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Note that in either the Iossy or lossless

case a single arbitrary point inside the image

circle is all that is necessary to colm pletely

calibrate the junction provided the corre-

sponding ZL is known.5 However, a pure re-

active termination is often more convenient

and only two \,alues are necessary (other

than the point XL= m or 1’~=1’~’= +1) as

pointed out in Section III of our paper.
IYeither of these examples utilizes the tech-
nique of the cotangent method discussed in
Section IV which is one of the most prom-
inent features of the paper, particularly

when dealing with Iossy structures. It pro-

vides increased accuracy brought about by

plotting a mean straight line from data cor-

responding to several reactauces at the out-

put port. Also note that in the Iossless case

of example 5, the calibration and solution
are completely analytic when the original

data are taken as absolute and the reference
is chosen properly so that Z,. = ZL’.

Stock and Kaplan also maintain that our
method is less useful. Since they do not

elaborate further we are unable to remark
without specific examples. Lk’e do want to

clearly state that although we do not claim

our method to be a cure-all, the best, or any
terms of such superlatives, we do believe it is

a convenient, useful and accurate method

of calibrating a junction.

Lastly, we acknowledge the typographi-
cal error and omission in our paper and

agree that footnote 15 should read:
“The necessary and sufficient conditions

for positive reality is that R,, >0, or R,, > O
and RUR.U—RU2 >0 . . . .” W’e also agree
that the “Hyperbolic Protractor” booklet

should have been mentioned in our refer-

ences.
R. MITTRA

College of Engrg.
University of Illinois

Urbana, Ill.

R. J. KING

Engrg. Experiment Station

University of Colorado
Boulder, Colo.

~ The iconocenter is a speclaI case and corresponds
to ZL =ZOL Deschamps has gone to great length for
devising methods of constructing this point.

Mesws. Stock and Kaplan’s Reply’

tVe are most deeply indebted to ilfessrs.
Mittra and King for their worked out

examples comparing Deschamps’ method
with theirs, as well as for pointing out mis-
prints in the hyperbolic protractor pamph-
let. The object of our note was not to imply
that the M ittra-King method should not

ha~-e been published, but to point out that it
is one among many equally valid and simple

techniques for two-port calibration. Specifi-
cally, it is an alternate method to that of
Deschamps for some problems. The choice

of a given method is subjecti~e, and while
we realize the linearization technique ap-
plied to the determination of two-port input
impedance and to the Ik’eissfloch method is a

QReceived June 12, 1962.

contribution, we feel that the method of

Deschamps is simpler in allowing one to

work graphically with plotted data as would

be obtained from a loss circle measurement.

In fact, for determination of input imped-

ance for a given load impedance of a two-

port, the methods of de Bnhr7 or Bolinder,8
seem simplest, involving a calculation of

only an interati~-e impedance plus a graph-
ical construction. Indeed, the simplest cal-
culation of two-port input-output relations
involves only the use of the cross-ratio. For

lossless networks, Bracewell’s’ nomograph
is the simplest method of determining the in-

put(output ) impedance corresponding to a

known output(input) impedance though the

further extension by Hinckelmannlo is not

that simple.

In this connection, it may be pointed out
that Desrhamps’ hyperbolic distance is only
the logarithm of a cros~-ratio, so may be

calculated as accurately as one pleases from

data. It should be further pointed out that
the three-point method is not inherent in

the geometrical technique; in fact, the virtue

of the technique is that constructions maybe
made directly on a unit circle containing

plotted data. It is not necessary to expand
the loss circle once plotted.

We further note that in problem 5 as done

by Mittra-King they do not correct their

answer for the 71° phase shift. While refer-
ence planes are arbitrary for an illustrative

problem, an actual network may have
definite reference planes.

The iconocenter, contrary to footnote 4

of the N’fittra-King rebuttal is simple to con-
struct: one applies the butterfly construc-

tion to the intersection of chords connecting

quarter-wave separated clata points. Its

great value is that it represents the trans-
form of a perfect load, obtained without the

necessity of having such a load.
There are a number of problems in which

all the loss circle methods become increas-

iuglv cumbersome, e.g., in the three- and

four-ports much more work is needed here
to devise convenient measurement methods.
Steinll has illustrated well the magnitude

of these problems.

7 J. de Buhr, “EuIe neue Metbode mr Bearheitung
Iiuearer Vierpole, = FTZ, vol. 8, pt. I, pp. 200–20.!,
April, 1955: pt. 11,, PP. 335-340, .Iune, 1955.

—, “D]e zelchnerische Bestlmmung der geo-
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January, 1956.
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PROC. IRE, vol. 42, PP. 1519-1521; October, 195.4.

