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Intrinsic Insertion Loss of a Mismatched
Microwave Network
KIYO TOMIYASU*

Summary—A brief review is presented of the absolute mini-
mum loss of a two-port, mismatched lossy microwave network. This
minimum loss, called the ‘‘intrinsic insertion loss’’ can be attained
by adding suitable susceptances at the ports that will yield simul-
taneous bilateral network match. A measurement procedure is de-
scribed and convenient graphs are presented.

INTRODUCTION
IOSSY microwave networks which are matched in

impedance have been analyzed extensively. On

the other hand, mismatched lossy networks are

more difficult to analyze since the apparent and real

losses depend upon the degree of mismatch as well as

on the terminating impedances. A brief review is pre-

sented of the absolute minimum loss of a mismatched

lossy network. This is followed by a measurement pro-
cedure to determine the loss and an example.

A general two-port lossy network can be completely

identified by a voltage scattering matrix of the form!?

I] Sun Sie
Sa Sa

S = , (1

where Sy; and Sy, are the reflection coefficients at the re-
spective ports, Sy is the transmission coefficient of the
network, and for reciprocity Sie =Sa. These coefficients
can be measured by using the method described by
Deschamps® or Storer, Sheingold anrd Stein.t
When a mismatched lossy netwok is terminated in a

matched load, two different losses can be defined, de-
pending upon the choice of input power, either incident
or net. If the incident power is chosen, the loss is

s, = — 10 logy | Siz[? db. 2)

ag,, is sometimes called the insertion loss in a matched
system,’ i.e., both oscillator and load are matched.
However, loss is related to net input power,

| 2
SIZI db @)

Opet = 08, — ¢ = — 10 logyy ——————db,
et 810 r Z10 1— [511[2
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where «, is the input reflection loss. Since aye; repre-
sents the amount of heat dissipated in the network rela-
tive to the net input power, an. is sometimes called the
transmission or circuit efficiency.® Note that ape<as,,

If now a suitable susceptance is added to the input
port to cancel the effect of Sy per se, thus providing a
unilateral network match, the combined effective Sy
will increase in magnitude such that the insertion loss
of the combined network in a matched system will be-
come equal to the initial ape. It then follows from (3)
that for a general mismatched lossy network where
lSul #]ngl, the value of ane will depend upon the
direction of power flow through the network.

Experimentally, o, can be measured easily by the
method described by Cullen® {an.t= —10 logis 1), Beat-
ty”? (anet=Ap), Deschamps® or Beatty and MacPher-
son.? These methods use an adjustable short circuit on
the input port of the mismatched lossy network while
the network admittances are measured at the output.
By plotting these admittances as reflection coefficients
on a polar diagram,

Opet = 10 lOglO (1/R) dby (4)

where R is the radius of the locus in units of the reflec-
tion coefficient. For a mismatched network this circular
locus is not centered on the polar diagram. The quantity
o, can be determined from a separate measurement
using a matched load on the output port. In Beatty’s
article, Ar=0g,, and Az =a,.

InTRINSIC INSERTION LOSs

Although the insertion loss due to a mismatched
lossy network can be reduced by the addition of a suit-
able susceptance at the input port to achieve a unilateral
match, it is possible to reduce the insertion loss even
further by placing appropriate reactive elements at
either port of the network that would provide a bilateral
network match.?!? Under the bilaterally matched con-
dition, the loss will be the absolute minimum attainable
and will be called “intrinsic insertion loss.”
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Since, for a general lossy network, an external sus-
ceptance that will match the scattering coefficient Sy
per se will not match Sy, the problem of bilateral
matching is rather difficult to solve using the concept of
scattering coefficients or even using the other equivalent
circuits of lossy networks such as 7" or w networks. By
utilizing a new equivalent circuit for a mismatched
lossy network introduced by Wheeler,'®* the bilateral
matching procedure as well as the physical significance
of intrinsic insertion loss becomes readily apparent. In
this paper a measurement procedure is described that
will give the intrinsic loss and other constants of the
new equivalent circuit. An example is presented for
illustrative purposes.
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Fig. 1-—Equivalent circuit of a lossy two-port network.

