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& = 12) and X band (0.63 mam and 0.38 mm, and ¢, =
12). Typical results for an X-band coupler, including the
connectors, are shown in Fig. 13. When measuring the
isolation, i.e., | As|* the effect of unwanted reflections
from connectors has been reduced by putting absorbing
material on the strips of the arms 2 and 4. Similar results
but with total losses of about 0.3 dB have been obtained
for € band. The strength of the coupling can be increased
continuously (by about 1 dB) by loading the slot with
dielectric materials of different thickness. The coupler
performance was reproducible from sample to sample
within a few tenths of a decibel and no correction in the
design was necessary. No change in the coupler per-
formance was noticed and no resonances occurred when a
shielding box was used, leading to the conclusion that
radiation loss is negligible. A balanced mixer made with
such a coupler had a very constant noise figure of about
9-9.5 dB from 7-12.4 GHz.

Also an octave wide C-band matched leveller with two
p-i-n diodes was built around this coupler with about
1-dB insertion loss and a minimum of 15-dB variable
attenuation.

The slot-strip-slot-type coupler (Fig. 6) has also been
realized in C band with a geometry similar to Fig. 4 but
with slot and strip interchanged. With a slot width of
40 um after etching and a dielectric loading, a coupling of
4 dB was obtained. The bandwidth was somewhat lower
than for the de Ronde type of coupler and additional
work is needed to optimize also the slot-strip-slot coupler.
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VI. CONCLUSION

The hybrid branchline couplers with series and shunt
branches are analyzed and shown to form a class of useful
couplers, to which also the transmission-line coupler
and de Ronde’s strip-slot coupler belong. From the
precise design data now available, a number of strip-slot
3-dB couplers have been built and their relevant param-
eters were close to the predicted ones.
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The Design of a Bandpass Filter with Inductive Strip—Planar
Circuit Mounted in Waveguide

YOSHIHIRO KONISHI, SENIOR MEMBER, IEEE,

Abstract—The equivalent circuit of an inductive strip inserted
in the middle of a waveguide parallel to the E plane is analyzed
theoretically by evaluating the inductive reactance of the equivalent
T network which was obtained by the Rayleigh-Ritz variational
technique. A design theory for the bandpass filter of this type is
derived from this equivalent circuit. The confirmation between the
design theory and the experimental results is also shown.
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INTRODUCTION

ILTERS using conventional inductive elements such

as rods, transverse strips, and transverse diaphragms
are difficult to make low cost and to put into mass pro-
duction because of their complicated structure. To solve
this problem, microstrip circuits have been used. How-
ever, these, typically, are lossy. Therefore, we have de-
veloped a circuit consisting of a metal sheet with appro-
priate patterns that is inserted in the middle of a waveguide
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parallel to the F plane. A simplified 12-GHz low-noise
converter using this circuit was reported [1]. This planar
circuit is very useful for low-cost mass production and
has an unloaded @ factor of 2000-2500 at X band. The
accuracy of the patterns for the filter is maintained within
20 pm with a 0.5-mm-thick sheet by using pressing tech-
niques.

In this paper, a design theory for the planar circuit
bandpass filter with inductive strip is presented. First,
the equivalent 7T network of an inductive strip inserted
in the middle of the waveguide parallel to the E plane is
represented. The equivalent circuit of the inductive strip
is calculated using a variational technique under the as-
sumption of the perfectly conductive sheet. The design
method of the bandpass filter was derived by applying
the equivalent network of the inductive strip to the usual
method of the filter design such as shown in [2].

EQUIVALENT CIRCUIT OF INDUCTIVE STRIP

Fig. 1 shows the geometry and equivalent 7 network of
the perfectly conductive strip inserted in a rectangular
waveguide. In the cases of a short circuit and an open
circuit at the central plane (7o) of the strip, the input
admittances Y, and Y, were found, respectively; Z,(=;jX,)
and Z,(=jX,) in the equivalent T network of Fig. 1(b)
were easily calculated as follows:

(1)

(2)

From the Appendix, we have the following variational
expression [ 3] for the normalized admittance @
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Fig. 1. Geometry and equivalent 7' network for an inductive strip.

