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Exact and Approximate Synthesis of TEM-Mode
Transmission-Type Directional Filters

JOHN L. B. WALKER, MEMBER, IEEE

Abstract—An exact equivalent circuit is derived for TEM-mode

transmission-type directional filters. An approximate synthesis
technique is described which provides excellent results and which
requires only the use of a hand-held electronic calculator to compute

the element values. An exact synthesis technique is also described.

I. INTRODUCTION

I N SYSTEMS which use frequency division multiplex

(FDM), one has to be able to combine and separate the

individual channels; directional filters [1] are one type of

device capable of performing this function. The feature that

distinguishes directional filters from other channel separa-

tors, such as diplexers, is that directional filters are perfectly

matched at all ports at all frequencies—an important practi-

cal advantage.

In this paper an exact equivalent circuit for the TEM-

mode transmission-type directional filter will first be deter-

mined, and then both an exact and an approximate design

method will be described. While the exact method requires a

table of element values [2] or a computer, the approximate

method requires only an electronic hand-held calculator;

the sole disadvantage of the approximate technique is that

one can not accurately predict the response of the filter in the

very far stopband.

The design of this type of directional filter has also been

considered by Hoffman [3]. He considered a generalized

form of the network in [3, Fig. 5] in which the directional

couplers are allowed to be transversely asymmetric.

However, his design technique inherently requires the use of

a computer.

II. ANALYSIS OF A SINGLE-RESONATOR

DIRECTIONAL FILTER

Consider the single-resonator directional filter shown in

Fig. 1, where the ground plane has been omitted for clarity.

This device is basically two transversely symmetrical-direc-
tional couplers of characteristic impedance ZO, intercon-

nected by two equal-length transmission lines also of

characteristic Impedance ZO. For generality, it is assumed

that the two directional couplers are not identical, i.e.,

-%e # .z%e, Go # z).
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Fig, 1. A single-resonator directional filter,

since this flexibility is needed in the realization of the

even-ordered equi-ripple response. If the network is con-

sidered as a redrawn n-wire line network [41, then pure

TEM-mode propagation can be assumed.

The scattering matrix of this network is

sll = S44 = ~(r: + r:)

s22 = s33 = *(r: + r:)

S12 = S34 = +(Z. + 7.)

sl~ = S24 = +(T, – To)

s14 = *(r: – r:)

s23 = }(r: – r:)

given by [5]

(1)

where r;;: and r,. , are the reflection and transmission

scattering parameters of the even- and odd-mode networks

with respect to the plane of symmetry AA’.

The even-mode network equivalent circuit [6] is shown in
Fig. 2(a), where

1
t’= tanh – p

v
(2)

v is the velocity of TEM wave propagation and p = a + jm,

the complex frequency variable.

Let

t=tanh2~p (3)
1?

then

(4)
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“e
Hence r:’b = – r~’b and ~e = TO.Thus from (1)

Sii = O

s~~ = ‘T,

f
(a) ‘

s,~ = o = S24

S14 = r: (12)

Fig.

“mnuz
t’ t’

(b)

2. Single-resonator even-mode equivalent circuits.

Application of Kuroda’s transformations [6] followed by use

of the identity (4) above shows that the network in Fig. 2(b)

is also an exact equivalent circuit for the even-mode network

of Fig. 1 if

i.e., the device is perfectly matched at all ports at all

frequencies and provides isolation between ports 1 and 3

and between ports 2 and 4.

Since the device is lossless,

Therefore, if a signal is incident at port 1, part of that signal

will emerge at port 2 and the remainder at port 4. Further-

more, this energy division is frequency selective, and all the

incident signal at port 1 emerges from port 2 and none at

port 4 when n = 1 and the resonator is one wavelength long

or any multiple thereof. Thus in FDM systems the dropped

channel appears at port 2 if the complete FDM signal is

applied to port 1 since IS1212 has a bandpass amplitude

characteristic, while the remaining signal emerges from

port 4.

If the maximum practically achievable coupling in the

directional couplers is taken as 3 dB for an air-filled coaxial

system, then CZO in (7) lies in the range

“( Z;. Z;. ) o s cz~ SO.1, (13)
(Z. + Z:oy + (Z. + Z:O)2 “

(6)

In the usual case of two identical couplers, these equations
Straightforward calculation shows that when n = 1

simplify considerably to

IS,212 = lTe12 =
4C2Z~ tanz 6

Zoe + zoo – 2Z0 1 + 4C2Z~ tanz 0
(14)

n=l, c=
8Z; “

(7)

For this case the directional filter is doubly symmetrical.
where 6 = 210#v. Hence the maximum 3-dB bandwidth of

Equations (5) and (6) are the analysis equations, the
the dropped channel is 90° ~ 11°, i.e., 24 percent.

corresponding synthesis ones being

Z;ez;o = Z;ez:o = z:

~2 = 8n2C’Zo(n2 + CZO + n2CZo)
a (?I2 + Czo + 3?PCZO)2

~1 = 8CZO(n2 + CZO + n2CZo)
b

(nz + 3CZ0 + n2CZo)2
(9)

where k? is the power coupling coefficient of the directional

coupler given by

The odd-mode network equivalent circuit is identical to

that of the even-mode network except for the fact that the

series capacitor in Fig. 2(b) is replaced by a shunt inductor of

value

L = CZ; (11)

and the transformer’s turns ratio is now 1: (l/n).

