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Fig. 6. Computed behaviors of input reactance of a radial stub with
a=120° (----) and a straight stub (—) having the same slope parame-
ter and the same frequency f;.

well as of the scattering parameters of shunt stubs are in
very good agreement with theoretical results. The char-
acterization of the radial stub in terms of an equivalent
characteristic impedance has shown the suitability of such
a structure as an alternative to the conventional straight
stub, as it exhibits a very low characteristic impedance and
allows an accurate localization of the impedance reference
plane.
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Broad-Band Millimeter-Wave E-Plane
‘Bandpass Filters

L. Q. BUI, D. BALL, MEMBER, IEEE, AND T. ITOH, FELLOW, IEEE

Abstract — An accurate method to obtain starting estimates for an E-
plane bandpass filter CAD program recently developed by Shih, Itoh, and
Bui is presented. Results agree very well with exact values for filter design
with relative bandwidths exceeding 10 percent at }¥-band and D-band and
20 percent at lower frequencies.

I. INTRODUCTION

ITH INCREASING activity in millimeter-wave in-
tegrated circuit development, the E-plane filter
shown in Fig. 1 recently has drawn considerable attention
[1]-[5]. Such a structure consists of metal strips inserted
along the E-plane of a rectangular waveguide. The strips
may be fabricated on dielectric substrates [3]-[5], in which
case this filter is quite compatible with finline technology.
To date, many E-plane filter designs reported are limited
to narrow bandwidths of less than a few percent. For
wide-band designs, as all the resonators are strongly cou-
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pled, an accurate analysis procedure, one which takes into
account the interaction not only of the dominant mode but
also of the higher order modes generated at the edge of the
strips, is necessary.

We recently developed a computerized (CAD) algorithm
for a class of E-plane filters [6]. For narrow-band designs,
the algorithm converges rapidly with the prescribed re-
sponse by use of available optimization routines [7]. How-
ever, since no systematic scheme was incorporated for
providing starting values of the optimization routine, con-
vergence of the CAD program was rather slow; further-
more, the cost of generating acceptable design parameters
often was prohibitively expensive. This deficiency is espe-
cially noticeable in design of relative bandwidth greater
than 5 percent. Since E-plane filters are inductively direct-
coupled cavity filters, the conventional design procedure
given by Levy using an impedance inverter and low-pass
prototypes is available as [8]. Depending on the bandwidth
equipment, either a lumped-element or a distributed proto-
type is used to calculate the inverter values. In general, a
distributed prototype is not favorable due to difficulties in
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Fig. 1. E-plane filter structure.

obtaining either impedance values using network synthesis
technique or element values for untabulated design, even if
such prototype can be used for wide-band design [9].

This paper presents an accurate method that uses an
explicit formula to obtain the element values of a distrib-
uted low-pass prototype element derived by Rhodes [10].
The equivalent circuit of an E-plane inductive strip [6] is
used to obtain design parameters such as septum widths
and spacing. Results agree with exact values for filter
designs of up to 30-percent bandwidth extremely well. The
computation cost was reduced substantially since no opti-
mization is required. Using this modified CAD program,
designs of E-plane bandpass filters with more than 10-per-
cent bandwidth at D-band and W-bands and more than 20
percent at lower frequency ranges have been accomplished.
Results are unprecedented to our best knowledge.

II. PROCEDURES

As described in [6], our original CAD program consists
of one optimization routine and one analysis algorithm.
The analysis consists of three steps. In the first step, the
generalized scattering matrix at a strip edge is calculated.
For instance, S,;(m, p) is the amplitude of the reflected
mth mode when the pth mode is incident on that edge.
Because each strip extends from the lower broad wall to
the upper broad wall of the waveguide and is uniform,
these generalized scattering parameters can be calculated
exactly by residue calculus techniques [11]. The second step
computes the generalized S matrix of a strip by combining
the S parameters derived in step 1 for both edges of the
strip. The last step combines generalized § matrices of
several strips. This algorithm allows us to obtain the gener-
alized S matrix of the entire filter structure (Fig. 1). Note
that the use of the generalized S matrix enables us to find
the interactions between junctions due to the dominant
mode and to all higher order modes. This is quite im-
portant for accurate design of wide-band filters. The effect
of higher order mode interactions becomes even more
important for filters in which the strips are narrow and the
resonators are coupled strongly.

