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The Next Problem in Engineering Education

JOHN R. WHINNERY
University of California, Berkeley, California

We have read very much in the past few years of
the need for more engineers, so I shall not repeat
the arguments here. Many of you have taken part
in the very excellent programs designed to ac-
quaint high school students with the opportunities
in an engineering career, and I should first like to
point out how successful these programs have been.
This fact, I believe, is not generally realized. To
use our own school as an example, enrollments
during the past two years for the university as a
whole have risen about 14 per cent, using the same
standards of admitting only those among the upper
15 per cent of high school graduates. This rise re-
flects very nearly the increased birth rate at the
end of the depression and the population growth
of this area. During this same period, enrollment
in engineering has increased about 50 per cent, and
in electrical engineering 80 per cent. Although we
do not break down the fields of interest further in
the early undergraduate years, I believe the pro~
portion of those interested in the microwave field
is remaining nearly constant in spite of the com-
petition from several newer fields.

Now that there is success in this first step of
stimulating interest in engineering émong, new
students, we must pass to the next one and ask,
“What do we do with them?”

All who have thought about the problem know
that we must be concerned with quality as much
or more than quantity. If we start to measure our
success by the number of engineering degrees com-
pared with some carefully estimated quota, or with

those from a competitor in the cold war, we are
lost.

Our technology continues to become more com-
plicated, and it is recognized that the quality and
level of instruction must be improved. However,
there exist many pressures toward downgrading,

for as numbers of entrants increase, the difficulties '

of keeping a first-quality staff in the face of the
fierce industrial competition also increase. This is
of course not the fault of the industries, for they
only recognize a real situation. Strictly speaking,
it is up to the universities also to recognize it, even
though it is difficult within the relatively inelastic
educational budgets. The problem has been solved
in a few schools, but I believe it is correct to say
that in a majority of them, including many of the
fine small ones, it is getting worse.

Both government and industry now help the uni-
versities in a very large way through sponsored
research programs, fellowships, grants-in-aid, and
cooperative programs. Many, in recognizing the
seriousness of the problem, have felt that govern-
ment and industry as a whole should do something
more drastic, on a larger scale, and at once. If such
emergency steps are taken, they must be taken
with great wisdom so that the “shock wave” does
not destroy the system it is planned to save. In any
event the seriousness of the problem should be
recognized and all possible solutions debated. We
in schools will in the meantime need the continued
support and advice from our friends in government
and industry.




IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

January

Broad-Band Balanced Duplexets:

CLARENCE W. JONES{

Summary—Balanced duplexer circuits are described and a com-
parison is made between the two principal configurations employing
gaseous switching devices. The balanced tr duplexer is limited in
power-handling ability, while the balanced atr duplexer has slightly
greater received-signal insertion loss. An analysis is made of the
reflecting properties of an atr array, and the practical upper limit of
the number of array elements is determined.

DUPLEXER, in the language of radar, is a
switching device which disconnects the trans-

mitter from the receiver, usually by means of
gaseous discharge tubes called tr's and atr’s. There are
at least three principal types of duplexers, each of which
may have several variations dependent upon the specific
application, power level to be handled, or bandwidth
required. These types are: 1) branching duplexer, 2)
polarization-twist duplexer, and 3) balanced duplexer.
This classification does not cover all of the possible con-
figurations of duplexers which employ gaseous discharge
switches, nor does it include the duplexers employing
ferrite-switching elements, although a large percentage

of these ferrite devices could be included under cate-’

gories 2) and 3). :

The bandwidth of a duplexer is determined by both
the bandwidths of the switching tubes, tr’s and atr's,
and the circuit configuration. The branching duplexer is
the simplest configuration but is not inherently broad
band. Its performance near the band edges is greatly
influenced by the transmitter impedance. Both the
polarization-twist and the balanced-duplexer charac-
teristics are unaffected by the transmitter impedance
within the useful pass band. The balanced duplexer is
inherently capable of the greatest bandwidth, in princi-
ple being limited only by the waveguide bandwidth.

Balanced duplexers can take on many physical shapes.
They may be built in coaxial line with ring hybrids or
quarter-wave coaxial hybrids,! in slab line using cir-
cuits equivalent to the coaxial circuits, or in waveguide
with ring hybrids,? directional couplers, or magic tees.?
The switching circuits may employ either narrow-band
or broad-band tr and atr elements of waveguide or co-
axial construction. It is also possible to mix the wave-
guide and coaxial construction if this has an advantage
in a particular application.

* Original manuscript received by the PGMTT, April 2, 1956.
The research in this document was supported jointly by the U. S.
Army, Navy, and Air Force under contract witi‘u Mass. Inst. Tech.,
Cambridge, Mass.

t Lincoln Lab., M.I.T., Lexington, Mass. .

1 C. G. Montgomery, R. H, Dicke, and E. M. Purcell, M.I.T.
Rad. Lab. Ser., McGraw-Hill Book Co., Inc., New York, N. Y., vol.
8, ch. 12, 1948,

* L. D. Smullin and C. G. Montgomery, “Microwave Duplexers,”

M.LT. Rad. Lab. Ser., McGraw-Hill Book Co., Inc., New York,
N. Y., vol. 14, ch. 8, 1948,

It is the purpose of this paper to analyze the operation
of balanced duplexers, in particular the configurations
employing directional coupler hybrid junctions. The
analysis is best carried out through use of the scattering
matrix.