(8)
III. ANALYSIS OF A MULTIRESONATOR

DIRECTIONAL FILTER

If n single-resonator directional filters are cascaded as

shown in Fig, 3, then the even-mode equivalent circuit is that

shown in Fig. 4. The connections between the directional

filters must be of zero electrical length, otherwise there will
be additional directional filters in the cascade other than

those intended. It can be proved that the cascade of perfectly

matched and isolated networks in Fig. 3 is itself perfectly

matched and isolated; physically, this fact is obvious since

there is no mismatch at any of the internal ports in Fig. 3.

Hence (12) apply for this network also, the dropped channel

response being determined by the transmission scattering

parameter z, of the even-mode network in Fig. 4.

It is proved in the Appendix that a cascade of two-

directional couplers of the form illustrated in Fig. 3, each

with characteristic impedance Z., is equivalent to a single-

directional coupler also of characteristic impedance Zo. If
the individual couplers have power coupling coefficients k;
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and k;, then the equivalent-directional coupler has a power

coupling coefficient of

where

k=
Z.e – zoo

Zoe + zoo
(16)

Furthermore, it can be shown that

k<kl and k < k2 (17)

so the line separation for the equivalent directional coupler

is greater than the line separation of either of the two

constituent directional couplers. Hence the network in Fig.

5, which is the conventional TEM-mode transmission-type

directional filter [1], is an exact equivalent of the network in

Fig. 3.

IV. EXACT SYNTHESIS

The first and last half-length unit elements (u.e.) in Fig. 4
can be completely ignored in the design process since they

have no effect upon the amplitude response and merely add

a constant to the group delay response. Hence an iz-

resonator directional filter has n capacitive stubs and (n – 1)

unit elements of characteristic impedance ZO, all in the

frequency variable t. However, application of Kuroda’s

transformations shows that only one of the stubs is elec-

trically effective. Hence the appropriate approximating

functions [7] for a multiresonator transmission-type direc-

tional filter are either

1s,2/2= 17.12=+42(=32”’18)
for a maximally flat dropped-channel response, or

1A

Fig. 3. Multiresonator transmission-type dmectional filter,

(31[ Impedances normal, sed with respect to 70

Fig. 4. Even-mode equivalent circuit of multlresonator directional filter.

for an equi-ripple dropped-channel response. T. and U. are

the Chebyshev polynomials of the first and second kinds,

respectively. Although no explicit element value formulae

are known for these responses, tables of element values [2]

for selected ripple levels have been produced.

The design procedure can be summarized as follows.

1) Determine 6Cand n in (18) or (19) from the bandwidth

and stopband attenuation specifications.

2) Determine the element values from the appropriate set

of tables in [2].

3) Apply a capacitance matrix transformation [8] and

then impedance scale so that every u.e., apart from the

central one in the even-ordered equi-ripple case, has a

characteristic impedance of Zo.

4) Determine k: from (9). With the exception of the

even-ordered equi-ripple case, no transformers are needed in

Fig. 4, so every directional filter in the cascade shown in Fig.

3 is doubly symmetric and k.= k~. For the even-ordered

(19)

equi-ripple case, only the two central directional filters in the

cascade in Fig. 3 are not doubly symmetric and require

transformers.

5) Determine the power coupling coefficient of the equiv-

alent single-directional coupler from (15), and then deter-

mine the Z~~ 1 of Fig. 5 from (16).

6) Finally, determine the physical dimensions of the

device. If a realization in the form of rectangular bars

between parallel ground planes is required, then the separa-

tion between the resonators and the widths of the bars in Fig.

5 can be determined by using the results of Getsinger [9]

once the Z~j+ 1 are known; the center frequency determines

the length 21.

V. APPROXIMATE SYNTHESIS

An exact equivalent circuit [10] for a u.e. is shown in Fig. 6

where all impedances have been normalized to the charac-
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Z. Z.

F1g 5. Standard multiresonator transmmlon-type directional filter.

