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Slot-Coupled T-Junction of TE,; Coaxial to
TE,, Rectangular Waveguide

SAAD MICHAEL SAAD, SENIOR MEMBER, IEEE

Abstract — A solution is presented to the problem of a slot-coupled
T-junction of a TE; -mode coaxial to a TE ;y-mode rectangular waveguide.
A variational technique is employed which combines the reaction concept
with the field representation of a waveguide slot and leads to a closed-form
solution for the junction scattering matrix. Numerical examples illustrate
the characteristics of such a junction in practical applications. Good
agreemnent between theory and experiment is obtained. Design criteria and
examples are presented and discussed.

I. INTRODUCTION

HE SLOT-COUPLED T-junction of a TE,;;-mode

coaxial to a TE,;-mode rectangular waveguide (Fig. 1)
is frequently encountered as a building block in a variety
of waveguide components such as rotary joints, power
dividers, diplexers, and antenna feeds. To the author’s
knowledge, however, the literature has not reported any
analysis of such a junction. Marcuvitz reported a solution
[1, sec. 6.10] for the closely related configuration of a
T-junction composed of a TEM coaxial guide coupled
through a small elliptical aperture to a rectangular wave-
guide. His solution, which is obtained by an integral equa-
tion method, is restricted to small apertures and to a
coaxial size in which only the dominant mode may propa-
gate.

The purpose of this paper is to provide an analysis of the '

TE,; coaxial to TE,, rectangular waveguide T-junction of
Fig. 1, thus making the overall design of a complex struc-
ture that employs one or more of such junctions possible.
The junction is first represented by an equivalent circuit
then solved using a variational technique that combines the
reaction concept [2] with the general field representation of
a waveguide slot [3], [4]. A similar approach was previously
used to analyze the rectangular-to-rectangular waveguide
T-junction [5], [6]. The paper then proceeds to investigate
the applicability of the theory by numerical examples and
experimental verification. Finally, design criteria and ap-
plications are given and discussed.

II. THEORETICAL ANALYSIS

A. Summary of Solution

In the T-junction of Fig. 1, a TE-;; mode traveling along
the infinite coaxial guide and polarized in the y-direction
will excite the longitudinal slot, and consequently the TE,,
mode of the rectangular waveguide. Such coupling mecha-
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nism falls under the well-known category of H-plane (or
shunt) T-junctions [1, sec. 3.2], [5]-[7] which may be repre-
sented by the approximate equivalent circuit of Fig. 2.
Obviously, the scattering coefficients of the subject junc-
tion are determined if the value of the slot reactance jX is
known. To find a good approximation for X, a variational
procedure [2] may be followed. According to the reaction
concept and the equivalence principle, one may find jX
through the relations

X = (a,a);+(a,a),

(1)

IZ
(a,a),= - [H -Mdv @)
v
where

{a,a), self reaction in Guide i due to assumed M,
I modal current discontinuity in Guide 1,
M equivalent magnetic current replacing the slot,
H, magnetic field derived from the vector poten-

tial, (or otherwise) in Guide i excited by M.

If a trial magnetic current is assumed, the slot reactance as
calculated from (1) and (2) will be stationary about the
correct solution.

B. Scattered Magnetic Field in the Coaxial Guide

An axial slot excites only the TE modes of the coaxial
guide. The axial component of the scattered magnetic field
in this case is given by [3]

H.,=-||Y -Mda 3
z1 f'//:l z a ( )
M=E xn=a,E,sinky(L—|z|) (4)
E,=V,/2W ' (5)
1 _
z=5ZY,hz,(r,¢)'hz,(r’,¢’)e'r"”" (6)
r
Y, =— 7
Yo jnkg @)
k.,
hz,(r,¢)=?¢,(r,¢) (8)

where A4 is the slot area, ES is the slot assumed (trial) field,
7 is the normal pointing out of the coaxial guide into the
rectangular waveguide, and ¥, is the slot voltage. Y, and I,
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Fig. 1. Slot-coupled coaxial-to-rectangular waveguide T-junction. (a)
Longitudinal section. (b) Guide 2. (¢) Cross section at plane z = 0.

are the wave admittance and complex propagation con-
stant. of mode i. The coaxial TE,,,, eigenfunctions i, are
given by [1, sec. 2.4] ' '

n

r r
- [J,,(a;m—)N;w;m)—Nn(a;mf)Jn'(a;m>]
r ‘ N
) 1/2°

Tl e

n
n

n=0,1,2,---. (10)

al,,, is the mth root of the derivative of Z, (a7, /7)), and

/1, n=90
e”_{Z, n+0 (11)
o 1

- (12)