SCATTERING MATRIX REPRESENTATION OF
Microwave CIrcUITS

The scattering matrix representation® lends itself ad-
mirably to a large number of microwave problems, and
will be used here in so far as practical to describe the
behavior of balanced duplexers. The scattering matrix
relates the waves traveling outward at a set of =
terminals to those waves traveling inward at the set of
terminals. S will be used to designate a scattering
matrix, with subscripts added where appropriate in
order to avoid confusion. Thus we may write

EOl Sll SlZ et Sln Eil
E.” = E:iz ) ( 1)
Eon Sar ¢ © San Ei

The terms on the major diagonal, Su, Sa, - -+, etc,,

are the reflection coefficients that would be measured if
all other terminals were terminated with a match. All
other matrix elements are transfer terms, again applying
to the case where the terminals are reflectionless.

In order to solve the duplexer problem represented by
Fig. 1, it is necessary to obtain the scattering matrices
for the switching elements and the hybrids. The switch-
ing element is a two-terminal device and can be

represented by
S, = [Su Sm].
Sl2 Sll .

% | Switeh | m

9

2

‘ H,brid

S,

H)'br fdﬂ
£ Switch SH d
1 5

Fig. 1—Balanced duplexer.

b—i

The matrix is completely symmetrical because the re-
flection and transfer characteristics are the same when
viewed from either terminal. The switch is a passive bi-

3 Montgomery, Dicke, and Purcell, op. cit., ch. S.
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lateral device which has two operating conditions. Sy
and Sy have two sets of values, one during the time the
transmitter is on, and the other during the time the
radar isreceiving. More will be said about this in a later
section.

The hybrid is a four-terminal device which ideally
has the property that power supplied to a given terminal
is equally divided between two of the three remaining
terminals and nothing is coupled to the fourth terminal.
It is possible to build hybrids which have a high degree
of isolation and acceptable balance over a very wide
band. For example, a multiple slot hybrid can have a
directivity of 40 db and a deviation from 3 db coupling
of 0.3 db over the 40 per cent waveguide band. If one
properly numbers the terminals, the scattering matrix
for an ideal directional coupler hybrid may be written

0 01 j
1]0 05 1

SH:?/_ETT-O—“(; (3)
i 110 0

The term .S, is zero by definition for a perfect hybrid
and so small in a practical unit that it can be set equal
to zero without appreciable error. It can be proved* that
for Sis=0, S;;=0 also. In general the hybrids cannot
be considered perfect, but for the case of the directional
coupler hybrid, of either the multi-slot or the short-slot
type, it has been found that calculations are sufficiently
accurate if it is assumed that only the power split de-
parts from ideal. The scattering matrix for this case may

7 = ’

where H is a submatrix which contains the terms de-
scribing the power split. Eq. (4) applies to all types of
hybrid circuits whose isolation is sufficiently good that
Siz may be neglected. The form of H is different for
directional coupler hybrids than for magic tee and ring
hybrids and, as a result, the circuit configurations vary
with the type of hybrid or combinations of hybrids used.
Fig. 2 illustrates this. The scattering matrix for ideal
ting hybrids or magic tees (5) may be compared to the

scattering matrix for the ideal directional-coupler
hybrid (3).

(4)

0 0] 1 1
1o ol-1 1

T2l T =1 0 o ®)
1 tio o

The directionai-coupler hybrid provides the duplexer
circuit with the highest degree of symmetry, which
would lead one to believe that this configuration should

¢ Ibid., ch. 9,
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—

!
Majlc—f
Tee

or ng
H/brl'cl

oF Ring H, /vbr/‘d

A

3

3db Coupler

et

< Magic Tee
J or Ring Hybrid

3db
Coupler

Fig. 2—Several possible balanced-duplexer configurations.

be capable of the greatest bandwidth. For purposes of
this paper, only this type of duplexer will be considered

from this point on.
BaLaNCED HYBRID DUPLEXER THEORY
Scattering Mairix of the Duplexer

Using nomenclature of Fig. 1, rearranging the scatter-
ing equations for identical switches, one can write

s {Eenl]
Ey, " E; . Eil
The matrix equation for the duplexer then becomes
an Es’a
Eos [Su H? l Sie H¥| Ei
- 13— ] %
E()c 512 I{Z H Sn H2 Eic
Eqq Eyq

H is the submatrix of (4) and may be written
[‘ i+a | -«
4/ 2 7 4/ 2
B e Tl ®
]1/ 2 2
where « is a frequency-sensitive term governing the

power split. Values of « by definition must lie in the
range —1Sas1.
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There are two principal types of balanced duplexers.
The first employs balanced tr switches which reflect the
transmitted power into the antenna. The second type
employs balanced arrays of atr tubes which reflect the
received signal into the receiver. These will be desig-
nated type I and type 1l respectively. The principal
pieces of information desired are the relationships be-
tween the transmitter and antenna during the trans-
mitting period and between the receiver and antenna
during the receiving period. To determine this, it is
necessary to reduce (7) to one involving only two of the
four terminals. This can be done by terminating each of
the other two terminals with a load having a reflection
coefficient I'. The two cases of interest are where 1) two
terminals at the same end of the duplexer such as a and
b of Fig. 1 are to be related, and 2) diagonally opposite
terminals such as a and d are to be related.

