1955 Correspondence 57
2V2 nlAy d‘Z) 2
Pons = 4F ‘_f _ log 2 (20) BIBLIOGRAPHY
h Jy \/[(Au)'“’ -+ vg] wh [1] Grieg, D. D., and Engelmann, H. F., “Microstrip—A New
Transmission Technique for the Kilomegacycle Range,” Pro-
b) V= AU —— CEEDINGS OF THE [.LR.E,, Vol. 10 (December, 1952), p. 1644.
P [2] Assadourian, F., and Rimai, E., “Simplified Theory of Micro-
277 vy strip Transmission Systems.” Ibid., p. 1651.
P = Ak e [3] Kostriza, J. A., “Microstrip Components,” Ibid., p. 1658,
c2b = 7 tanh [4] Barrett, R. M., and Barnes, M. H., “Microwave Printed Cir-
T nay 12000 cuitsC ]Izadio (z%(é {V Nelws, Radio Electronic Engineering Sec-
R tion, Vol. 46, 1), pp. 16, 31.
8V:k (wb [5] Barrett, R. M., “Etched Sheets save as Microwave Com-
= — — 1 —log n — log Au (21) ponents.” Electronics (June, 1952), p. 114,
ah \4& [6]

v, given by (5).
The sum of (19), (20) and (21) is

P, + — log

Th ~]7 T

N4V2k<b 2

4]1)
wd)

ACKNOWLEDGMENT

10

The author wishes to express his thanks to the Re-

search Institute of National Defence, which supported 11

the project.

Cotrespondence

Fubini, E. G., Fromm, W., and Keen, H., “New Techniques for
High-Q Microwave Components.” 1954 CONVENTION RECORD
oF THE I.R.E. (Communications and Microwaves), Part 8, p. 91.
Cohn, S., “Characteristic Impedance of the Shielded-Strip Trans-
mission Line,” TrRansacTIONS OoF THE IRE, MTT-2 (July, 1954),
p. 52.

Cohn, S., “Problems in Strip Transmission Lines," presented at
the Tufts College Symposium on Microwave Strip Circuits on
October 12, 1954 (to he printed in forthcoming TRANSACTIONS
or THE IRE, PGMTT).

Packard, K. S., “Machine Methods make Strip Transmission
Line.” Electronics (September, 1954), p. 149.

Oliver, A. A., “The Radiation Conductance of a Series Slot in
Strip Transmission Line.” 1954 CONVENTION RECORD OF THE
IRE (Communications and Microwaves), Part 8, p. 89.
Oberlettinger, F., and Magnus, W., “Anwendung der ellip-
tischen Funktionen Physik und Technik.” Springer-Verlag,
Berlin, 1949, p. 63.

Transmission Characteristics of
Sandwiches*

The radome design equations which are
in common use are based on the transmitsion
characteristics of sandwiches. Transmission
line techniques provide a convenient meth-
od for determining these characteristics. The
transmission line analogy of wave propaga-
tion has been discussed by Ramo and Whin-
nery.! A restricted application of this anal-
ogy is given in a report by Snow.? In this
note, a more general application will be dis-
cussed.

The sandwich shown in Fig. 1 will be
considered. Although this sandwich has only
three lavers, this does not indicate that the
procedure is limited to any maximum num-
ber of sheets. It is assumed that the sand-
wich consists of plane, homogeneous, iso-
tropic sheets of infinite extent. The sheets
may be lossy. (A lossy dielectric can be char-
acterized by either the dielectric constant or
permeability or both being complex.) The
wave incident upon the sandwich is plane
and linearly polarized.

* Presented at the Symposium on Antennas and
Radomes in Tracking Systems, Umversity of Ver-
mont, Burlington, Vermont, June 9 and 10, 1955.

1 Ramo and Whinnery, “Fields and Waves in
Modern Radio.” John Wiley and Sons, New York,
pp. 250-266; 1944,

2 Q. J. Snow, “Report on Applications of the Im-
pedance Concept to Radome Wall Design,” Aero-
nautical Electronic and Electrical Laboratory, U. S.
Naval Ai- Dev. Center, Johnsville, Pa., Rep. No.
NADC-EL-52196; April, 1953,

Since the transmission characteristics

Niy =t/ Ve — sin? fo (2)

are different when the polarization is per-
pendicular and parallel to the plane of inci-
dence, it is necessary to consider these two
polarizations separately. When the polariza-
tion of the wave is neither perpendicular nor
parallel to the plane of incidence, it is neces-
sary to divide the wave into perpendicular
and parallel components. The subscripts
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Fig. 1—A three-layer sandwich,
“]” and “||” denote components and pa-

rameters associated with the components of
the wave whose polarizations are perpen-
dicular and parallel, respectively, to the
plane of incidence.