100. Hinckelmann. ‘[Graphical method for trans-
forming impedances, ” IRE TLLAPW. ON hI1cRowAvi?
TECHNIQUES, vol. MTT-10, PP. 139-141; March,
1962.
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multi-port waveguide junctions, ” pROC. IRE
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Messrs. Mittra and King12

There never has been any question in

the mind of the present authors that Prof.
Descharnps’ geometric viewpoints are out-

standing contributions to the theory of
Microwa~-e Measurements. They also agree

with Kaplan and Stock that there are se\,-
eral methods which possibly provide simple

graphical means for relating input and out-
put impedance through a junction; a[-
thougb the word “simple” must be used in a
subjective sense in relation to the different
methods. \l’e should like to point out again

that the main emphasis in our paper is the

averaging technique for smoothing out the

errors.

Regarding their criticism of our workout
of Problem 5, it should be pointed out that
there was the implication in deriving the
solution that the problem was stated after

the ref ereuce plane shift, and hence no crrr-
rection was necessary in the solution.

As regards the iconoceuter, it is our ex-

perience that its determination for a particu-
lar set of experimental data is difficult when
the experimental intersection points are dis-

tributed over a region due to the presence o,f

experimental errors in the measurements.

This is particularly true when the discon-
tinuity being measured is small. We agree

with Kaplan and Stock that the actual con -
struction of the iconocenter proced m-e is
straightforward if the exact values of ~ ~nare

known, but, of course, in practice such is not
the case as finite errors are obviously pres-

ent. Indeed, these were the very reasons

why the Linear ‘rransforrna tion Method
was developed.

We hope that \ve have made our position

on the major issues sufficiently clear througlh
the two communications and that this wiIl

end further discussions along similar lines.

12Received July 12, 1962.

On “A Solid-State Microwave

Source from Reactance-Diode

Harmonic Generators”*

In a recerr t paper, 1 H yltin and Kotzebn e

have given some interesting formulas about
the maximum efficiency of reactance-diode
harmonic generators. It may be interesting
to submit to the attention of the authors
sornc considerations about their theoretics 1

analysis.
1) Formula ( t 1) and the consequent re-

sults were obtained by Hyltin and Kotzebue
through a matrix inversion, starting from

the hypothesis of a voltage controlled vari-
able capacitor. It is also possible to arrive at

the same result, more directly, starting from
the dual case of a charge controlled variable
elastance 5’,~(g) (Fig. 1), which may be e~-

* Received &Iarch 1, 1962.
I T. M. Hyltin and K. L. Kotzebue, IRE TRANS.

ON MICROWAVE THEORIES AND TECHNIQUES, vol.
MTT-9, PP. 73–78, January, 1961.
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pressed as a function of the charge gl only,
present across the variable capacitor at the
fundamental angular frequency w:

+.
S(ql) s .SO~ ppjp~l’, ((ZJ= (G). (1)

p=-cc

I i I

Fig. l—Equivalent circuit of an harmoic generator
with a charge controlled varactor diode.

Starting from the same small signal ap-

proximation and following a procedure,
similar to the one followed in Hyltin and

Kotzeblle’s analysis, we may write the volt-
age across the variable capacitor as a func-
tion of s(g) and of the charge g =ql+q~:

(iv

z =+“’’)(%+%)

=’(4%-+%)+%$‘2)
Using exponential representation we may

write

~1 = QlkM + Ql*e–m,~, Q, = Q,’

qz = Q.e,n@,~+ Qfi*e-l~w~, & = arg Q.,

By considering in (2) the terms which are
functions only of e~~lt and e~’@l~, we may
write the following equations, relating V1

and V%to 11and ln:

v. = + (pn_l – /3.+1)11
JTWI

(4)

Voltage V. consists of the sum of two terms,
the first one being proportional to QI and
the second one being proportional to Q. and
having the same phase.

It is possible to show’ that, in order to
obtain maximum efficiency, the second term
must have a phase shift of + r/2 with re-
spect to the first; this means that the output
circuit must be tuned in order to have &

. 7r/2. Then it is possible to show-3 that
maximum efficiency loading conditions are

R, = RL = Rs41 + ~, (5)

where x may be expressed as a function of
the diode’s Q and of a distortion factor ~ (fol-

lowing Hyltin and Kotzebue):

x = ~Qn,

F = (3-1 – @r’+1, Q%. -!!-; (6)
nWRS

of, if we prefer, as the ratio between a char-
acteristic diode’s angular frequency, CO.., as

n-harmonic generator, and the fundamental
angular frequency w:2

~cn~=—
@l

so (3.-1 – 6.+1
UC% . _ ————— .

RS
(6a)

%

Nlaximum transducer gain g~ (i. e., maxi-
mum conversion efficiency) may be written

as

2) Expression (7) is similar to expression

(17) in Hyltin’s and Kotzebue’s paper,

but as we allow the loss to approach zero

(by making Q, or x, very large) the trans-
ducer gain approaches unity. On the con-
trary said expression (17 ) may never quite

reach unity.