After rearranging (7) and introducing the reflection
coefficients T, and Ty at the corresponding terminals,
one may write the matrix equation

[E“j (sur + Sut 3 SurH(P r‘)"P) [1;:] ©

Al [1)
where
a ijvi - a’]
pamma| LV (10)
Te O ]
= . 11
1 0 T (11
Relating a to d with b and ¢ terminated gives
E " Ea
[ °:] = (A +BY (P,A)MP,B)[ : ] (12)
\E° fNenl
where
"S1uPy  SuP
A= nfu 12 u] (13)
L.S12P1s  SulPu
S P S P
p = |oufn 12 n] (14)
.S12Pyy SuPas
r T OJ s)
s o 1.l

Eqs. (9) and (12) describe the circuit characteristics
of the two types of balanced duplexers being considered
here. From them can be computed the vswr and inser-
tion loss during both the transmitting and receiving
phases. This is done by supplying the appropriate values
of Su and S, the sWitch tube parameters, which assume
widely different values for the two operating conditions.

TaE TRANSMITTING CONDITION

While the radar is transmitting, the tr and atr tubes
will be ionized and may be represented by a short circuit.
There is a finite voltage across these switches, but this

Januvary

is, in any practical case, several orders of magnitude be-
low the line voltage and may be ignored.

In the case of the type I duplexer the tr tubes place
a short circuit across the transmission line so that
Si=—1 and S;a=0. Substituting this into (9) gives

(2] -l ™7 IE] o

The vswr seen by the transmitter is

14«

1—«a

er = (17)

and the insertion loss (neglecting the loss in the gas dis-
charge) expressed in db is

Lr = 101og (18)

1 — a2
For the type II duplexer where the atr windows are in
the plane of the waveguide walls, the application of high
power produces a discharge which shorts out these
windows and the switch section appears like a piece of
unperturbed transmission line except for the negligible
voltage across the window. For this case S;; =0 and
Si2=1. Substituting into (12) and expanding to n=1

[2]-Lv R

Terms of order higher than #=1 will be multiplied by
the factor I'iI'.. T, is arbitrary and is usually made to
equal zero by connecting a matched load to terminal 5.
Terminal ¢ is connected to the receiver, which will
normally be protected by an auxiliary tr tube. This will
provide a short circuit at terminal ¢ so we may set
r.=1.
The vswr becomes

(19)

14 a?

1 — af

Ry =

(20)

The insertion loss is the same as for the type I duplexer.
In this case the reflected power is absorbed in the ter-
mination at terminal b rather than being reflected back
into the transmitter.

The dissipation in the switch tubes is not considered
in (18) and is obviously so small as to have negligible
effect on the circuit performance as seen at the ter-
minals. However in a high power radar the switch tube
dissipation is very important, since it is one of the
principal power limiting factors. While it is not possible
to calculate accurately the switch tube dissipation, it is
possible to make a comparison between the power-
handling capabilities of the two duplexer systems if it
is assumed that the switch tube windows are identical.
This is not an unrealistic situation and affords a good

starting point when considering power handling capa-
bilities.
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At the output of the first hybrid the currents will be
1/+/2I,, assuming perfect hybrid balance, where I, is
the line current at the input terminal corresponding to
a power P,. For the case of the type I duplexer, the tr
tubes present a short circuit at which the current
doubles. The window current is therefore +/21,. If I, is
the maximum current which the window can handle,
then it is readily calculated that the line power must be
reduced to %P, For the type Il duplexer, the atr
windows will be required to handle only 1/+/21, and it
is therefore possible to raise the transmitter power to
2P, before the window capabilities are exceeded. All
other things being equal, one would expect the atr type
duplexer to handle four times the average power which
can be switched by the tr type duplexer.

The transmitter load impedance is of importance in
many applications. A comparison of (17) and (20),
which are plotted in Fig. 3, shows that for the case of
imperfect hybrids the atr duplexer has considerable ad-
vantage over the type 1.

A IL:;{ VSWR of Shorted Hybrid
B 5 VSWR Threugh two Hybrids
C 10 /07 }ﬁ, Insertion loss in db
D 10 /a] /—f-—-« Cauph'n_g Facter 1in b
ke
\I p /
N ~_ /
A )B& ,
T ,
1.0 / J// k
//
¢ —i
. _AL,,_AB/J
(-] ['N] 0.2 . 03 o4 0.5
o
Fig. 3

TaeE RECEIVING CONDITION

During the receiving interval, only very weak signals
enter the duplexer, so the insertion loss between the
antenna and receiver is the only feature of interest. The
receiving situation with the type I duplexer is described
by (12), where terminails ¢ and d are the antenna and
receiver respectively. I'y is the reflection coefficient of
the transmitter, and T, that of the arbitrary load. The
insertion loss expanded to n=1 is

1

Lpy=20 log e ———
Siev1—al+SuSar/1—e2(Ty+T,)

(21)

Balanced Duplexers 7
Both Sy and a are normally small compared to unity
within the useful pass band, so the second term in the
denominator would ordinarily be neglected. S;; and Sj,
are the scattering coefficients for a particular tr switch.

