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A New Band-Splitting Filter for Guided~m
Millimeter-Wave Transmission Systems

NOBUO SUZUKI

Absfract—A new Michelson-interferometer (MI) hybrid having a
miter angle is developedfor useas a millimeter-wa~e band-splitting tilter.
The construction and operating principle of the filter are described.
The designmethod and the experimental results are also presented.

This filter has low branching loss, yet keeps very wide band charac-
teristics. For the 4W120-GHz-frequency-range filter with 35” miter

angle, the branching lossis 0.68–1.56dB. This is about 40 percent lower
than that of the conventionalMI filter. The input VSWR is lessthan 1.29
and the guard bandwidth is lessthan 250 MHz.

This filter can be used for the 40-120-GHz guided-millimeter-wave
transmissionsystems.

I. INTRODUCTION

AMONG various, filters proposed for use in the guided-

millimeter-wave transmission systems, the Michelson-

interferometer (MI)-type filter has very wide band and

low-loss characteristics. In addition, this filter can be

directly connected to the TEO1-mode waveguide line, offer-

ing practical advantages for installation.

Marcatili and Bisbee have reported the possibility of

using this filter as a band-splitting filter [1]. Iiguchi has

presented its design theory [2]. Recently, the experiment

on this filter was conducted by Suzuki in the 40-120-GHz

range, confirming its very wide band and low-loss character-

istics [3], [4].

We describe here a new band-splitting filter which can

substantially reduce the branching loss, yet keep the very

wide band characteristics. First, the formulas and graphs

that facilitate the practical filter design are presented. Next,

we discuss its application to the guided-millimeter-wave

systems and describe an experiment on the filter.

IL DmIGN FORMULA

Fig. 1 shows a possible implementation of a new band-

splitting filter. As in the conventional MI-type filter, this

filter is constructed from two hybrids, high-pass filters, and

waveguide elbows. However, in contrast to the conventional

one, the filter has miter hybrids and elbows whose angle

between two guide axes (20) is different from 90° as shown

in Fig. 1. In so doing, we get better performances as ex-

plained later.

Suppose a signal having wide frequency spectra is

incident upon port W. Hybrid HA yields two waves in the

upper and lower guides, dependent on the reflection and
transmission coefficients of the dielectric sheet of HA. A
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Fig. 1. Miter MI band-splitting filter. (a) Miter MI hybrid. (b)
Fundamental construction.

part of these waves whose frequencies are below f, is then

reflected at the high-pass filters and emerges from ports

L and W. The other part is transmitted through the high-

pass filters, combined again by hybrid H~, and emerges

from ports Hand M. The ideal band-splitting filter assumes,

of course, that the signals emerge from ports L and H, but

not from ports W and M.

Using the reflection and transmission coefficients R and

D of HA, the hybrid loss L~l and the reflected power LRI can

be derived as follows [3]:

Lfji = – 10 log~o 4R2D2

L~l = 10 loglo (R2 – D2)2

where mode conversion loss may be included

Similarly, the hybrid loss L~2 and the residual

L~2 at ports H and M can be derived as follows:

L~2 = – 10 Iog10 (DR’ + RD’)2

L~2 = 10 loglo (RR’ – DD’)2

..-

(1)

(2)

in L~l.
coupling

(3)

(4)

where R’ and D’ are reflection and transmission coefficients

of H~, respectively, that are, in general, different from R

and D of HA.

As is well known, an isotropic dielectric sheet illuminated

by obliquely incoming waves has different reflection and

transmission coefficients with respect to the polarization

of the waves. Hence, the TEO1 mode transmitted through the

dielectric sheet suffers mode conversions in accordance with



238

10 ! I I

ISEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, MAY 1976

-40, ,

08

06

04

02

o! 1 I

Is

10

05

0
004 006 008 010 012 014 016
~(h. Thickness of dielectric sheet,

~: Free space wavelength)

Fig. 2. Calculated amplitude reflection coefficient and hybrid loss
versush/Ao.

the’ inclined angle of the sheet. This is apparent from the

fact that the TEO1 mode may be decomposed into two

linearly polarized waves. The smaller we choose the inclined

angle, the fewer mode conversions result. The filter presented

here uses this characteristic to achieve better performances

compared to the previous one [4].