The new equivalent circuit, which has six independent
parameters as found in either a T or 7 network, consists
of two shunt susceptances and a matched attenuator
as shown in Fig. 1. The locations and magnitudes of
the two susceptances yield four parameters. The other
two parameters are the transmission loss and transmis-
sion phase of the matched attenuator. If suitable sus-
ceptances are connected at the ports to cancel the effects
of b, and b,, the network will be bilaterally matched
and the insertion loss will be a minimum equal to «y,
the intrinsic insertion loss. The equivalent circuit in
Fig. 1 with a matched load on port I illustrates that
Olney May be greater than «q due to the attenuated re-
flection loss from susceptance b,. For an arbitrary net-
work the values of the elements in the equivalent circuit
will be frequency sensitive.

MEASUREMENT OF EQUIVALENT CIRCUIT CONSTANTS

A relatively simple experimental method of determin-
ing the constants of the equivalent circuit consists of
measuring the input admittance of the lossy network
when terminated in a variable reactance, such as a slid-
ing short circuit. Referring to Fig. 1, the short circuit
is placed on port II. The VSWR at 44’ is infinite. At
BB’, however, the VSWR is finite, and if the position
of the short circuit is moved, the locus of the admit-
tance at BB’ when plotted on a Smith chart will be a
circle concentric with the center. Thus, the VSWR at
BB’, Spp:, will be a constant for all positions of the

1 H, A. Wheeler, “The Transmission Efficiency of Linear Net-
works and Frequency Changers,” Wheeler Monographs, vol. 1, no.
10, Wheeler Labs., Great Neck, N.Y.; 1953.
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short circuit. The attenuation o is related to this
VSWR by the equation'?

@ = 8.686 coth™* Spp: db. (5)

With the addition of susceptance b;, the locus be-
comes off center, yielding a maximum and minimum
VSWR. The intrinsic insertion loss ay can be calcu-
lated®® from

op = 8.686 coth™ v/SmaxSmin db (6)

if the input admittance locus encloses the center of the
Smith chart. If the locus does not enclose the center,
however, oy may be obtained from the equation

@ = 8.686 coth™ \/Spax/Smin db. (7)
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Fig. 2—Intrinsic insertion loss ap as a function of Spax and Spin.

These relationships between o, Smax and Spj, are illus-
trated in Fig. 2.

The choice between formulas (6) and (7) can be
eliminated if the input admittances are plotted as re-
flection coefficients on a polar diagram. The intrinsic
insertion loss is given by

VAERT = VIR
VAF R = — V(I — R — p?

oy = 10 10g10
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where R is the radius of the circular locus and p is the
distance between the centers of the circular locus and
polar diagram in units of the reflection coefficient. This
formula is plotted in parametric form in Fig. 3. Note
that for a given value of ay, R must decrease when p in-
creases. Eq. (8) reduces to (4) when p=0.
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Fig. 3—Intrinsic insertion loss «g as a function of p and R.

The magnitude of the normalized susceptance b; can
be determined from Spy.x and Suin, using the VSWR, Sy,
which would be produced by & on a matched line.?
Accordingly,

S] = '\/Sma,x/Smin (9)

when the admittance locus encloses the center. The
equation

Sl = '\/Sma,xSmin (10)

is used if the locus does not enclose the center. These
two equations are plotted in Fig. 4. The magnitude of
the normalized susceptance b, can be calculated from

[81] = V81— 1/+/Sw (11)

The choice of formulas (9) or (10) can be eliminated
if the input admittances are plotted as reflection coeffi-
cients on a polar diagram. Then

TFa—®
(1—=p?—F
Eq. (12) is plotted in Fig. 5.

Similarly, b, can be determined by reversing the net-

work ports and repeating the measurement. The line
lengths Lg, L; and L; can be determined by using a

S = (12)
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Fig. 4—VSWR as a function of Sm.x and Suia.

known short circuit reference plane and solving for the
circuit constants from conventional transmission line
circuit analysis.

