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A Periodic Branching Filter for
Millimeter-Wave Integrated Circuits

TAKAO ITANAMI

Abstract— A number of passive and active devices using dielectric
waveguides have been developed and find various applications in integrated
circuits at the millimeter optical-frequency range.

The design, theoretical considerations and experimental findings of a
periodic branching filter using rectangular dielectric waveguides are de-
scribed in this paper.

Low insertion loss for the periodic branching filter with 850-MHz 3-dB
bandwidth, less than 1.0 dB, is achieved in the frequency range from 77 to
85 GHz. Measured results are in good agreement with theoretical calcula-
tions.

1. INTRODUCTION

"ILLIMETER-WAVE integrated circuits, which use

a dielectric waveguide have been emerging for the
past several years. Both dielectric rectangular waveguides
and insular dielectric waveguides seem to be suitable for
millimeter-wave integrated circuits. One of the most im-
portant characteristics required for the waveguide compos-
ing the circuit component is low loss. However, insular
dielectric waveguides have essentially higher loss than di-
electric rectangular waveguides due to the presence of the
metal ground plane. It thus appears that dielectric rectan-
gular waveguides are more suitable for millimeter-wave
integrated circuits.

Circuit components using dielectric rectangular wave-
guides, however, have not been sufficiently investigated. A
channel diplexer, one of the circuit components using a
dielectric rectangular waveguide, is described in [1]. This
ring-type channel diplexer is composed of ring resonators
and input—output guides. The insertion loss of this filter is
greatly affected by the resonator loss, as the resonance
point of the resonator is placed at the center of the
passband.

To obtain a ring-type diplexer with a wide 3-dB band-
width, the resonator length must be shortened. That is, the
bending radius of ring resonator must become small. This
causes an increase of insertion loss due to the increase in
ring resonator radiation loss, which is very difficult to
avoid. For this reason, it is difficult to obtain a low-loss
ring-type diplexer using a dielectric waveguide with a rela-
tively wide 3-dB bandwidth of about 1 percent.
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A periodic branching filter, whose amplitude transmis-
sion characteristics versus frequency vary periodically is
well known and has been described in several papers
[2]-[5]. A periodic branching filter with a traveling-wave
resonator has been applied in band-splitting filters for
satellite use [6].

When using this filter as a channel diplexer that has a
relative 3-dB bandwidth of about 1 percent, a long-length
traveling-wave resonator is needed. As a result, the bend
radius of the resonator for this filter becomes large. This
causes a decrease in the radiation loss form the resonator
when the filter is made of dielectric waveguide.

Another feature of the periodic filter is that they essen-
tially have low-loss characteristics as the resonant frequency
of the resonator is placed at the edge of each passband,
and the passband loss for this filter is not degraded by the
resonance. Therefore, this filter is considered to be suitable
for low-loss constructions using dielectric waveguides.

This paper describes the design method and theoretical
considerations of the periodic filter that uses a rectangular
dielectric waveguide. Experimental results are also de-
scribed for the periodic filter designed as a 80-GHz band
channel branching filter.

II. STRUCTURE AND DESIGN

A periodic branching filter with a traveling-wave resona-
tor is composed of three directional couplers, connecting
waveguides for phase adjustment, and a traveling wave
resonator. Two of the three couplers are 3-dB hybrids. The
other one is used to couple the resonator to one of the
connecting waveguides. An equivalent circuit for this filter
is shown in Fig. 1.

Theoretical transmission characteristics for this filter are
given by the equations in the Appendix. Phase and ampli-
tude characteristics for this filter are shown in Fig. 2. It is
assumed in the calculations that the three directional cou-
plers are ideal and that the waveguides are lossless. In Fig.
2, the axis of the abscissa is the electrical length of the
resonator and the axis of the ordinate is the phase or
amplitude. The straight solid line in Fig. 2(a) indicates the
phase difference between two connecting waveguides, while.
the winding solid line and broken line indicate the phase
variations of the resonator, including the coupler, at
ko =2y2 /3 and at k, =1, respectively. When k equals to
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Fig. 1. Equivalent circuits for periodic branching filter
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Fig. 2. Phase and amplitude characteristics for periodic branching filter.
(a) Phase. (b) Amplitude.
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Fig. 3. Loss characteristics of rectangular dielectric waveguide.

’ 2y2 /3, inclinations of the resonator phase ¢ and S,(/, —/;) can then be obtained. The amplitude characteristics of this
coincide at each antiresonance point for the resonator (i.e., filter is shown in Fig. 2(b). This figure also shows that the
B.ly=(@2n+1)7). The maximally flat amplitude response resonance point of the resonator is placed at the edge of
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each passband. For that reason, this filter’s insertion loss is
essentially low in contrast to the usual diplexer using
resonators, in which the resonance point is placed at the
center of the passband.