The reflection and transmission coefficients are now

written by

R = ~(Rll + Rl)

D = *(D,, + Dl)

where

R~ = 61
1–A

1 —r~”A

D~ = dl
B

1 -rl” A I

R,l = &
1–A 1

l–rll. A

D,, = dll ~
‘}

B’

–rll” A

A = exp (–2j6), B = exp (–.)6)

(5)

(0

(7)

(8)

e, — cos 2e(&, – 2 sinz 0) –
r, =

2 sin 20 sin 6’48, – sinz O
.J.

E, — cos 20(8, – 2 sinz 6) + 2 sin 20 sin 04.5, – sinz 8

rll = rl

x &, + Cos 20(8, – 2 sinz 0) – 2 sin 20 sin 048, – sin2 O

8, + cos 20(8, – 2 sinz 0) + 2 sin 26 sin 0 ie, – sinz e‘

dl=l–rl, dll = 1 – rll (9)

where h, E,, and A. are sheet thickness, relative dielectric

constant, and free-space wavelength, respectively. From the
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foregoing discussions, it is seen that R2 + D2 < 1 while

R112 + Dll 2 = R12 + D~2 = 1. Simple calculation shows

that the TE2. and TM2. modes are generated mainly at

hybrids.

We next present several design curves in Figs. 2-4.

Fig. 2(a) shows R as a function of h/lO. The incident angle

is varied from 35° to 45°, and the dielectric constant is

assumed to be 7. Fig. 2(b) shows L~l as a function of h/20.

If we choose the incident angle to be 35°, L~l is 0.14 dB

at 50 GHz, which is one-third that of the 45° hvbrid. Fire.

3 and 4 show L~l with parameters 9 and 6,, respectively.-It

is seen from Fig. 3 that the bandwidth increases with

decreasing 0, andlor with increasing E,. Since the power

reflection is usually required to be less than – 18 dB, the
35° incident angle and dielectric constant of 7.1 is nearly

optimum.

III. APPLICATION TO THE

GUIDED-MILLIMETER-WAVE SYSTEM

A band-splitting filter used for the guided-millimeter-wave

system is designed according to the following specifications:

1) frequency band, 40-120 GHz; 2) separation frequency,

80 GHz; 3) guard bandwidth,l below 300 MHz; 4) reflection

1 The guard bandwidth is defined by the highest and lowest fre-
quencies in port H and L of the band-splitting filter, respectively,
where the signal level is attenuated to be – 20 dB.
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Fig. 5. Designed frequency response of O-dB coupling characteristics.

coefficient, below – 18 dB (VSWR: below 1.29); 5) residual

coupling below – 16 dB.

The separation frequency is almost coincident with the

cutoff frequency f= of the narrowest section of the cutoff

filter, and thus the diameter of the section is chosen to be

4.571 mm. The guard bandwidth is mainly determined by

the length and profile of the cutoff filter. For the design

of the cutoff filter, see [5]. Dimensions of the cutoff filter

are finally determined as follows: 1) taper waveguide

section, cosine-cubed in shape, 150-mm length; 2) cutoff

waveguide section, 4.571-mm ID, 16-mm length; 3) input

and output waveguides, 10-mm ID.

The reflection characteristics of the filter are related to

pulse echo resulting from multireflection. This specification

is obtained from the allowable echo level of – 29 dB of the

multiplexing network.