Q?KJpTt=jtanEl

Fig. 6. Exact equivalent circuit for a unit element

teristic impedance of the me. If this equivalence is used in

Fig. 4 then, after simplification, the network of Fig. 7 is an

exact equivalent circuit for the even-mode network of Fig. 4

with

jCln~

‘1 = (n; +C’,)cos f3

jC, n?

z = (n: + c, + n:cJ Cos o

jCn

~=(l+cn)cos W
j=~~n—l. (20)

The first and last half-length unit elements have been

neglected as before. Since the value of@ is in the range

0.99< m ~ I.O (21)

for

79°<0<101° (22)

the transformers in Fig. 7 have a negligible effect upon the

passband amplitude response of the network.

all Impedances normal Ised with respect to 20

Fig. 7. Alternative exact even-mode equwalent circuit for a multl-
resonator dmectlonal filter.

Now consider the basic distributed lowpass prototype

network with cut-off frequency O = 45° shown in Fig. 8

where t = j tan 0. For a maximally flat response

and the element values are given by [11]

H2i–1
Li=2 sin —

2n z ‘
i=l+n

K – 1,1,1+1 — i=l~n —1.

For an equi-ripple response

1s,2[2= 1
1 + :’~j(tan 0)

and the element values are given by [11]

‘1=4=!

(23)

(24)

(25)

(26)

LiLL+l =
4 sin [(2, – l)7r/2n] sin [(2, + l)7r/2n]

:sinh_l 1
>

sinh2 ~ + sin2 [i7r/n]—
n

i=l~n —1

Ki,i+l = 1, i=l~n–l, nodd

Ki,i+l = 1, i # n/2, n even

K ,,,+, = (–ly/’+’&+ m, i = nJ2, n even.
(27)

Examination of Figs. 7 and 8 shows that to convert the

lowpass prototype into the even-mode equivalent circuit

(ignoring the frequency-dependent transformers) one must

apply the frequency transformation

Cos Q
jtan 9+ –j—

Cos 9C
(28)

where cos OC is a bandwidth scaling factor. Hence. the

directional filter’s dropped-channel response is given ap-

proximately by

Is,, I’= 1 Zn

()1+ :!
c

for a maximally flat response, and by

Is,’I’= 1Coso

()1 +#7’: —
Cos Oc

(29)

(30)

for an equi-ripple response. Equations (29) and (30) cannot

be used to predict the frequency response of the even-mode
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E:TD1’L
Fig. 8. Basic distributed lowpass prototype network.

network accurately in the very far stopband since they all

predict a finite insertion loss at co = 0.

Applying the frequency transformation (28) the elements

in Fig. 7 are related to those in Fig. 8 by

Y1 =
j cos 0.

LI COS $ ‘
nl=&

y=
jKL - ~,, Cos 0, TKt-l,i

L, COS d ‘

ni =

Ki,i+l

2=2--i r’z-l. (31)

Combining these equations with (20), and using the values of

Ki,i + I given in (25) and (27), one has the following design
formulae for the elements in Fig. 4 for the maximally flat and

odd-ordered equi-ripple response:

c,=
Cos (3C

L, – COS $, ‘

i=lorn

Ci =
Cos 0,

Li–2cos QC’
i=2+n–1

ili = 1, i=l+n. (32)

For the even-ordered equi-ripple response the design formu-

lae are

cl=+=
Cos 9C

12 LI – K12 COS Oc

tzl = I/nz = l/~, n=2. (33)

If n + 2, then

Ci =
Cos @c

Li – COS dC ‘
i = l,n

Ci =
cos 0.

Li–2cos QC’
~+2+n–1~=2+;_l, !!

~ _ cn12+l = Cos oc
n/2 —

Kn/2../2+ 1 Ln/2 – (1 + &2,ti/2+1) Cos 6. ‘

ni = 1, i#~,~+l

1
nn,z = — = l/&/2, n/2+1. (34)

%/2+1

Having determined the Ci and ni of Fig. 4, the last three steps

of the exact synthesis procedure must be performed.

It should be noted that for the maximally flat response the

minimum value of L, occurs when i = 1 or n. This conclusion

is approximately true for the equi-ripple response as well

unless the ripple level is large. Thus from (32), (33), or (34)

the maximum value of Ci occurs when i = 1 or n, but it was

shown in Section II that Ci is bounded by O < Ci <0.1 for

practical realizability. Hence we require

Cos 6C 1

L1 ‘ii”
(35)

Once n and 0, have been determined for any design, one

should first check that this inequality is satisfied in order to

ensure that it will be physically possible to construct the

directional filter.

A more obvious approximate design procedure is to

approximate the unit elements in the even-mode equivalent

circuit of Fig. 4 by impedance inverters, and then equate this

network with the basic distributed lowpass prototype shown

in Fig. 8 after applying the frequency transformation

t + l/t.

However, this method results in considerable distortion of

the equi-ripple response.