The 4th sheet is analogous to a section of
transmission line whose length is d;, whose
propagation constant is

vi = a; + 8. = jQ2m/N) e, — sin? 8y, (1)

and whose characteristic impedance is

or
Ml = Vine — ST Oy/er, 3)

where Ay is the wavelength"in air. In general,
7.1 and 9| are complex. The incident electric
field E;* required to produce a unit field at
the opposite side of the sandwich is’given by
the equation
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I‘o’ = 0, (5)
T = T, (6)
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Transmission line charts, i.e., Smith (R—X)
and Carter (Z—6) charts, provide a con-
venient method for determining E*

The voltage reflection coefficient is I'yand
the power reflection coefficient is | I's|* The
ratio of power transmitted to power inci-
dent is 1/]E.*|2 The increase in phase re-
tardation due to the sandwich is

& = (angle of Ei¥)
— (360°/Xo)(d1 + da + ds) cos 8y, (8)
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To illustrate how a Z — 0 transmission line
chart can be used to determine the trans-
mission characteristics of a sandwich, an ex-
ample will be considered. For this example,
the polarization is perpendicular to the plane
of incidence, Ao=3.2 cm =1.26 inch, 8,=45°,
d1=0.05 inch, =1, e=6, d»=0.21 inch,
p2=0.8(1470.05), e=4(1—70.2), ds=0.07
inch, us=1, and e=4. Now 9oL =1 =1.414,
ml=0.426, 721.=0.481/7.9° 231.=0.535, a
=a3=0, o»=0.721 nepers per inch, B
=(27)(1.861) radians per inch, B.=(2#)
- (1.317) radians perinch,and g; = (27) (1.485)
radians per inch.
The point Z;=ne./m1L=3.317 is plotted
on a Z-9 chart, as in Fig. 2 (below). The

Fig. 2—Graphical construction for example.

point Z; is rotated through the angle 28,d;
or (1.861)(0.05)A=0.093\ to obtain Z
=1.40/—54°, The point Ze={(mLi/m1)Z:'
=1.24/—-61.9° is plotted. The point Z, is
rotated through the angle 28:.d» or (1.317)
- (0.21)A=0.278X to obtain Z,". The distance
CZy"e2a2 — 07,6005 = (), 739 CZ," is meas-

Contributors

ured from C along the line CZ"" to locate the
point Z»’=1.07/49°. The point Zz={(nL
/1) 22 =0.96/56.9° is plotted. The point
Z3 is rotated through the angle 28:d: or
(1.485)(0.07)A=0.104x to obtain Zj
=2,98/25% The point Zs=(mL/9s1)Zs
=1.13/25% is plotted.

Th—e—;agnitude of the voltage reflection
coefficient is EZ;/ (radius of chart)=0.23
Now

OC 0z, 0Zy 0Zy'
B = Z 0222 2
0Z, 0Z; 0Z; 0Z
= 1.10
and the ratio of power transmitted to power
incident is 0.826. The angle of Es* is

@ — b — ¢+ Budr -+ Bods + Bads
= 360°(0.014 — 0.016 — 0.016 + 0.093
-+ 0.278 + 0.104)
= 164.5°,
and the increase in phase retardation due to
the sandwich is
& =164.5°—(360°/1.26) (0.33) cos 45°=9.78°,

A graphical construction for determining
the transmission characteristics of a sand-
wich has the advantage that the effect of the
individual layers is presented in visual form.
Ways to vary the parameters to obtain a
desired result may be suggested by a study
of the chart.
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H. F. MaTHIS
Goodyear Aircraft Corp.
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Measurement of Reflection
Coefficients through a
Lossless Network

Often it is not convenient to measure a
reflection coefficient directly. In some such
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cases, the following procedure may be used.
The arrangement of components shown in
Fig. 1 will be considered. It will be assumed
that lines Nos. 1 and 2 are lossless. These
lines may be transmission lines, waveguides,
or one of each.

T LOSSLESS T ARBITRARY T™TiNE
LosSLESS | fig's
| NETWORK || NETWORK d

UNKNOWN
IMPEDANCE

Fig. 1—Arrangement for measuring reflection
coefficients.

First, a matched load is connected to
line No. 2 and the matching network is ad-
justed until the reflection coefficient in line
No. 1 is zero. Next, the matched load is re-
placed by a short circuit. The magnitude of
the reflection coefficient in line No. 1 should
be one. This should be checked experi-
mentally. A voltage null in line No. 1 is
located and designated the short-circuit
point. Finally, the short circuit is replaced
by the unknown impedance. The reflection
coefficient Iy in line No. 1 is measured rela-
tive to the short-circuit point. The reflection
coefficient I in line No. 2 related to the
point where the short circuit was connected
is the same as I'.

The theoretical basis for this procedure
is the well-known equation

_alb+p
C. 2+d

Since It =0 when I'.=0, p=0. Since the

various components are lossless, Tv =1 when

I:=1. Consequently, |cl:+4-d| is equal toa

constant for all values of I'; such that Te=1.

This requires that ¢=0. Now Iy =(a/d)T%,

where a/d=1. When I is referred to the
short-circuit point, ¢/d=1 and I1 =T}
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