Pn k2 - kg kcnm =

.cnm

me

(13)

In (9), the cutoff wavenumber k_,,, is introduced to
account for the fact that [3] and [1, sec. 2.4] normalize the
eigenfunctions ¢ differently. Substituting from (4)—(13) in

N=\to/€x =1207.

o o 2
" 1,
iX
v ) Yy
Zy
| Zy Zuo 2

Fig..2. Equivalent circuit of T-junction of Fig. 1.

(3) and performing the double integration

7V 4
Hzl(r9¢sz)zzz Zn(a, ;—)

nrnm " 1
L n sin neg
-Zn(anmr—l)cosmp Py
n

an .
¢ —=sin ko (L —|z|)
k()
—coskoL e Tml?l +coshT,, z e Tl

-L<z<L (14)

o 15
. (15)

by =tan"~
C. Self - Reaction of the Slot

Substituting from (4) and (14) into (2) and performing
the integration, the slot self-reaction in the coaxial guide is
obtained as follows:

2VS2 r
1 Z ZflnflLan(a;zm}z)

n m 1

J

{a,a),= (16)

2

sin ngy,
fln = nWw (1721)
o
: ko
fir=coskyL|sinky L — T
(coskoL —2er""'L)]
k
0 (142, (17b)

T,

The slot self-reaction in the rectangular waveguide is given
in [6] as

J2v?
(a,ay,=~— " Y Y fanhorts (18)
. naW |2
sin —
fon= | = (19a)
b
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k, 1 maL 2
b= 7 Py (cos p, —coskyL
(_Z_) ko (19b)
0, m even
={ 2¢ nm
fx bn cos? b)’o , m odd (19)
a
m* n?
Y wz( " +;§ — k3. (19d)

D. Current Discontinuity in the Coaxial Guide

The presence of a lingitudinal slot in the coaxial guide
gives rise to a discontinuity in the far modal currents I,
and I, (Fig. 2) of the TE;; mode. Such current discontinu-
ity can be related to the slot equivalent magnetic current
M through transmission-line equations in the source
parameter i(z). Specifically, by applying [3, egs. (3.12a)
and (3.25)] to our case, we obtain

Vi-V,=0

| (20)
IL-I=1= f_LLi(z’)cosBHz’dz’

(21)
i(z)= “YllfLM'ZzlldS

where 8,, = — jI'; is defined by (12), and S is the cross
section of the coaxial. Substituting from (4)-(13) in (22)

(22)

then performing the integrations in (21), we obtain
-,
I=——2Z, au 2 \(cos By, L —coskyL).  (23)
nk g, r

E. Equivalent Circuit Parameters

Substituting from (16)-(19) and (23) in (1), the slot
reactance is finally obtained

nkcll

X:
ZZl(oc11 )(cos,BuL coskyL)’

IO |:f1nf1Lan(a;1m:_j) +f2nf2fo] (24)

where the different f functions are given by (17) and (19).
If the wave impedances of the coaxial TE,; mode and the
rectangular TE,; mode are Z,; and Z,,, respectively, then
the input impedance at terminals 1-1 (Fig. 2) is

Z\(Zyo+ Zy)+ X + JXZy,
(Zy+ 211)2+ x?

Zy= 2y

(25)

(26)
(27)

Z=nko /B
10~ 1’Iko/:Bw-
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F. Scattering Matrix

The scattering matrix of an H-plane T-junction is repre-
sented by [7]

S Sn Si3
[S] = S12 Sn S13 . (28)
Si3 Sz Sy

The four scattering coefficients in (28) may now be
related to known impedances. First, S;; is the reflection
coefficient in the coaxial guide given by

Zm - le
7, 7 9
n 11
and if ports 2 and 3 are matched, and P,= P, — P,,, then
SplP= === =2,3 (30
11,7 = Ph P, P, ( =S4 ) n (30)

where P, is the average power flowing into port » with P,
and P,, as its incident and reflected parts. By utilizing (25)
and Fig. 2 in the relation P,=1Re(V,[}), we obtain