VI. EXAMPLE

Determine the values of the elements in Fig. 4 for a

directional filter with a dropped-channel response covering

5.~-6.36 GHz with O. l-dB ripple and attenuation z 30 dB

at 5.33 GHz.

The center frequency is 6 GHz, corresponding to 0 = 90°,

OC = 84.&, and :2 = 0.023. From (30), n = 5 is sufficient to

provide over 30-dB attenuation at 5.33 GHz. From (27) we

have

LI = L5 = 1.147

L2 = L. = 1.371

L3 = 1.975

K12 = K23 = K34= K45 = 1.

Using these values in (32) yields the following element values

(the element values in brackets are the values determined

from the exact synthesis technique of Section IV):

Cl = C, = 0.0894 (0.0894)

C, = C.= 0.0796 (0.0793)

C, = 0.0527 (0.0526)

nl=n2=n3= n4=n5= l(l).
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Flg 9, Computed dropped-channel response of a directional filter

l%mce, the approximate synthesis technique yields element

values with a maximum error of 0.4 percent in this case.

Since the inequality (35 ) is satisfied, this specification is

realizable in practice.

The computed dropped-channel response of this filter is

shown in Fig. 9 together with the response predicted by (30).

There is no discernible departure from an equi-ripple re-

sponse in the passband but, because of the presence of the

frequency-dependent transformers, the filter has more atten-

uation than predicted in the far stopband.

If the bandwidth is increased from 12 percent to 20

percent with the same values of n and 6, then the maximum

error in the element values calculated by the approximate

technique is only 0.5 percent. However, this directional filter

is not practically realizable since the inequality (35) is no

longer satisfied. Hence the limitation is not that the approxi-

mate technique becomes too inaccurate as the bandwidth

increases, but that the element values become unrealizable.

VII. CONCLUSIONS

An exact equivalent circuit has been derived for the

multiresonator directional filter. An exact design technique

has been outlined which requires either a table of element

values or a computer. An approximate design technique has

also been described which produces excellent results and

which requires only the use of a hand-held electronic

calculator to compute the element values.

APPENDLX

Consider the cascade of two-directional couplers shown

in Fig. 10 where it is assumed that they both have the same

characteristic impedance. These have scattering matrices

given by [5]

[!
or~oq

(Si) =
riorio

OTi OrL’
i=lor2 (36)

T, or, o

where

Define a matrix (Rl) by

(37)

where a; is the incident wave at port j and b’, is the reflected

wave at’ port j. Then

(R,) =

where

a, o 0 b,
o u, D, o

‘pi y, O-“J’,o () ],i

(39)

Now the [R] matrix for the cascade of the two-directional

couplers is the product of the individual [R] matrices

[R]= [RJ[~,l. (40)

Straightforward matrix multiplication shows that [R] is of

the same form as [Ri], and that

Thus

(41)

–klkz sin2 (3

“(~cosu +jsin~)(~c oso+jsin~)-~il-k~
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[2]

—3

Fig, 10. A cascade of two-directional couplers. [3]

Simplifying, [4]

r=
jk sin 0

J~- .0s O + j sin O
(43) [51

where
[6]

k=
klkz

l+J~Jm’
(44) [71

Hence the cascade of two-directional couplers in Fig. 10 is [8]

equivalent to a single-directional coupler with coupling

coefficient given by (44). [9]
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A New MIC Doppler Module
SHUTARO NANBU

,4bstract-A new microwave integrated circuit (MIC) Doppler
module comprising a germanium avalauche oscillator diode and a
Schottky-barrier detector diode has been fabricated and analyzed.
The module is essentially a high-stability MIC oscillator, which is
connected to an X-band waveguide by means of a stripline probe. In

addition to high minimum detectable signal level – 100 dBm, a
prominent feature that has been revealed is that the Doppler signal
level is practically independent of oscillator outpnt power under a

speeific condition. It is also shown that a simple adaptor attached to
the module can provide a direction-sensitive device in a compact
form.

Manuscript received January 18, 1977; revised June 27, 1977.
The author is with the Research Laboratory of Matsushita Electronics

Corporation, Takatsukl, Osaka, Japan.

I. INTRODUCTION

HE ADVENT of low-power-consumption negative re-T sistance diodes useful at microwave frequencies has

provided an impetus to developing low-cost light-weight

Doppler modules [1], [2]. The low-cost Doppler modules are

found in three types: 1) self-mixing Doppler sensors which

employ Gunn and IMPATT oscillators [3], 2) a simple-

structure Doppler module [4] which consists simply of an

oscillator and a detector, and 3) a complex-structure Dop-

pler module which consists of an oscillator, a detector, and a

circulator or a directional coupler [1]. As for the first type,

the merit of the simplest construction is counterbalanced by

the demerit of the lowest sensitivity operation with the
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