The procedure is based on a formulation proposed by
Rhodes for a distributed stepped-impedance low-pass pro-
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totype [10]. When the passband ripple ¢, the lower and
upper frequencies f; and fy, and the out-of-band rejection
L (decibels) are specified, the procedure is as follows.

1) Determine the midband guide wavelength A , by
solving

Agrsin(ad,, /A )+ A gsin(aA,, /A ) =0 (1)

where A, and A, are the guide wavelengths in the
resonator section at f, and f,. For a narrow-band case

(A gL = }\ gH )
3 Agr+ Ay
=Ty
However, for the broad-band case, (1) generally must be

solved numerically.
2) Determine the scaling parameter a by

a=X./[Asin(7 /A, )] (2)

3) Determine the number of resonators N. This is
accomplished by finding the minimum value of N for
which the most severe constraints on the rejection L satis-

fies
A aA
a—isin( go”} (3)
Ago }\g

at the designated stopband frequency f,. In (3), T, is the
Chebyshev polynomial of degree N, and A, is the guide
wavelength at f,.

4) Calculate the impedances of the distributed element
and impedance inverter values

Z,=2asin [——(anz\,l)w ] /y

1 }y*+sin®(na/N)

L =1010g{1+ Ty

~ 4ya . 2n+1)7
TN
2 +4sin? [(n—1
L ¥ 2 tsin? [(n )W/N]’ n=l.-- N
Sin(2n—3)7r
2N
(4)
2 )
y<+sin“(nw/N
;,n+1=V (rn/ ), n=0,1,---,N
Y
(5)
where
y=sinh[%sinh"1%]. (6)

5) Recognizing that the characteristic impedances of the
resonator sections are identical, scale the impedance Z, to
unity and

Kn,n+1=k;;,n+1/m, n=0,..

N (7)

and
ZO= Zn+1=1'
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6) Determine the widths of E-plane strips so that the
required impedance inverter is realized. Use the T equiv-
alent circuit of the strip for the inverter (Fig. 2)

K=‘tan(%+tan_1Xs) (8)
¢=—tan"'(2X,+ X,)—tan"" X,. (9)

The normalized reactances X, and X, in Fig. 3 are given in
(10]

P 1- 512 + S11
jX, = -5, %5, (10a)
28
iX, 12 (10b)

e
(1 - Sll) - 5121

where §,;, etc,, are the scattering coefficients of the domi-
nant mode. Note that, in calculating X and X, effects of
all of the higher order modes are incorporated. Therefore,
the results are accurate.

X, and X, in (10) are functions of the strip width d as
described in [6]. Since these functions are not available
explicitly, we implemented a root-seeking routine to find
the value of d that provided the required impedance value
K and the angle ¢ for each impedance inverter.

7) Finally, the length of the jth resonator formed by the
jth and (j + 1)th strips is given by

I, = Moo
7 27

1
ﬂ—5(¢j+¢j+1) (11)

III. DESIGN AND MEASUREMENT

The method described above was applied to the design
of E-plane filters for use in various frequency regions,
ranging from Ka (26.5-40 GHz) to D (110-175 GHz)
band. In this paper, we discuss three examples, one each
for D-, W-, and U-bands. Note that the procedure is valid
for E-plane filters of bilateral, and unilateral, and metal-
only construction.
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TABLE1
D-BaND FILTER DESIGN

Ripple: 0.10 4B
Lower Band-Edge Frequency: 139.0 GHz
Upper Band-Edge Frequency: 151.0 GHz

Lower Rejection @ 20.0 dB at 132.0 GHz

Upper Rejection : 20.0 dB at 160.0 GHz

Relative Dielectric Consistant: 2.1
Substrate Thickness/Inches: 0.003
Waveguide Width/Inches: 0.065
No. of Resonators: 5