Now, the coupling of hybrids HA and H~ must be so

chosen as to make the frequency response as flat as possible

over the 40-120-GHz range. The wave in the lower band is

not related to the hybrid H~ because it only round-trips

in the hybrid HA. Therefore, the hybrid HA can be designed

such that the coupling deviation in the 40-80-GHz band

will be as small as possible. On the other hand, since the

wave in the higher band goes through the hybrids HA and

H~, the hybrid H~ is designed such that the overall coupling

characteristics of the cascade connection of both hybrids

is O dB.

First, we design the hybrid HA. Fig. 4 shows that in the

frequency band of 40-80 GHz the dielectric constant e. and

the normalized thickness /z/AOare 7.1 and 0.054 (h = 0.405

mm at 40 GHz), respectively. These values satisfy a reflec-

tion coefficient below – 18 dB. Fig. 5 shows the frequency

response of this hybrid. The reflection level of port W is

shown by the solid line.

Next, we design the hybrid H~. The overall coupling must

be as close as possible to O dB in the higher frequency band

from 80 to 120 GHz. This is satisfied with the use of a

different dielectric constant and thickness for H~. Therefore,

if

RR’ – DD’ = O (10)

in the higher band of 80-120 GHz, the coupling loss of port

W–H is O dB. The calculated value of (10) is shown in Fig. 6

with parameters .5,2 and hz for ~3j respectively. It is seen

-40

-30

-20

-10

01
1 I

80 I00 I 20

FREQUENCY (GHz)

-40, , I

h,zo 405mn)

o
I

80 I00 120

FREQUENCY (GHz)

-’o-x“2=’20a
h; =0 405mm

o
1

80 100 120

FREQUENCY (GHz)

Fig. 6. Residual coupling in. a higher frequency band with param-
eters c, and h. The curve ;nd]ca{ed by HA = HB mean? the frequency
response where the hybrid HE ISthe sameas the hybrid HA.

from Fig. 6 that the residual coupling decreases with in-

creasing 6,2 or with decreasing h2. Since we use 7.1 and 0.405

mm for 8,1 and hl of hybrid HA, respectively, 12.0 and 0.13

mm may be optimum for e,z and hz of hybrid HB, as shown

in Fig. 5. This is satisfied with our specification of residual

coupling value of – 16.0 dB.

IV. EXPERIMENTAL RESULTS

A. Hybrid

The manufacturing process for miter hybrids and elbow

waveguides is as follows. First, cut diagonally in two the

aluminum block of a rectangular prism. Next, sandwich a

plane plate corresponding to a dielectric sheet between the

aluminum blocks. Cylindrical holes of equal diameter (say

51 mm) are bored in such a way that the intersection of the

axes of the waveguides makes angle of 35°.
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Fig. 7. Measured O-dB coupling characteristics of lower and higher
frk~~y band. (a) Lower frequency band. (b) Higher frequency

Fig. 7 shows the experimental results of O-dB coupling

characteristics which agree with calculated values. Experi-

mental parameters are decided as follows.

H. H,

Incident angle of dielectric sheet 35” 35”
Waveguide diameter 51 mm 51 mm

Dielectric Sheet Forsterhe Alumina

Dielectric constant 7.1 9.5
tan 3 A’10-3 ,.,10-4

Thickness 0.43 mm 0.22 mm

The thickness of thedielectric sheet for HAis chosen to

be longer than the previously calculated value in order to

reduce the reflection coefficient near 40 GHz. Therefore, to

avoid the increase of the residual coupling near 120 GHz,

the parameters hz and Z,z of the H~ must be decided

optimally. However, we obtained hz and E,z of Fig. 7(b)

because of the importance placed upon the characteristics

near the separation frequency rather than 120 GHz related

to the transmit-receive interference. As shown in Fig. 7(b),

residual coupling deteriorates to be – 11 dB near 120 GHz,

and the coupling loss is increased by 0.36 dB.