In designing this filter, the waveguide material and di-
mensions must first be determined. Poly-tetra-fluoro-
ethylene (PTFE) was chosen for the waveguide material of
this filter, because of its low-loss property and ease of
fabrication. Assuming that the dielectric constant and loss
tangent of PTFE are 2.0 and 2X 10 ™%, respectively, theo-
retical radiation loss and dielectric loss can be calculated
[7}, [8].

The calculated results of radiation losses from a 27
radian bend and dielectric loss per meter are plotted in Fig.
3. They are shown against the waveguide width a for a
square dielectric waveguide. The dielectric waveguide mode
used for the calculation is the dominant E}; mode. Theoret-
ical calculation indicates that radiation loss increase rapidly
with decreasing waveguide width from 3 to 2 mm, when the
bend radius R varies between 20 and 40 mm. The calcu-
lated results also indicate that radiation losses are negligi-
bly small if the waveguide width is greater than 3 mm, and
the bend radius R is greater than 20 mm. The dielectric loss
decreases rapidly when the waveguide width decreases
below 3 mm and it remains almost constant with increasing
waveguide width from 3 mm.

As a consequence of these considerations, it becomes
clear that the waveguide width has to be greater than 3
mm. The measured radiation loss is slightly greater than
the theoretically calculated loss [7]. Therefore, the wave-
guide is chosen to be 3.5 mm, in order to be able to neglect
radiation losses.

The propagation constant 8, along the dielectric guide is
given by [8] , ‘

:Bz = (leere _sz )‘/2
ere:€r_(18y/18)2 (2)
B=21/A 3)

where B,, B, are the transverse propagation constants, €, is
the relative dielectric constant of the waveguide material,
and X is the free-space wavelength.

B, and B, are solutions of the following transcendental
equations:

(1)

B.a=m—2tan"'(B,/Bro) (4)

B,a=m—2tan""(B,/B,o) )
where

Beo=[(c. =178 5] (©)
and

Bro=[(e,~ 183 —87]. @)

After the waveguide dimensions and material are specified,
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the propagation constant B8, is calculated from the equa-
tions (1) to (7) at every frequency.

If the 3-dB bandwidth B, and the channel center
frequency f, are given, the resonant index N of the resona-
tor (i.e., the number of wave variations along the length of
resonator) is determined by

BZN
N=——=0— 8
:82(N+ 1 _BZN ( )
where B,y is the propagation constant of the resonator
waveguide at the frequency (f, —B,/2) and B, at the
frequency ( f, +B,/2).
The resonator length /,, is given by

27

B ©)

The differential length A/ between two connecting wave-
guides for phase adjustment is given by

I, =N

ly =

2 2B,y
Using these design equations, a periodic branching filter
was designed under the conditions ( f, —B,/2)=80 GHz
and B, =850 MHz. The dimensions of the designed filter

are N=80, l,=234.22 mm, /,=123.62 mm, and [, =240
mm.

(10)

III. - THEORETICAL CHARACTERISTICS

Transmission characteristics for the periodic branching
filter described in Section IT are compared with those for a
conventional maximally flat type filter, in order to evaluate
its characteristics. A comparison of the amplitude char-
acteristics is presented in Fig. 4. This filter's frequency
response is found to be nearly equal to that of a sixth- or
seventh-order maximally flat type filter. Group delay char-
acteristics are compared in Fig. 5. The difference between
maximum and minimum delay times within this filter’s
3-dB bandwidth corresponds to that for third- or fourth-
order maximally flat type filters.

If the coupling factor for two 3-dB hybrids deviates from
3 dB, the transmission characteristics of the periodic filter
are quite different from those for a periodic filter which
has ideal 3-dB hybrids. The amplitude transmission char-
acteristics of a periodic filter with a nonideal 3-dB hybrid
is shown in Fig. 6. Here, the amplitude deviation is =0.5
dB and k,=2y2 /3. It can be seen in Fig. 6 that no ripple
arises in the transmission characteristics. Only leakage to
the other port is brought about through the coupling factor
deviation of =0.5 dB. Due to this leakage to the other
port, the transmission loss increases. The amount of in-
crease, however, is small, and is less than 0.1 dB.