The multiple-element broad-band tr tube is the
switching element most used in the type I duplexer.
This tube consists of several (usually two or three)
quarter-wave-coupled resonant elements plus a low-Q
window at each end which is also quarter-wave coupled
to the other elements. There are a number of places in
the literature where this type of band-pass filter is dis-
cussed.*7 Fig. 4 shows the band-pass characteristic for
a 1B38, from which values of Sy and Si» can be esti-
mated.

3.0
Tmnsmisn’or} Chprachm'sﬂc
1858 Broad=Band TR [
Mmid Band Insertion Loss
6.5 to 08 db T
§ 2.0
wn
>
\\d—q ¢ \)/
N 27 2.8 2.9 3.0 17

frqucnc] kme
Fig. 4

During the receiving interval, the performance of the
type I1 duplexer is described by (9). The switching
circuit in this case is an array of one or more atr tubes.
With the antenna at terminal g, the receiver at b, the
transmitter having a reflection coefficient I'; at terminal

d, and an arbitrary load of I, at terminal ¢, the insertion
loss expanded to n=1is

i
Suv1—a+Siular/T—a¥(Te+Ta) |’
In this case Sy and Sy, are the scattering terms for an atr
array.

With the exception of those instances where one js
interested in the duplexer behavior outside of the pass

LRz =20 IOg

(22)

8 W. L. Prichard, “Quarter wave coupled wave guide filters,”
J. Aipl. Phys., vol. 18, pp. 862-872; Octoger, 1947,

¢ G. L. Ragan, “Microwave Transmission Circuits,” M.L.T. Rad.
Lab. Ser., McGraw-Hill Book Co., Inc., New York, N. Y., vol. 9,
p. 683, 1948

7 Smullin and Montgomery, op. cit., ch, 3.
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band, the higher-order terms in the denominators of (21)
and (22) can be ignored. In order to compare the per-
formance of the two duplexers when receiving it is neces-
sary to know the contributions to insertion loss made by
the hybrids, the broad-band tr tubes, and the atr tube
array. For type 1

Lp, = 201log

12

+ 20 log y  (23)

V1 — o

where S;; is the transmission characteristic of the broad-
band tr and « the balance factor of the hybrid. For type
II, recalling that a broad-band tr is used in front of the
.receiver,

Lgs = 20log

1
+ 20 log —/——
v/

11 1 - a?

+ 20 log

12

(24)

where Sy is the reflection factor of the atr tube array
and S, the transmission factor of the tr tube. All other
things being equal it can be seen that the insertion loss
of thel atr duplexer is greater by the amount 20 log
| 1/8u].

THE ATR ARRAY

An atr tube is a shunt resonant circuit which is cus-
tomarily mounted in series with the transmission line.
An atr mounted on the broad surface of a rectangular
waveguide is series mounted. When mounted on the
narrow wall, the equivalent representation is a shunt cir-
cuit. The admittance matrix of the atr equivalent
circuit, Fig. 5, is

y =y
= 25
Y [_y y] (25)
where?
Aw
y=g+ 720+ gQ: — (26)
7 2(+9) Q. .
AW

9

Fig. 5—Equivalent circuit of atr.
In ordér to compute the insertion loss of (22) it is neces-

sary to obtain the scattering matrix for an array of
tubes. This may be done by first obtaining the scattering

% Smullin and Montgomery, op. cit., p. 118,

Janvary
matrix for a single tube using the relation®
S=1-Y)14+ V) 27
with the result that
1 1 2
S = [ 4 ] (22)
14+ 2y12y 1

The second step is to cascade a line length § with the
atr circuit as shown in Fig. 6. This transformation!® re-

sults in
Sy = [Su ] Sue‘i" ]
Sie®  Syei28
| 2 2!

o e — :

AW ~— o —“_*'f

(29)

]

&

Fig. 6—Basic element of a tr array.

Except for the case where a line length is added at a
terminal (29), the scattering matrix does not readily
lend itself to cascading circuit elements. It is much more
convenient at this point to transform to the T matrix?1.12
which has the form

=2
Eﬂ EO]
To cascade n elements it is only necessary to multiply
the T matrices in reverse order '

(30)

nT = TnTg-] AR T:. (31)

The transformations from the scattering matrix to the
T matrix are

B ( S11S22 Sas 7]
Sep — —— R
12 12
T = 32a
Su 1 (32a)
| S1a Sz
B Taoy 1 7
T T.
S = * . (32b)
(T _ T12T21> T
" T/ Tl

The values of Sy, for several arrays of identical atr
tubes have been determined and are tabulated below.

* Montgomery, Dicke, and Purcell, 0p. cit., p. 148.
1 Montgomery, Dicke, and Purcell, op. cit., p. 149.

. M. Tinkham and M, W. P. Strandberg, “The excitation of
circular polarization in microwave cavities,” Proc. IRE, vol. 43,
pp. 734-738; June, 1955.