Strips d = 1.25, t']2 =d. * 13,25, d, = d, = 17 mils

17 % 5 - T
Resonators 1, =1l = 34.93,12 =1,% 35.39, 14 = 35.40 mils

TABLEII
D-BAND FILTER RESPONSE
Frequency Return Loss Insertion
(GHz) (dav) (db)
130.000 0.000 51.480
131.000 0.000 47,463
132.000 0.001 43,125
133,000 0.001 38,385
134.000 0.003 33.160
135,000 0.009 27.267
136.000 0.037 20.486
137.000 0.242 12.499
138.000 2.292 3.797
139,000 17.047 0.054
140.000 23.726 0.001
141.000 53.904 0.015
142,000 22.584 0.015
143.000 23.270 0.014
144,000 59.235 0.007
145.000 22,633 0.018
146.000 19,720 0,040
147,000 23,958 0.010
148,000 30.072 0.003
149,000 18.466 0,058
150.000 20.014 0.038
151.000 15.733 0.105
152,000 3.823 2.310
153,000 0.887 7,325
154,000 0,250 12,550
155.000 0.087 17,086
156.000 0,039 20,946
157.000 0.020 24,286
158,000 0.012 27.198
159,000 0.008 29,765
160.000 0.007 32.038

Table I shows specifications for a D-band filter and the
initial guess of dimensions for the strips (d,) and reso-
nators (/;) derived by procedures 1) through 7) described
above. When these values are used in the analysis portion
of the CAD program, the response is as shown in Table II.
Since these results satisfy the specifications, no optimi-
zation was required.

A bilateral D-band filter (Table I) was fabricated and
tested. A 3-mil-thick cuflon substrate is used for this filter.
Fig. 4 shows the measured insertion loss of this filter. Since
two sweep generators were used for this measurement, the
two printouts are placed side by side to generate Fig. 4.
The measured results indicate that the entire passband is
shifted upward by about 3.5 GHz. However, this shift
constitutes only about 2.4 percent of the center frequency.
Such a shift is caused by the thickness of the strip metalli-
zation and by the grooves holding the E-plane substrate.
The groove dimension is 5 mils wide by 3 mils deep, and
Fig. 5 is a photograph of the D-band filter.
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Fig. 4. Measured characteristics of a D-band bilateral filter on a cuflon
substrate.

Fig. 5. Phc;fbgrgiph‘ofé D-band filter.
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Fig. 6. W-band bilateral filter on a 5-mil-thick RT duroid. d, =d, =
1.25,d, =ds=1525,d; =d, = 2025 mils, [, =13=5329,,=1,=
54.02, I3 = 54.05 mils.
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In Fig. 6, the predicted and measured insertion loss and
return loss of a bilateral W-band filter fabricated on a
5-mil RT/Duroid substrate are given (measured data are
indicated by (x)). Fig. 7 presents measured data for a
unilateral, 7-resonator U-band filter with relative band-
width exceeding 20 percent. The design specified the pass-
band from 50 to 60 GHz. In the measurement, a V-band
sweeper (50 to 75 GHz) was used via a tapered transition
to the U-band setup.

1IV. ConNcLUSIONS

An efficient method for estimating the starting values of
a broad-band E-plane filter was developed using a conven-
tional direct-coupled filter and the exact equivalent circuit
of an FE-plane inductive strip. Compared to our original
CAD procedure, this modified version’s CPU time is re-
duced by a factor of 30. Excellent agreement with exact
analysis and measurements has been obtained for filter
designs of up to 160 GHz. Performance of these filters,
particularly those at D-band, is unmatched to date.
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Fig. 7. Measured responses of a U-band, unilateral 7-resonator filter.
dy=dy=15,dy=d;—2025,dy=ds=29.75,d, = ds=32.25 mils, [,
=1;=8573,1, =14 =8553,/; = 1;=8525,1, = 8520 mils.
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