The theoretical loss includes: 1) hybrid loss L~l or L~2

(including coupling loss); 2) mode-conversion loss caused

in a hybrid with miter circular waveguide; 3) tan d loss; and

4) mode-conversion loss in an elbow waveguide. Here, 2)

and 4) are treated in the same fashion to evaluate the loss

in two elbows in the high- or low-frequency band.

(a)

(b)

Fig. 8. 4&120-GHz filter. (a) Band-splitting filter. (b) Hybrid.

The loss in single elbow is given by [6]

‘e= -2010f’’”{1 -0279( $)3’2) ’11)

where a is the waveguide radius. Equation (11) has been

derived for the right-angle elbow. The diffraction loss for

the miter elbow used in this experiment would be larger than

the loss given by (11). Hence, (11) should be understood to

give a lower limit to the miter elbow diffraction loss. If,

tan d is less than 10-3, the tan d loss maybe ignored because

it is only 0.04 dB at 120 GHz.

B. Band-Splitting Filter

We have constructed a band-splitting filter as shown in

Fig. l(b). Fig. 8(a) shows a photograph of the complete

band-splitting filter. The total length is 2.74 m.

The cutoff filter is made by electroforming, except for the

taper waveguide section that uses a mandrel whose figure

is step-wise shaped by a numerically controlled machine.

The tapered waveguide from 51 mm to 10 mm in diameter

is of the raised-cosine type [7], 1-m long, where the power

level of the TE02 mode is below – 40 dB.

Finally, the frequency response of the band-splitting

filter is shown in Fig. 9 which was measured using a back-

ward-wave-oscillator (BWO) sweep generator. As is shown
in the figure, the loss in the lower frequency range is O.80–

1.56 dB, and the loss in the higher frequency range is

0.58-1.25 dB (0.68-0.85 dB in the 82–115-GHz range). The

increase of the loss near 120 GHz is caused by degradation

of the residual coupling characteristics. If we employ ideal
parameters for the dielectric sheet in Fig. 5, the loss can be

reduced. ‘

The frequency interval at the 20-dB point of the losses

W-H and W-L is 250 MHz, the deviation of ~C is +25 MHz,

and the reflection level of the stopband is less than – 20 dB.

These values satisfy the specifications. The characteristics

of VSWR of port W and residual coupling W–M are

similar to the characteristics of Fig. 7. Thus VSWR of
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Fig. 9. Measured frequency response. The dot–dash line indicated
by 45° is, for comparison, taken from [4],

port W is less than 1.22 (reflection loss – 20 dB) over

40-58 GHz and less than 1.29 (reflection loss – 18 dB) over

58–80 GHz. The characteristics of port L are similar to the

characteristics of port W. The residual coupling is less than

– 16 dB over 80-110 GHz, and it is – 11 dB at 120 GHz.

VSWR of port His 1.07 (reflection level – 30 dB) in the

higher frequency range.

V. CONCLUSIONS

The design and experiments of a new MI filter with 35°

miter angle for guided-millimeter-wave transmission systems

has been described.

This filter is constructed from two MI hybrids, high-pass

filters, and waveguide elbows. Of particular interest are the

hybrids having a miter angle because of their good per-

formance. For example, if we choose a hybrid with 35°

miter angle, the O dB coupling loss is 0.14 dB at 50 GHz,

which is one-third of a conventional hybrid. And also, a
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super-wide band and low-loss bandsplitting filter with a

loss of 0.68-1.56 dB in the frequency range 40-120 GHz

has been realized. This is about 40 percent lower than the

conventional MI-type filter. The VSWR is less than 1.29

in the lower frequency band and is less than 1.07 in the

higher frequency band. The guard bandwidth is less than

250 MHz.

Though the total length for the experimental model is

2.74 m, if we employ an ideal design for the tapered wave-

guide, the length can be reduced by 35 percent.

This filter has 0.8-dB branching loss in the 1OO-GHZ

band, so it is particularly suitable for use at a much higher

frequency.
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