12 Montgomery, Dicke, and Purcell, 0. cit., p. 150.



A= (1~ 4993 — 41 + 2)%(1 — 497)(1 — )
1 — 2y?
(1+2y)°

Fig. 7 (next page) consists of several plots of 20 log
1/Su. It can be demonstrated that half-wave spacing of
identical atr tubes gives the widest pass band. Spacings
different from half wave produce narrower pass bands
or create “holes.” Fig. 7(c), 7(d), 7(e), and 7(f) illustrates
the effects of spacings different from half wave and indi-
cate the spacing tolerance that must be held in order to
maintain an acceptable pass band. An investigation of
the effects of tuning errors in the atr circuits has not
been attempted. ‘

The curves of Fig. 7 have been plotted assuming an
atr conductance of g=0.02. Several S-band tubes have
been checked and it has been found that this is a
realistic maximum figure. The resulting loss at band
center is quite low, being less than 0.4 db for a single
tube and less than 0.2 db for a three-tube array.

The 1-db insertion loss point has been arbitrarily
chosen for bandwidth determination. The curve of Fig.
8 may be used for estimating bandwidth. This curve is
a graphical determination from the data of Fig. 7 of the
product BQ;. It can be demonstrated that this product
is very nearly constant for values of Qy, between three
and ten. No attempt was made to obtain an explicit
expression for B =f(Q.) because of the mathematical

€12® - 4¢it0 — (1 | 2y)%i80,

1957 Jones: Broad-Band Balanced Duplexers 9
Su = : :2 (33a)
y
1 — 4y? (1 + 25)em
A yei
142
S = —F 2 : (33b)
1 — (14 2y)%72
1— 497 . _
T [0 890 = (4 2907 = [t~ (14 23]
S = Y - (33¢c)
T3 [ = a9 — (L 29t = (1 4+ 29)[1 = (L 29
Yy
1 — 447 e« .
R Zy), [(1 — 4y0)% 20 — (3 — 497)(1 + 29)2] + (1 + 29)[3e72 — (1 + 2y)%*] — 43%(1 + 2y)e'®
S = ? 1 (33d)
1+ 29 [(1 — 4y?)2¢-120 — (3 — 49%)(1 + 2y)2] + 01+ 2y)2[3e"“ -1+ 2y)’e"“] + 4y?
1 — 4y* . .
mA — (14 29)2B — 492[(3 — 4y?)ei®® — (1 4 2y)%it?]
. S = b4 N — 4y2 (336)
—d — (1 29)3B + 442
Grzpe HBH
where

complexity. Fig. 8 shows that there is nothing to be
gained by constructing arrays of more than four ele-
ments. In practice it may develop that a three-element
array is the largest practicable because of tuning toler-
ances and other circuit features which have not been
taken into account in this treatment.

HyBRrID CHARACTERISTICS

The short-slot hybrid®® is extensively used in balauced
duplexer applications. Where balanced tr tubes are used
the hybrid is customarily the side wall type, in which
case the coupling is accomplished by means of an aper-
ture in the common narrow wall of the waveguide. The
top wall coupler which has two slots in the common
broad dimension of the waveguide can also be used, and
is a convenient configuration of the atr duplexer. Of the
two types of short-slot hybrids, the top wall configura-
tion has the best pass-band characteristic, but the side
wall coupler will handle the most power. An attempt
has been made by H. J. Riblet, originator of these types
of hybrids, to increase the power handling ability of the
top wall coupler by increasing the radii on the common
wall. This has met with some success, but sufficient data
are not available to make a valid comparison of the two
types. Fig. 9 is a photograph of these two hybrid junc-
tions. Fig. 10 (p. 12), shows values of a measured for a
single model each of the side wall coupler and low-power

11 H. J. Riblet, “The short slot hybrid junction.” Proc. IRE, vol.
40, pp. 180-184; February, 1952.
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top wall coupler, and the average of four models of the ATR Tuses

high power top wall coupler, In the latter case the units
showed very little spread in characteristic over the band, The choice of an atr tube array for the type Il
2600-3100 mc. duplexer will be a compromise between bandwidth per
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Fig. 8—Relationship between bandwidth (B=Aw/w at 1 db)
and number of half-wave spaced atr tubes.
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Jones: Broad-Band Balanced Duplexers : ; 11

Several S-band tubes have been procured from Bomac
and Sylvania. Table I gives their low-level character-
istics.

TABLE I*
Type QL mfr.
1B56° 3.4 Bomac
1B56 3.3 Sylvania
BL623 5.5 Bomac
ATR788 5.5 Sylvania
BL632 9.4 Bomac
* ¢ £0.02 for all tubes. ’

EXPERIMENTAL S-BAND ATR DUPLEXER

Two atr duplexers were constructed, tested at low
level, and then operated in radar systems in order to
compare their performance with other existing du-
plexers. Unfortunately, the radars available did not
have the transmitter power capabilities necessary for

7o determining the useful upper limit of this type of du-

plexer. Some observations were made, however, which
indicate that it is capable of handling high average
power.

Fig. 9

tube and high level dissipation per tube. The higher the
Qz the greater the number of tubes required for a given
bandwidth, but since the high-Q tubes have narrow
windows, the arc voltage should be lower and one might
expect the power lost per tube to be reduced. Sufficient
data are not yet available regarding the relationship be-
tween dissipation and Q; to form any conclusions at this
point, but observations seem to confirm the suspicion
that the dissipation goes at least as rapidly as 1/Q in
the range Q,=3.4 to 0, =9.4.