This may not be attributed to the initial
small signal approximation, as the authors

believe. In fact the two hypotheses (high Q
and small-signal) may coexist independ-

ently: harmonic generators may operate
also with small signals and their conversion

losses must be zero, provided the diode is

lossless. The discrepancy is due to a small

mistake, escaped to the authors, who forgot,

in the first of their equations (9), an addi-
tional term, proportional to -r~+l V.*. Taking

into account this term, the correct expres-
sion is found for the transducer gain, which

coincides with the above expression (7);
similarly the correct expression for the

parameter ~ is

Y.-1 — Y.+1

y = —Cy, ‘

\vhich differs from ~ expression (6) in having

1 – yz at the denominator,

3) Expressions (6) and (7) are derived
starting from the hypothesis g~<<ql and

iz<<k. If the efficiency is high (g~~l ), be-
cause of the condition (5), & and il must be

practically equal. Therefore Hyltin and
Kotzebue’s analysis doesn’t seem useful in
the most interesting cases of high efficiencies.

Ne~-ertheless it may be interesting to
observe that, if we use expressions (6) and
(7) to calculate the transducer gain for an
ideal diode, ha~-ing a series resistance RS and
whose elastance has an abrupt variation,

j G. B. Stracca, “Generazione di armoniche con z K. M. Johnson, “Large signal analysis of a
diodi varactor, n Alta Freqzcenza, vol. 31, pp. 134-149,
March, 1962; also, (in English) Ah Fregww,a, vol.

parametric harmonic generator, ” IRE TRANS. ON
MICROWAVE THEORY AND TECHNIQUES, vol. MTT.8,

31, PP. 294-307, May, 1962. PP. 525–532; September, 1960.

between a maximum value .S~~~ and zero,
(Fig. 2), we can find that W. (if for simplic-
ity we assume only even values of n) may be

written as

2 u.
1o<,,= (8)

7rri2-1

where

.&,x

“’=x’
(9)

Expression (8) is the same found elsewhere
rigorously, taking into account also the

large signal case.

Fig. 2—Differential elastance vs applied charge
for an ideal diode.

G. B. S~RACCA

Laboratorio Ceutrale “F. Vecchiacchi”
Marelli Lenkurt

Sesto S. Giovanni
Milan, Italy

Authors’ Cornrnent’

The authors are indebted to Mr. Stracca

for correctly pointing out an error in the har-
monic generator analysis of Hyltin and
Kotzebue. Fortunately the correction is

small and changes the published curves by
less than 1 db.

Two’ points raised by Stracca should

perhaps be briefly commented upon. The

first is a possible misunderstanding of the

phrase “small signal” as used by Hyltin and

Kotzebue. This referred to the assumption
that the harmonic components were small

compared to the input signal, and therefore
this might be termed a low-efficiency anal-

ysis rather than a small-signal anal>-sis.

~ second point raised by Stracca is in
regard to the usefulness of the authors’
analysis in light of the restriction to low
efficiency. This point occurred to the au-
thors when the analysis was originally formu-

lated; it has in fact been somewhat surpris-
ing to note the close agreement between

the analysis and experimental results. For
example, the curves presented have been
in use at Texas Instruments, Inc., for ap-

proximately three years and have success-
fully predicted experimental results over a
range of conversion efficiencies from — 2 db
to —20 db. In this connection it should be
noted that some degree of empirical selec-
tion of the drive parameter a is needed.

Such an approach also appears to yield
good results for situations not strictly cov-
ered by the model used in the analysis. For
example, it has been found that some dif-
fused-junction silicon diodes ha~-e rapaci-

~ Received June 4, 1962
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tance changes in excess of that predicted from

the inverse-cube-root variation of the deplc-

tion-fayer capacitance. This is attributed to

stored charge carriers under conditions of

forward bias. Thus the harmonic generation

efficiency of these diodes is above that pre-

dicted for cube-root capacitance variation.
However, it is interesting to note that agree-

ment between experiment and theory can be

obtained for at least one published result

using these diodes,s using Fig 4 of Hyltirr

and Kotzebue which is for square-root capac-
itance variation. The result is that of Lowell

and Kiss w-ho reported on a fifth-harmonic

and eighth-harmonic generator. Using their

data on the diodes used, and assuming that
the effecti~-e diode capacitance at operating

bias is 0.6 the zero bias values, we obtain
predicted efficiencies of about 5 db for the
fifth harmonic circuit and about 19 db for
the eighth harmonic circuit. The values re-

ported by Lowell and Kiss are aout 5.5 db
and 19 db, respective y.