Relations between the amplitude coupling coefficient &,
and the maximum leakage are shown in Fig. 7, ‘with
coupling factor deviations Ak,, Ak, of the hybrids as
parameters. As this figure shows the leakage increases to
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Fig. 4. Amplitude transmission characteristics comparison between de- Fig. 6. Change of amplitude transmission characteristics for designed
signed periodic branching filter and maximally flat type filter. periodic filter, caused by hybrid’s coupling factor deviations.
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and maximally flat type filter

about 17 dB, due to the coupling factor deviation of +0.5
dB under the condition that k is around 0.9.

The delay time difference characteristics for this filter
are shown in Fig. 8; the shading indicates the variation
ranges for the delay time differences between maximum
values and minimum values within the 3-dB bandwidth.
The coupling factor deviation of the hybrid is within
*0.25 and =0.5 dB in this figure. The delay time dif-
ference is very small when k is greater than 0.9. '

Theoretical amplitude transmission characteristics of the
designed filter are shown in Fig. 9. The couplers are
assumed to be ideal and k, equals to 2y2 /3.

The channel center frequency deviation from the nomi-

—+ =1 e e 1 1 .
n?'l value (80’42‘:5 _'0‘8_25’1 GHz (n 1’23 ) is shown in Fig. 8. Delay time difference changes for designed periodic filter, caused
Fig. 10. The deviation is very small and is less than 4 MHz by hybrids’ coupling-factor deviations.

Delay time difference (nS)
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Channel center frequency deviations for designed periodic-

branching filter.

within the relative frequency range of 10 percent. This is
due to the low dispersion of the dielectric waveguide.

IV. CHARACTERISTICS OF THE FABRICATED
PerioDIC FILTER

The transmission loss for the Ef; mode in a dielectric
waveguide with a cross section of 3.5 mmX3.5 mm was
measured by a transmission method. A conventional rect-
angular horn was employed to launch the E}} mode onto
the dielectric waveguide.

Losses for two different-length dielectric waveguides were
measured, and the loss of the shorter one was subtracted
from that of the longer one. Thus the loss of the two horn
launchers was eliminated and only the loss of the dielectric
waveguide was obtained. The accuracy of the measurement
was within 0.1 dB. The transmission loss was 2.5 dB/m at
80 GHz.

The fabricated periodic filter is shown in Fig. 11. This
filter is composed of the same guide which was used to
measure the transmission loss. The bending radius of the
curved waveguide portion of this filter is chosen to be 30
mm, to limit the radiation loss to a negligible level.

Coupling characteristics of the 3-dB hybrid and the
coupler, which couples the resonator to one of the connect-
ing waveguides, are shown in Figs. 12 and 13, respectively.

‘The coupling factor deviation of the hybrid is seen in Fig.

12 to be within +=0.5 dB at a frequency range from 77 to
85 GHz. The coupling coefficient k, of the coupler is seen
in Fig. 13 to be between 0.942 and 0.909 at the same
frequency range. '

Amplitude transmission characteristics of the fabricated
filter are shown in Fig. 14. The solid line and broken line
indicate the transmission characteristics between ports 1
and 2, and between ports 1 and 4, respectively, The resid-
val transmission loss (i.e., the transmission loss between
ports 1 and 3) is also greater than 40 dB at the frequency
range from 77 to 85 GHz. The measured transmission loss
at each center frequency is between 0.85 and 1.0 dB. The
calculated loss (i.e., the losses of two hybrids plus the loss
calculated from equations (Al)-(A1l) using the measured
waveguide loss) is 0.9 dB at 80 GHz. Thus, this filter’s
measured transmission loss is considered to be quite accep-
table.

The measured channel center frequencies are about 500
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Fig. 11

Fabricated periodic branching filter.
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Fig. 12. Coupling characteristics of 3-dB hybrids used for fabricated
. periodic-branching filter.
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Fig. 13. Coupling characteristics between connecting waveguide and

resonator of fabricated periodic-branching filter.

MHz higher than the design values. The measured 3-dB

bandwidths are about 850 MHz and agree well with theory,

as do the measured channel center frequency spacings.
The difference between the measured and theoretical

Transmission loss (dB)
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Frequency (GHZ)

Fig. 14. Measured transmission characteristics of fabricated periodic-
branching filter.

channel center frequencies is caused by resonator fabrica-
tion error and the dielectric constant variation of the PTFE
from the nominal value used for design. The leakage of the
fabricated filter to the other output port is rather greater
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than predicted in Fig. 9. The reason for this increased
leakage is considered to be the coupling factor deviation of
the three couplers. This is indicated in Fig. 7.

V. CONCLUSION

The design method, theoretical characteristics, and
experimental results for a periodic branching filter, using a
dielectric waveguide, are presented.