The first of these duplexers employed two BL623 atr
tubes (single-tube array) as the switching elements.
The receiving bandwidth, which was that of the atr ar-
ray, was 3.6 per cent. Bandwidth is arbitrarily defined
as the per cent frequency between 1-db points of the atr
array characteristic, 7.e.,-L =20 log [l/SuI =i. At 1.2
kw average power the switch tube temperature was
about 140°F, as compared to a temperature in excess of
212°F for a 1B56 in a branching duplexer at the same
power level. This is a crude comparison and should be
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Fig. 11

considered only as a qualitative indication of the power
handling ability. ,

The second duplexer, employing two-tube arrays in
the switching circuit, behaved in a similar fashion at
high level and had the predicted receiving bandwidth.
This duplexer is shown in Fig. 11 (above).

Calculation of the Parameters of Ridge Wavegmdes*

TSUNG-SHAN CHENT

Summary—In this paper an algebraic expression which con-
stitutes an approximation to Cohn’s transcendental equation is given
for the determination of the dominant-mode cutoff wavelength of
ridge waveguides. A modified derivation of Mihran’s equation for
calculating the characteristic impedance of ridge waveguides is dis-
cussed. Based upon these formulas, nomographs are constructed to
permit the determination of these parameters with sufficient ac-
curacy when the waveguide and the ridge dimensions vary. Experi-
mental verification of the calculated cutoff wavelength is included.

. INTRODUCTION
]RIDGE WAVEGUIDES have a longer cutoff

wavelength and a lower characteristic impedance

than conventional rectangular waveguides hav-
ing the same internal dimensions. The ridge waveguides
also have a wider bandwidth free from higher-mode
interference. Because of these advantages, ridge wave-
guides have been used as transmission links in systems
requiring a wide free range in the fundamental mode,! as
matching or transition elements in waveguide-to-

* Manuscript received by PGMTT, March 14, 1956.

t Radio Corp. of America, Harnson, N. J.

1 T. N. Anderson, Double-ndge waveguide for commercial air-
lines weather radar installation,” IRE TrANs., vol. MTT-3, PpP-.
2-9; July, 1955.

coaxial junctions,? as filter elements, and as components
for other special purposes.! One type of slow-wave:
structure used ‘with traveling-wave tubes consists of a
ridge waveguide which is made periodic by means of
equally spaced transverse slots. The transverse resonant
frequency of this structure corresponds to the cutoff
frequency of the ridge waveguide.*

In the development of tunable magnetrons, double-
ridge waveguides have been used as external tuning
cavities because their reduced cutoff frequency permits
a compact cavity section. Because the electric field is
concentrated between the ridges, satisfactory tuning

characteristics are obtained by means of a plunger’

which short-circuits the narrow gap. In the electron-
beam method of frequency modulation, the beam is in-
troduced in this region of strong electric field between
two parallel plates attached to the ridges.

? Radio Res. Lab. Staff, Harvard Univ.,
Techniques,” vol. II, pp. 678—684 731-736, "McGraw-Hill Book C6
Inc New York, N. YP 1947.

¥S. B. Cohn, Propertxes of ridge waveguides,”
35, p 783~788 ‘August,*1947.}
f Pierce, ravehng-Wave Tubes,” D. Van Nostrand Co.,
New York N. Y., ch. 4; 1950.

“Very High- Frequency

Proc. IRE, vol.
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Ridge waveguides are also used as H-type output
transformers in magnetrons for the purpose of trans-
forming the high impedance of the waveguide used for
power transmission to the low impedance levei of the
magnetron. If a rectangular waveguide transformer is
employed, - the dimensions required for impedance
matching may be too large, especially for magnetrons
having short block heights. When the H-type trans-
former is used, an effectively large width can be ob-
tained with small physical sizes. In addition, good broad-
band characteristics may be provided by proper selec-
tion of the dimensions of the H section to yield a cutoff
wavelength at least as long as that of the waveguide
connected to the transformers.

In these applications of ridge waveguides, the cutoff
wavelength and the characteristic impedance are im-
portant paramecters to be known for design purposes,
and approximate relations for their determination have
been ‘available.s~7 Cohn?® first developed the accurate
transcendental expressions for cutoff wavelengths of odd
and even TEpy, modes and also expressions for the at-
tenuation and characteristic impedance of the TE;,

mode. Recently Cohn’s work has been extended to in--

clude unusual ridge dimensions and cross sections other

than rectangular.®1% In this article, emphasis is laid -

upon the calculation of the dominant mode charactec-
istics of rectangular ridge waveguides. Formulas for
finding these characteristics are expressed explicitly in
terms of the guide dimensions, and charts are con-
structed to facilitate computations for waveguides
having various aspect ratios and having ridges of dif-
ferent widths and depths.