(a) Geometry. (b) Equivalent network.
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Fig. 2. Calculated values of normalized series reactance X,.
(@) t/ho = 0. (b) t/X¢ = 0.02.
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Fig. 3. Calculated values of normalized shunt reactance X,. (a)

t/xo = 0. (b) t/xe = 0.02.
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Svall?

A, = (—l)”m.

The case of 7 = 1 gives an electric wall at Z = W/2, and
7 = 2 gives a magnetic wall.

By the Rayleigh—Ritz method the amplitudes m, are
chosen 50 as to yield a minimum value of | y@ | for every ».
The minimization conditions satisfy the following set of
N — 1 equations:

ay(i)

= 0, Jj= 2)3J°"N (4)
am;

for m; = 1. Equation (3) was calculated by computer.
Figs. 2 and 3 show the calculated values for the normalized
series reactance z; and the normalized shunt reactance
Zp.

DESIGN OF BANDPASS FILTER

The construction of the bandpass filter with inductive
strips is shown in Fig. 4. Since the equivalent circuit of the
strip is expressed with the inductive reactance T network
as shown in Fig. 1, the equivalent circuit of the filter is
given in Fig. 5(a). The symmetrical T reactance network
connected to the transmission line operates as a K-inverter
network [47] as shown in Fig. 6. Therefore, the equivalent
circuit of Fig. 5(a) is transformed to Fig. 5(b).

Clearly, the phase constant 6, is given by

2%
bi=1" li — 3(¢; + ¢111) (5)
g
—a ﬂwnjlﬂwz‘ lzﬂwq* . in Wnai

N %

Fig. 4. Bandpass filter with inductive strip.
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Fig. 5. Equivalent network. (a) Equivalent network. (b) Filter
using impedance K inverter.
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Fig. 6. Impedance K inverter consisting of reactance T network

and transmission lines.
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Fig. 7. Normalized reactance slope parameter. (a) a/A, =

0.7;
t/ho = 0.01. (b) a/re = Q.8; /Ao = 0.01.

where

[1— (Ao/2a)22"
0;(7 = 1,2, +n) is 7 at the center frequency by the design

method of [2]. By the generalized equations for design
of bandpass filters, we get the following relations:

Ao

wo df eactance sl amet (6)
Xj = —— : reactance slope par. er
T2 de |
2

0; = ~ li — 3 (¢ + ¢i41) (7
(4

b; = —tan™! (22},,]' + xsj) — tan™! Xsi (8)

K, = | tan (3¢; + tan™ z.;) | (9)

1/2 1/2
w TpW
KOI = Q ) Kn,n+1 = (ﬂ )
01 ndn+1

1
K _ Lij4a 2 _ Aw
Gl =W w = —.
Jidi+1 wo

(10)

Fig. 7 shows the calculated values of z;.

DESIGN EXAMPLE FOR TWO-SECTION
MAXIMUM FLAT FILTER

We will design the two-section maximum flat bandpass
filter with the following specification:

center frequency wg/27 = 10.9 GHz
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Fig. 8. ' Experimental response for two-section bandpass filter.

bandwidth
guide width
strip thickness

Aw/2r = 218 MHz
a = 18.8 mm
t = 0.3 mm.

The values calculated by the design method discussed in
the previous section are as follows:

two strip widths Wi = 24 mm
W, = 8.2 mm

distance between strips I =15.5 mm.

Fig. 8 is the transmission loss for the experimental band-
pass filter. The experimental values of the filter produced
by this design method are in good agreement with the
specific values.

APPENDIX

Since the discontinuity is uniform along the y axis, the
only types of higher order modes which are excited at the
strip are H,, modes. In the region Z < 0, the total trans-
verse fields are given by the following expression:

E,? = a;P[exp (—T1Z) + v exp (T1Z) ]
+ X a.P¢n exp (TnZ) (11)

H, % = —Yua,@[exp (—T1Z) — v exp (I'iZ) J¢u

+ Y Vot Py exp (TWZ), n = 3,57,

(12)
where
2 . nre
¢n=(ﬁsm7 (13) i
r,
Yoo = —, n = 13,5,+-» (14)
Jkon

r— [(ZL_I 2 B k02]1/2
a

ko = 2x/Ae = wavenumber of free space

II

n = characteristic impedance of free space.