V2 ZZ
Py=— |14+ (31)
27 Zit X
V 2
- 141 (32)
27,
V2 Z,,Z
3=| 1| . 21() 112' (33)
27y Zj+ X
Substituting from (31)-(33) in (30)
ZHh+ X?
S| = (118,42 2 34
Sul* = (1-18u) 7oy —— (39)
ZlOZIl
1S15% = ‘S12IZW (35)

and applying the unitary property to the third row of [S]
in (28), we obtain

|S33|2=1—2‘S1312- (36)

G. Slot Cross Coupling

As noted above, the present analysis is carried out for
the case of a coaxial TE,; mode polarized parallel to the
plane of the slot, i.e., polarized in the y-direction in Fig. 1.
This case represents many applications where maximum
slot coupling is desired. In other applications, where cou-
pling is to be minimized, the polarization of the coaxial
TE,, mode is chosen orthogonal to the plane of the slot.
To analyze such a case, one has to employ a sine (rather
than a cosine) function in (9), then carry out a derivation
similar to (14)—(36). It is interesting to note that the result
of such a derivation is a zero H,;, {a, a), I, S;; and S},
an infinite X, and a unity S}, and S;;. In physical terms, a
narrow longitudinal slot is theoretically “unseen” by a
coaxial TE;; mode polarized orthogonal to the plane of the
slot.
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Fig. 3. Slot shunt reactance of test models. (a) 6.175-GHz signal cou-

pled to WR137. (b) 3.95-GHz signal coupled to WR229.

III. NUMERICAL AND EXPERIMENTAL APPLICATIONS

A. Computer Program

A computer. program was developed to compute the
scattering coefficients. All of the theoretical expressions of
Section II can be computed by a simple algorithm except
the coaxial eigenfunctions Z, (a7 /r) given by (10).
Accurate computation of «,,, and Z, for higher order
modes requires double-precision computation of Bessel
functions. The convergence of the double summation in
(24) improves as the frequency increases, thus requiring
fewer terms. At the lower end of the frequency band,
however, still sufficient convergence is obtained for coaxial
modes with #n <20, m <20, and n + m < 20. The accuracy
decreases considerably for modes with n -+ m > 20, but
such modes are not usually needed. Summation over rect-
angular waveguide modes in (24) is much simpler and
whatever accuracy is specified can be achieved.

B. T-Junction Test Models

Two test models, which represent two practical cases
encountered in a multiport waveguide combiner, were ex-
amined. Such a combiner can handle copolarized signals in
two or more frequency bands, each coupled from a com-
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Fig. 4. Slot resonant length versus slot width for test models. (a) WR137.
(b) WR229.

mon coaxial guide to a rectangular waveguide of suitable
size. One of our T-junction test models, therefore, com-
prised WR137 (a X b= 3.485X1.580 cm), to couple the
frequency band 5.925-6.425 GHz, and the other comprised
WR229 (a X b=5.817X2.908 cm) to couple the band
3.7-4.2 GHz. These two bands are commonly used in
many microwave communication systems. Referring to Fig.
1, other dimensions of the test models are: coaxial size,
2r;=1429 mm, 2r, = 43.41 mm; slot thickness, ¢t = 0.56
mm; offset, y,=5b/2, 2W/b=02, and 2L /a=0.5,0.7.

C. Numerical Results

Theoretical curves describing the characteristics of .the
test models were computed. Fig. 3 shows the variation of
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the slot reactance, given by (24), with the slot length and
width. It is noted that, for the same coaxial guide, coupling
into WR137 at 6.175 GHz presents a reactance that is
more sensitive to slot dimensions and frequency compared
to coupling into WR229 at 3.95 GHz. The higher slope of
the X/Z,, curve in the former case means higher Q and
narrower bandwidth. Likewise, within each frequency band,
a wider slot results in a wider bandwidth.

Defining resonance as the case when X =0, Fig. 4(a)
tells us that, for the coaxial-to-WR137 junction, as the slot
width increases the resonant length decreases. For the
coaxial-to-WR229 junction, however, the resonant length
increases as the slot width increases (Fig: 4(b)).