CuToFF WAVELENGTHS FOR THE DOMINANT
MobE 1N RIDGE WAVEGUIDES

Cross sections of single-ridge and double- ndge wave-
guides are shown in Fig. 1. In the derivations, mks
units are used unless otherwise mentioned. In Fig. 2, a
unit length of ridge waveguide is represented by a
lumped-constant equivalent circuit consisting of capaci-
tance and inductance in parallel. The capacitance, C, in
the equivalent circuit consists of the electrostatic capaci-
tance, C,, and the discontinuity capacitance, C;. When
a single-ridge waveguide such as that shown in Fig.
1(a) is cperating in the dominant mode, the capacitance,
C,, depends mainly on the region between the ridge and

8 G. B. Collins, ed., “Microwave Magnetrons,” M.I.T. Rad. Lab.
Ser., McGraw-Hill Book Co., Inc., New York, N. Y., vol. 6, pp.
198-—203 1948

¢ G. L. Ragan, ed., “Microwave Transmission Circuits,” M.I.T.
Rad. Lab. Sec. ., McGraw-Hill Book Co., Inc., New York, N. Y., vol.

9, p. 57; 1948,
18, Ramo and J. R, Whinnery, “Fields and Waves in Modern
1944,

Radio,” Jonn Wiley and Sons, Inc., New York, N. Y.;
“Die Berechnung von Steghohlleltern,

8 Hans-Georg Unger,
Archw Elekt. Ubertragung, Band 9, Heft 4; April, 1955.
M;. Osepchuk, “Variational Calculations on Ridge Wave-
i}ndes, Cruft Lab Harvard Univ., Cambridge, Mass., Tech. Rep.
0. 224; May §, 1955,
10 g, Hopfer, “The design of ridged waveguides,” IRE TRANS
vol. MTT-3, pp. 20-29; October, 1955,
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Fig. 1—Cross sectional view of (2) single-ridge
and (b) double-ridge waveguides.
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Fig. 2—Equivalent lumped-constant cxrcuxt for a unit length
of ridge waveguide at cutoff wavelength.

the .bottom plate, where a strong electric field. exists
This capacitance in farads per unit length of the guide
is approximately given by

€ds

C. ” )
where ¢ is the permittivity of the medium and in free-
space equals 8.854 (10712 farad per meter.

The ridge in the waveguide presents discontinuities
to the electromagnetic waves and causes local or higher-
order waves. The effects of these local fields are included
in the calculation by the addition at the proper location
of the discontinuity susceptance which is here capacitive
in nature. By the use of Hahn’s method!! of field match-
ing, Whinnery and Jamieson!? developed a series for the
discontinuity capacitance, C;, which depends on the
step ratio, b/b;, and, to a lesser extent, on the ratio
a1/b:. The capacitance C; along with the quantity 2C;/e
is plotted in Fig. 3 as a function of the step ratio bs/b;.

This discontinuity capacxtance approaches closely the
fringing capacitance in a constricted conductor, which
is obtained by means of Schwarz-Christoffel trans:

formation12:13
€ M2 41 1+ a2
Ca= -——[ cosh“‘( +
1 — x?

ks X

2m—2 7 o
- n

1 —
where x = b,/b,. The value of C; found from (2) can be
shown to agree with that given by Fig. 3. The total

capacitance C in farads per unit length of the waveguide
is then

€as
C= T + 2C¢.

&)

uw, C Hahn, “A new method for the calculation of cavity
resonators J. Appl. Phys., vol. 12, pp. 62-68; January, 1941.

12 J. R. Whinnery and H. W. Jamieson, Eqmvalent circuits of
discontinuities in transmission lines,” Proc. “IRE, vol: 32, pp. 98—116
February, 1944.

18 Miles Walker, “Con Jgegate Functxons for Engmeers,

Oxford
University Press, Caml Man 19
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g,"-‘- 1 1s.2 Ao 2 be € a a;
534 ) 48 A nomograph for the determination of A,’/A. for ridge
Y22 O waveguides having known dimensions is shown in Fig. 4
Z g{;:‘i (opposite). The value of 2Cy/e corresponding to a given
;z ' ‘”5&; step ratio, b:/b,, is found from Fig. 3. A line joining this
e ! ;5'9'3, value and the given point on the @./bs scales determines
g' A 2cy/€ . g <& the sum (a2/b:+2Ca/€). A second line is then drawn
VLN 32‘::§ connecting the two given points a;/b; and a,/a; on the
St 4 horizontal scales and cutting the diagonal at a definite
Y. \‘ 2‘53? point. A final line from the point (az/b2+2Cy/€) through
3 \'t\ §>§ this intersection determines the value of A.//A, on the
g ‘ 20353 right-hand scale.
LR 22
E \ LEE CutoFr WAVELENGTHS FOR THE HIGHER MODES
z <q ‘\ ¢ < IN RIDGE WAVEGUIDES
§ 4 S 08 To find the cutoff wavelengths of higher modes, the
3 ‘ = 04 single-ridge waveguide shown in Fig. 1(a) is considered
T \h._ N as a composite transmission-line system having waves

4] ol a2 O as Q¢ .10

3 04 OS a5 Q7
STEP RATIO (by/b,)

Fig. 3—Discontinuity capacitance, Cg, and the ratio, 2Ca/e
as functions of the step ratio, ba/b;.

The inductances in the equivalent circuit show in Fig.
2 are determined by the sections of the waveguide on
both sides of the ridge as shown in Fig. 1(a). The in-
ductance, L, in henries due to either section per unit
length of waveguide is given by

_ w(ar — as)

L 2 (bl)y

C)]

where u is the permittivity of the medium and equals
47 X 10~7 henry per meter for free space. For the double-
ridge waveguide depicted in Fig. 1(b), the capacitance
C in (3) should be halved, and the inductance L in (4)
doubled ; the cutoff frequency remains unchanged.