The case of ¢ = 1 gives the electric wall at Z = W/2, and

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, OCTOBER 1974

7 = 2 gives a magnetic wall. In the region 0 < Z < W/2,
it is assumed that all modes are evanescent.
Thus we get

E,® = 3 bp WA (Z) (15)
H,9 = ¥ Yubu®¥nBa®(Z), m =123 = (16)
where
An® = B,® = sinh Tm< - %)
An® = B,® = cosh T (Z - %I)
0<z< (a—1)/2
2 2mmrx
- = i <z<
(a—t)llzsma-—t (@+ozszsa

(@—9/2<z<(a+1)/2

Since the transverse fields must be continuous at Z = 0,
the following conditions are required:

(@)@ = aO(1 + @)1 + 2 4.
= 2 bnPYndn(0) (17)

Yaar?(y @ — 1)y + 2 YVonta Doy
= X Vb O¥,Bn(0). (18)

The coefficients a.,bn are expressible in terms of the electric
field distribution e(z) as follows:

a/2
/ D¢, da
0} ’
@@ = ——l_—{——;”— (19a)
al2
@, = / Do, dz, (n = 8,5++-2) (19b)
0
(a—1)/2
4, = [ O, dz/ An® (0). (19¢)
0

Substituting the values of the coefficients into (18), we
get

a/2 a/2
— Yoy, / €1 dr + 3 Vot / e, dx
0 ” 0

B (0)
An(0)

(a~t) /2
=Y Yl f oW, do- (20)
m 0
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where

(21)

¥ is the normalized admittance at the plane Z = 0.
From (20), we have the following variational expres-
sion [3] for y:

a/2 af2
/ f GO (/') e (2) € (') da da’
[ 0 )

Yo = (22)
alz 2
Ya [ @ éa]
where
GO =T Yondn(2)6a(2) + I Y Q¥ () T (')

T W
QP = coth
2
T.W
Qm(Z) = tanh

2

The trial function e is given by
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2
=Y msin 2Ty =123,--N.  (23)
) a—t
Substituting (23) into (22), we get
N N
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A Computerized Klinger Cavity Mode Conversion Test Set

BARRY 8. SEIP axp LARRY W. HINDERKS

Abstract—A mode conversion test set utilizing the Klinger cavity
technique has been developed for characterizing circular waveguide
components in the millimeter waveguide region. The test set in-
corporatés a precision linéar displacement optical encoder and a
specially designed controller which interfaces the test set toa
Hewlett-Packard 2100 series computer. Control commiands of a
stored computer program are used by the operator for data acquisi-
tion and analysis. Experimental results show this system has high
measurement accuracy and sensitivity while maintaining an uncom-
plicated measurement process.

INTRODUCTION

O MEET increasing communication needs, Bell
Laboratories is engaged in developing a millimeter
waveguide transmission system. This circular 60-mm-

Manuscript received May 3, 1973; revised April 29, 1974,
0 T’;xe authors are with Bell Laboratories, Inc., Murray Hill, N. J.
7974.

diam waveguide uses the TEn° mode and operates from
40 to 110 GHz. It will have a capacity of approximately
1 million voice circuits.

In developing the waveguide system, measurement
components are needed to transform the TEi® mode
into the TEx® mode in the 60-mm-diam waveguide. A
combination of a transducer, mode filter, and helix taper
is used to make the necessary transition from the milli-
meter wave source to the waveguide module being char-
acterized. The TEu® mode launching components are
used in determining the TEy® mode transmission charac-
teristics of the waveguide modules. TE;® and TEp®
mode launchers have been designed for determining the
unwanted mode attenuation of waveguide modules. The
modal purity of all transducers and tapers must be known
before they can be reliably used in test sets. The Klinger
cavity method [17 is a powerful method for determining
modal purity.