An alternate method of determining the circuit con-
stants follows in part that described by Deschamps? or
Storer, Sheingold and Stein.* A sliding short circuit of
known positions is placed on the output port and the
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Fig. 5—VSWR as a function of p and R.
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input admittances are measured. Inasmuch as the sus-
ceptances b; and b, must be determined, a Smith chart
presentation is required. The quantities b, and L; can
be calculated by rotating the locus to such a position
where it will be bound by reciprocal conductance lines.
The locus and admittance points are then transformed
to the center of the chart by subtracting the effect due
to susceptance b;. Referring to Fig. 1, this is now the
admittance locus at plane BB’. After cancelling the
effect due to a, the “iconocenter”?4is located. This will

vield b2, Lo and L..
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Fig. 6—Admittance locus of a mismatched lossy network.
ExaMPLE

The significance of the different insertion losses can
be illustrated by the following example. With a variable
short circuit placed on the output port, the input ad-
mittance of a particular mismatched lossy network is
plotted in Fig. 6. Admittance point I is obtained when
the reference plane of the short is at port I1. The other
admittances are obtained when the short is moved suc-
cessively away from the network in §-wavelength in-
tervals. Using the method described in the literature,®*
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the following scattering coefficients are obtained:

| Siu| = 0.68
| Sso| = 0.78 (13)
| Slz | = 046
In accordance with (2),
ag, = 6.7 db. (14)
If power is applied to port I, (3) yields
(anet)rorr = — 10 logyo [0.462/(1 — 0.68%) ]
= 4.0 db, (15)
or, if power is applied to port I7,
(anet)1r1 = — 10 logye [0.462/(1 — 0.78%) ]
= 2.6 db. (16)

From the admittance locus in Fig. 6, the following is
obtained:

Smax = 11.6
Swin = 1.69
(17)
R = 0.55
p = 0.20.
The intrinsic loss for this network is
ag = 2.0 db. (18)
Since S1=2.62, (11) yields
by = 1.0. (19)
The remaining circuit constants are
b2 = 20
Ly = N4
Y (20)
Lo = )\
Ly = \/4.

January

DiscussioN

It should be pointed out that while an actual micro-
wave network may have a perfect impedance match in
the vicinity of one of its ports, the network equivalent
circuit may have a nonzero susceptance at that port,
depending upon internal structure of actual network.

As stated above, intrinsic insertion loss can be
achieved by adding proper port susceptances which will
vield bilateral network match. Experimentally, this
match can be obtained without solving for all of the
equivalent circuit constants. First, the proper sus-
ceptance added at the input port will yield Suax = Smin-
Then the proper susceptance at the output port will
result in an admittance locus whose iconocenter will be
at the center of the Smith chart.

The concept of intrinsic insertion loss can be ex-
tended to networks where the port transmission lines
differ in characteristic impedances as well as in propa-
gating modes by using a reflectionless tapered attenu-
ator g in the equivalent circuit. In this case, &; and b,
are normalized to the characteristic impedances of the
respective port lines.

The applicability of intrinsic insertion loss may ap-
pear to be somewhat dubious when analyzing a simple
microwave network containing either a lumped shunt or
series resistance. For certain positions of the adjustable
short circuit, the input VSWR becomes infinite, result-
ing in zero-db intrinsic loss, according to (6) or (7). In
the limit, the zero loss can be achieved by using an in-
finite susceptance near either port, which will place the
shunt resistance at a voltage minimum or the series re-
sistance at a voltage maximum. For the same simple
circuit with infinite Sinax, auet 18 finite, however, in ac-
cordance with (4).
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Correspondence

Klystron Noise

In my paper “Crystal Checker for Bal-
anced Mixers” I gave data on the excess
noise of typical klystrons. Since that paper
was prepared, further data has been ob-
tained that permits an expansion of Fig. 6.
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Fig. 1-—30-mc excess noise of typical klystrons. (Same
as Fig. 6 of original paper except for addition of
2K28 data.)
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Fig. 2—30-mc excess noise of typical klystrons
multiplied by the efficiency ratio n/7ms.