The effect of the coupling-factor deviation is discussed
theoretically in some detail. It is found that the transmis-
sion loss and delay characteristics are not seriously affected
when the coupling factor deviation is within =0.5 dB and
ko is around 2y2 /3. Leakage to the other output port
increases seriously under the same conditions, however.
Hence, when designing a periodic filter which needs low
leakage levels, attention must be paid to the coupling-factor
deviation of the hybrids.

A periodic filter with 850-MHz 3-dB bandwidth was
designed and fabricated. A low transmission loss for this
filter (less than 1.0 dB) is obtained at a frequency range
from 77 to 88 GHz. The measured characteristics of this
filter agree fairly well with theory and verify its essentially
good transmission characteristics.

This filter can be applied to millimeter and optical
integrated circuits, if waveguide material characteristics
include low loss and ease of fabrication at the millimeter
optical-frequency range.

APPENDIX

The frequency response of the periodic filter shown in
Fig. 9 is given as follows:

A, exp(—j®,,) (between port 1 and port2) (Al)
Ay exp(—j®,,) (between port 1 and port 4) (A2)

Ay, =[hh3exp(—2al,) A} + kik3exp(—2ed,)
—2kykyhhy Agexp[ —a(l,+1,)]

~cos(+B.(1, _12))]1/2 (A3)
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ho=(1-k2)"* (A9)
h=(1-k})"" (A10)

and
hy=(1-k2)"* (A11)

where k, is the coupling coefficient between the resonator
and one of the connecting guides, k, is the coupling
coefficient of hybrid 1, k, is the coupling coefficient of
hybrid 2, ¢ is the phase lag of the traveling-wave resonator,
B, is the phase constant of the dielectric waveguide, a is the
attenuation constant of the dielectric waveguide, /, is the
length of the resonator, and /,, /, are the lengths of the two
connecting waveguides.

The group delay characteristics of this filter are given by

dd X
_do.:z = —Yl (between port 1 and port 2) (A12)
2
dd X
da:4 = 74 (between port 1 and port 4) (A13)
4
do  , dB,
X2 =h%h§exp(—2all)A§( %‘ +ll do )
dB,
+k12k%exp(—2a12)12—%

+h2h3kikZexp[ —a(l, +1,)] 4,

d¢ dap,
cosl o+, ~1)]| 2+ (1 +1) 2 |
(A14)
Y, =hih3exp(—2al,)A, +kik3exp(—2al,)
+2k kyhihyexp[ —a(l +1,)] 4,

-cos[o+B,(1,—1,)] (A15)

hihyexp(—al,) Agsin( o+ B,1,) —k k.exp(—al, )sin B,1,

d)lz:tan_l{

hihyexp(—aly) Agcos(o+B.1,) —k kexp(—ad, )cos B,1,

] (A)

A14:[h%k§exp(—2all)A0+k12h%exp(—2alz)+2k1k2h1h2A0exp[—a(ll+l2)]cqs(¢+,8:(ll—12))]‘/2 (A5)

| —hikyexp(—aly)Agcos(o+B,1 ) —k hyexp(—al, ) cos 8.1,
®,, =tan — - — - (A6)
hyk,exp(—al,)Aysin( ¢+ B, ) +k h,exp(—al, )sin B,1,
| B3 +exp(—2aly)—2hgexp(—aly)cos B, | (A7)
O | 1+n2exp(—2aly)—2hgexp(—al, )cos B,1,
. (h2 —1)exp(—ad, )sin B,1,
o=tan 5 (A8R)
(1+exp(—2aly))hy — (1413 Jexp(—al, )cos B,1,




978

d
X, =h}kZexp(—al )AZ( +1 dB )
d
+k12h§cxp(—2alz)lz—;%

+hyhykkyexp[ —a(l +1,)] 4,

-cos[th,Bz(l1 —12)] [ d¢ +(/,

i

(A16)
Y, =h?kZexp(—2al,) A3 +kihiexp(—2al,)
+2k kyh hyexp[ —a(l +1,)] 4,
-cos[p+B.(1,—1,)] (A17)
e L (A1)
=(h%— 1)[h0exp(—alo)(1 +exp(—2aly))
-cos,BZlO-—(h(Z,+1)exp(—2alo)] (A19)

' Y=[(1+exp(—2alo))h0—(1+h%)exb(—alo)cosﬁzlo]2

+(h2 = 1) exp(—2ad, )sin? .1, (A20)
ap, _ A 1 .
do A, C (A21)

where Ag is the guided wavelength in a dielectric wave-
guide, A is the free-space wavelength, and ¢ is the light
velocity.
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