:g§MHT F7.210KsF9. 2368 F7.2:5¥sF9.2+65:F7. 2

=t

)
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Program in File 10

(k)

During experiments aimed at determining AB and Bo

(k)

for a given
mixer mount and diode bias, the increase in the diode current AI and positio
of the backshort are usually recorded. This short program allows this data

X ZG) coordinates. This is of some help in deter-

A
be plotted in (K% , YBS
max

mining the presence of large measurement errors, which make the curve

(k) (k)

asymmetrical. It can also increase the accuracy of the AB and B0

measurements by graphical averaging. The program listing is shown below.

18 SCALE -10218:@,1

28 HARIS @11

28 YAXIS @0, 05

48 DISP "HALF-WAVELENGTH IH MILLS="j
58 INPUT L .

€@ DISP_"DELTA I MAX="j

78 INFUT I

§8 DISF “DRIFT="}

968 INFUT ¥

166 FOR I=1 TO 288

118 DISP “"BACKSHORT FOSITION="j

128 IMPUT &

138 DISF "DELTA I="j

148 IMPUT A

158 PLOT =1/TAM(PI#3-L3 s (R-S#HsL 30T
1668 IF S:L THEN 15@

176 PEN

186 HEXT I

198 ENI
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b a0 ) O O O ) D

Fod = 7

LISTING OF BACKSHORT ANALYSIS TAPE

3 2EEE 1791 18 6@ @
3 ZERE 1955 18 1868 G
c ZERE 1543 189 353 @
3 CEEE 14088 18 260 @
3 ZEEE 1530 18 553 O
3 1568 1214 18 350 @
o 1608 736 18 540 @
3 1GE0 SEE 18 S50 @
3 16080 812 18 650 @
3 1880 911 18 S39 @
e 5@ 141 1@ 199 @
c ZSEE 1951 18 1836 @
i T I g @
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