Measurements were made on a 2K28 at
2800 mc. Fig. 1 is a revision of Fig. 6 to show
the new data. It is seen that the new points
fall below the interpolated curves given

1 Trans. I.R.E., vol. MTT-2, pp. 10-15; July, 1954.
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originally, although the relative vertical
spacings are about the same as those pre-
dicted by interpolation. The data in Fig, 1
seem to fit the empirical relationship

N—-1=«K i ,

n

where N—1 is the excess noise power at a
particular intermediate frequency, K is a
constant, and g is the efficiency of convert-
ing beam power to cw power.

If one arbitrarily multiplies the data in
Fig. 1 by the ratio of the efficiency of the
particular klystron to that of the 723A/B,
the nearly linear relationship of Fig. 2 is ob-
tained.

If the empirical relation is valid, Fig. 2
can be used to predict the approximate per-
formance of other klystrons by spotting the
operating frequency on the figure, or an ex-
tension thereof, and multiplying by the ra-
tio of efficiencies, 73/7.

P. D. StruMm

Applied Electronics Section
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A Practical Method of Locating
Waveguide Discontinuities

In the maintenance of ultra-high fre-
quency equipments utilizing waveguide, one
of the more difficult troubles to diagnose and
correct is that of the high standing wave ra-
tio. The question always arises as to whether
the antenna or the waveguide is at fault.
Sometimes a visual inspection of the trans-
mission system will disclose the difficulty.
Too often, however, the physical layout of
the system makes a close inspection imprac-
tical. The construction of many antennas,
also, does not permit an examination of the
radio frequency components without a com-
plex mechanical disassembly, costly in terms
of man-hours.

It is desirable, therefore, to determine the
approximate location of the discontinuity
electronically. On those equipments having a
continuously variable-frequency transmit-
ter, a frequency measuring device, and a
waveguide probe for sampling the standing
wave, this can be done quite easily. On
other equipments these features can be simu-
lated by installing, at the transmitter end
of the line, a waveguide section equipped
with probes for inserting the signal of a vari-
able-frequency, calibrated, test oscillator
and for sampling the standing wave.

The usual analysis of a standing wave re-
quires the movement of the probe along the
slotted waveguide; the detected voltage pro-
gresses through maximum and minimum
values in accordance with the standing wave
pattern,

If, however, the probe is left at a fixed
position and the frequency is varied, the
standing wave will move past the probe, its
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detected voltage rising and falling in the
same manner as the guide wavelength
changes with frequency., It will be shown
that the frequency change necessary to move
the standing wave a specific number of wave-
lengths is a function of the distance from the
probe to the discontinuity causing the stand-
ing wave.

If we let N equal the number of half-guide
wavelengths between the probe and the dis-
continuity, and let L represent the physical
distance from the probe to the discontinuity,
then

==, )

Now, if the operating frequency is increased
sufficiently to bring one more half-guide
wavelength into the distance, L, then

N41=270 @

Subtracting (1) from (2) and rearranging, we
have

_ AN'g
B 2()\0 - )\/o)

In making use of this phenomenon to lo-
cate a serious discontinuity in a waveguide
transmission system, we must determine the
guide wavelengths that will give us two suc-
cessive maxima (or minima) of the standing
wave at a fixed probe location, as the fre-
quency is varied.

The guide wavelength is a function of fre-
quency which can be evaluated from the
identity

3

4

in which

¢ is free space velocity of propagation,

f is operating frequency,

b is wide inside dimension of the wave-
guide.

Thus, we are approaching a practical so-
lution to the problem, since the frequencies
required to give two successive maxima (or
minima) of the standing wave are measura-
ble. Once the frequencies are determined,
they are converted to wavelengths in (4); the
wavelengths, in turn, are used in (3) to give
the distance from the probe to the discon-
tinuity.

In practice, frequency is measured with a
calibrated echo box or wave meter. Standing
wave voltage is measured with a vacuum
tube volt meter equipped with radio fre-
quency probe. (Calibration of this instru-
ment is not necessary since only relative
readings of voltage are required to establish
the maximum and minimum positions of the
standing wave.) If possible, the detector of
the vacuum tube voltmeter should be con-

(Cont’d on p. 16)