At cutoff, the waves travel back and forth in the ridge
waveguide in the transverse direction without longi-
tudinal propagation; this condition corresponds to anti-
resonarce in the circuit shown in Fig. 2. The cutoff {re-
quency, f.’,.of the ridge waveguide in cycles per.second
is

1

V= seane ¥

which, in conjunction with (3) and (4), becomes

1
1o = ()

rvie g/ (Z+Z) -

The cutoff wavelength, A/, ¢f the ridge waveguide is
Ziven by N\’ =1/(f.'v/pe) and the cutoff wavelength \, of
rectangular waveguide of width a; by A\;=2a,. The ratio
of these two cutoff wavelengths is

traveling in the transverse direction.? In Fig. 5(a), one
half of a length, d, of the guide is represented by two sets
of parallel plates separated by distances b, and . The

‘odd mode of the TEn, wave requires a voltage loop and

a current node at the center of the waveguide; the
equivalent circuit shown in Fig. 5(b) should have an
open circuit at the left end and a short circuit at the
right end. In this circuit,

in radians.
electrical length of section X,

0y = — — — = .
a1 N\, 2 in radians.
v "e—(d) characteristic admittance of
o = —\T)= . .
by section X in mhos.

B
1/? ( d> characteristic admittance of
Yo=7A/—\T)=__.. .
u \ b section X3 in mhos.

B, = 2xf,/dCq = discontinuity susceptance for
alength d of the composite line
in mhos.

The cutoff condition of the waveguide corresponds to
resonance of the equivalent circuit,}!%% which leads to

an expression giving the cutoff wavelength, A\./, im-
plicitly in terms of the guide dimensions

’ as\\e * 2Cqg by N\ =
, cotf(1-D)= |- 2= 2
1

a M’ 2 € ay )\g’ 2
—= (8)
be ag N\ T
tan{ — — —
ay )x.,' 2

This equation is solved for the first order root to obtain
the cutoff wavelength of the TE,, mode and for higher-

14 N. Marcuvitz, “Waveguide Handbook,” M.L.T. Rad. Lab.
Ser., McGraw-Hill Book Co., Inc.,, New York, N. Y., vol. 10, pp.
399-402; 1951.
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WIOTH=TO~HEIGHT RATIO OF WAVEGUIDE (Q1/®1)

RATIO OF WAVEGUIDE WIDTH »
TO RIDGE WIDTH (Gz/Q)

012345678910

12

RATIO OF CUTOFF WAVELENGTH OF RIDGE WAVEGUIDE
TO THAT OF CONVENTIONAL GUIDE (AC/Ac =A'c/2a,)

Fig. 4—Nomograph for the determination of the ratio, ./, of the cutoff wavelength, A/, of a
ridge waveguide to the cutoff wavelength, )., of a conventional rectangular waveguide having

the same internal dimensions.

' ' /-x' = @y-ag)/2
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l ' 7 s
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L e | SR [ voa02 " o) SR
r iBe!

(a) ©

Fig. S—Equivalent distributed parameter circuits for one half of a
unit length of (a) ridge waveguide, (b) for odd modes of TEm,
waves, and (c) for even modes.

order roots to obtain the cutoff wavelengths of the
higher-order odd TE,, modes.

Beeause the ratios appearing in the arguments of the
trigonometric functions are substantially less than
unity, these functions can be replaced by the first two
terms of their series expansions. Eq. (8) then becomes

b, 1 2Cq by
[0+ 5 o)+ =5 20 ]
bg 3 € G2

a1 i (431 3
.[(___ 1)9, I 1) a,-] -1
az 3 \a:
When the cubic terms in (9) are discarded and remain-
ing terms are solved for A,//\., (7) is obtained.

To improve the accuracy of \.’/\. determined from
the chart, this approximate value is substituted only in

(9

the cubic terms of (9); the result is a quadratic equation
6; or in N\.,/A.’. This equation can be solved readily to
obtain a more accurate value of A,//A..

The even modes of the TE,, waves have voltage
nodes at the center and at the end of the waveguide
section in Fig. 5(a); the equivalent circuit for these
modes becomes Fig. 5(c). The cutoff wavelengths of the
TEg, and higher-order even modes as determined by the
resonance of this circuit are given by

2C¢ b1 k, k. az )\c ™
— — — ——cot} |1 —-—)= —
bx € ay )\c' 2 15} )\,,-' 2
—_— > o (10)
by @ A ™
cot { — — —
a Xc' 2

CHARACTERISTIC IMPEDANCE OF RIDGE WAVEGUIDE

The characteristic impedance of ridge waveguide de-
rived on the voltage-to-current basis is used in the cal-
culation of tuning curves for a magnetron which is tuned
by means of a ridge cavity attached to one of the magne-
tron resonators. This parameter is also used in imped-
ance-matching problems. In the formulation of the
voltage-to-current ratio, the current is separated into
two components: 1) a longitudinal component on the
top and bottom plates of the waveguide, which excites
the principal fields, and 2) anather longitudinal com-
ponent at the point where the waveguide height
changes, which produces the local fields.