Figs. 5 and 6 give the frequency response of the coupling
coefficient (S;;) and the return loss (S;;) of the coaxial-to-
WR137 junction for slot length 2L /a = 0.47, 0.50, 0.53. As
expected, the slot resonance is associated with maximum
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coupling and minimum reflection in the rectangular wave-
guide. ’

D, Experimental Verification of the Theory

Comparisons between experimental and theoretical re-
sults are given in Figs. 5-7. In performing the experiment,
the coaxial TE,; mode was launched by connecting port 1
to a . coaxial-to-circular waveguide transition, then to a
2-port (WR137 and WR229) combiner connected to the
test equipment.- The experimental curves shown in Figs.
5-7 thus include contributions from those transitions, and
that may explain why the measured coupling in Fig. 5 is
lower than the theoretical curve, and why the measured
return loss in Fig. 7 is fluctuating about the theoretical
curve. ; :
~ In all other respects, Figs. 5-7 show good agreement
between theory and. experiment especially if we were al-
lowed to shift the theoretical curves of Figs. 5 and 6 toward
the right. Such a small frequency shift may be attributed to
the approximate nature of the variational approach which
was employed in this analysis, or to the fact that the theory
does not take into account the slot thickness. Quantita-
tively, the theoretical zero-thickness resonant length is ap-
proximately 3-percent shorter than the measured one (see
Figs. 5 and 6). It is also noticeable (by comparing the
width of the zero-thickness theoretical curve to the width
of the experimental curve in Fig. 5) that the Q value for a
zero-thickness slot is lower than that for a slot with finite
thickness. Similar observations on the effect of slot thick-
ness on the resonant length and Q were made by Oliner {8]
in the case of a longitudinal radiating slot in a rectangular
waveguide.

IV. DESIGN APPLICATIONS

According to the application, the primary design crite-
rion for the subject T-junction may be selectively defined
so as to maximize, minimize, or achieve a prescribed cou-
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resonant at 3.95 GHz. (a) Coupling coefficient S;5. (b) Return loss ;5.

pling over a prescribed frequency band. These three cases
are here discussed.

A. Maximum Coupling Applications

An example of such application is the 3-dB coupler. To
maximize coupling, slot resonance has to be achieved usu-
ally at midband. Fig. 8 gives the frequency response of the
coaxial-to-WR229 test model with four options of resonant
slots. The optimum slot coupling is better than —3.2 dB
and the return loss in WR229 is better than — 14 dB across
the band 3.7-4.2 GHz. The return loss can be reduced, of
course, using tuning devices (e.g., screws) arranged in either
or both the coaxial and rectangular waveguides. Reducing
return loss will obviously increase coupling toward its
— 3-dB target. '

If 0-dB coupling is required, the above design exercise
still holds if complemented by a short-circuiting device
located in the coaxial guide at an optimum distance from
the slot. The device may be a transverse plate, an array of
pins, or a band-reject filter.

Frequency response of the WR229 test model for four slots -
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Fig. 9. Unwanted coupling (S;5) of a 6-GHz signal in the WR229 test
model for four slots resonant at 3.95 GHz.

B. Minimum Coupling Applications

In a coaxial diplexer, for example, coupling is to be
maximized in one band and minimized in another. Fig. 9
shows the unwanted coupling through the same four reso-
nant slots of Fig. 8 across the band 5.925-6.425 GHz.
While a narrow slot is slightly less favorable for the desired
coupling of the 4-GHz signal (see Fig. 8(a)), it is quite
favorable to minimize the unwanted coupling of the 6-GHz
signal (see Fig. 9). Again, the present design may be
complemented by a 6-GHz filtering device inserted in
WR229 so as to reject such undesirable coupling.

C. " Prescribed Coupling Applications

An antenna array composed of rectangular waveguide
radiators may be serially fed by a coaxial guide. The
structure thus is composed of cascaded T-junctions with
assigned coupling distribution. Having illustrated the slot
coupling coefficient as arbitrarily chosen (Fig. 5), as maxi-
mized (Fig. 8(a)), and as minimized (Fig. 9), it is clear that
utilizing the present theory to design each individual slot in
the above array is a similarly achievable task. Further
numerical examples would therefore be unnecessary.

V. CONCLUSIONS

The work reported in this paper comprises a theoretical
analysis of the slot-coupled coaxial-to-rectangular wave-
guide T-junction, operating in the TE,; and TE,, modes,
respectively. The validity of the analysis is proven experi-
mentally. The characteristics of such a junction are il-
lustrated by numerical examples. The power of the present
analysis as a useful design tool is established through
addressing specific design criteria and applications.

The approach of this paper can readily be utilized to
solve the circular-to-rectangular waveguide T-junction
which should yield simpler expressions considering the
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simpler representation of circular waveguide eigenfunctions
compared to thosé of a coaxial. :
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