K. L. KOTZEBUE

l~atkins-Johnson Co.

Palo Alto, Calif.

T. M. HYLTIN

Apparatus Div.

Texas ~ustruments, Inc.

Dallas. Tex.

ER. Lowell and M. J. Kiss, “Solid-state micro.
wave power sources using harmonic genemtmn, ”
pROC. IRE, vol. 48, pp. 1334- 1335; JulY ,1960.

Double-Layer Matching

Structures*

In the millimeter wavelength region, as

in other regions, the design of matching lay-

ers for dielectric surfaces is limited by the
lack of suitable dielectric materials. Arti-
ficial dielectric layers, formed by periodic
perturbations of the boundary surface, are
not practical because of the small physical

dimensions required. The following approach

uses two layers of materials whose relative
dielectric constants are given. The thicknesses

of the layers are chosen to eliminate reflec-
tions at the desired center frequency. A

broad-band match is obtained because the
layers can be made less than an eighth wave-

length in thickness.
In the case of normal incidence upon

Iossless dielectric layers, transmission line
theory may be used to determine the match-
ing conditions. Refering to Fig. 1, and as-
suming that the first section is matched,

Correspondence

2 23 Z2 z’ 21

t

Fig. l—Cascadecl transmissmn hne system.

DIELECTRIC CONSTANT OF REGION 3

Fig. 2—.Mlowed values of relative dielectric
constants o{ regions 2 and 3.

K(=K3 =256

K2= K4 = I ,00

ez=133=291~

!’:-”””
2 3

NORMALIZED FREOUENCY, f/fO

Fig. 3—Reflected power as function of
normalized frequency.

Equating real and imaginary parts of

(1) gives two equations which may be solved
for O, and 6$

[
?Z3W22-W24) (;14— m) 1

1/2

f% = tan–l
(n,n,–ti,’) (n,’z,-n,na’)

. (3)

The re~ractive index of the jth layer is

n, = tik-,, where A“J is the relative dielectric

constant of the layer.
In a typical problem, h’, and K-4 are

specified. It may be shown that for KI >A-l,
the values of K: and h“? that yield real Values

of h and os lie in the shaded regions shown
in Fig. 2. A practical design can usually be
found using only available low-loss dielec-
tric materials.

AS an example, consider the problem of
matching a polystyrene-air interface. Let-

Z2(Zl+jZ, tan@ +jiZstan f?,(Z, +jZ, tan OJ
z, = Zz ———~—–-

ZJ(Z2+jZ1 ian@ +jZjtan 6’S(Zl+jZ2 tan@
(1)

at the center frequency. The characteristic ting Kl=2.56for polystyrene and A”4=l for
impedance and electrical length of the jth air, it is seen that one solution is

section are Zj and O,, respecti~.el y.
K,= 1.00

* Received MaY 17, 1962. This research was h’, = 2.56
supported by the Air Force Systems Command,
TJnited States Air Force. oz =0, = 29.1°.

Fig. 3 sho~vs ratio of reflected power to

incident power for this solution and for a

quarter-wa~-elength layer designed for the
same center frequency. The bandwidths of

the two structures are comparable.
Since thin films of most plastics are com-

mercially available, the double layer match-
ing structure is feasible at millimeter wave-

lengths. One such structure using polysty-
rene tihn and polystyrene foam sheet on

polystyrene has proved successful at 70Gc.
lWICHAJJL ~. KOTT

Radiation Lab.
The Johns Hopkins University

Baltimore, Md.

Microwave Noise-Figure

Measurement for Small

Noise Output*

The purpose of this commnnicatiou is to

propose a new method of noise-figure meas-
urement for a microwal-e amplifier of small

noise output. The new method is helpful
when the accuracy of a conventional method
is not satisfactory.

In conventional measurements, when
the noise output of the microwave amplifier

is too small for direct noise power measure-

ment, an auxiliary receiver is used after the

amplifier under test. The noise figure of the
amplifier, Fl, is given byl

F, –-l

‘1 = ’12 – G,— “
(1)

In this equation,

FU = noise figure of over-all system,
Fz = noise figure of the auxiliary receiver,

GI = gain of the amplifier under test.

It is possible to express FI, F,, GI, and F12 in

the following manner:

where O<(jl, .fj, .fK or g) >10 and ~1, % w
and n~? are positive integers. Then, w-hen
Fl>>l, ( 1) can be rewritten as

* Received April 2, 1962; revised manuscript l:e-

ceived, MaY 18, 1962. This M a part of research which
IS jointly supported by Frederick Gardner Cottlell
Grmt and Marauette University Committee on
Research Grants.

L H. T. Friis, “Noise figures of radio receiver.%”
PROC. IRE, VOI 32, Pp. 419–422; July, 1944.


