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~bsfract —The scattering parametersof four-ports consistingof coupled
lines with coupled or uncoupled connecting branches are derived in terms

of the even- and odd-mode impedances and the lengths of the lines. These

are used to analyze and formulate basic design procedures for the applica-

tion of these structures as dhectional couplers inchrdlng 0° and 90° 3-dB

hybrids. The proposed new structures are quite compact at lower frequen-

cies as compared to conventional uncoupled branch-line and rat-race

hybrids. The results for the caseof the coupled-line four-port with uncou-
pled branch lines also lead to closed-form expressions for the lengths and

impedances of the lines required to nullify the effect of coupling between

the main lines of a conventional branch-line coupler for use at higher

frequencies. The measured response of the fabricated couplers is in g;od

agreement with the theoretical predictions.

L INTRODUCTION

B RANCH-LINE HYBRIDS [1] are used extensively at

microwave frequencies for a host of applications includ-

ing phase shifters, balanced amplifiers, and in measure-

ment systems. The major problems arising in the design of

such hybrids are the junction effects, coupling between the

lines, and dispersion effects. In addition, single-section

hybrids are essentially narrow-band structures unless they

are designed with matching sections at all the ports [2].

Methods to modify the design to incorporate the junction

effects [3]–[6] and various analytical, computational, and
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experimental (based on heuristic logic) techniques to in-

crease the bandwidth of such structures have also been

studied [2], [7]–[9]. However, analytical methods to incor-

porate the effect of coupling between the lines, particularly

the low-impedance lines, which can be significant at higher

frequencies, are not available. In this paper, the analysis

and basic design procedures for branch-line hybrids with

coupled strips as shown in Fig. 1 are presented. Fig. l(a)

represents the conventional branch-line coupler at high

frequencies where the physical length of the lines becomes

small resulting in significant coupling between parallel

lines. The proposed new four-ports of Fig. l(b) and (c) are

relatively compact structures where both the main lines

and the branch lines are intentionally coupled. The scatter-

ing parameters of these four-ports consisting of coupled

lines with coupled or uncoupled branches are derived in

terms of even- and odd-mode impedances and the lengths

of various lines. These are then used to determine the

impedances and lengths of various lines such that the

four-port is matclhed and the division of power between the

coupled and the direct ports is in accordance with a desired

specified value (e.g., equal for a 3-dB coupler) at the center

frequency of the coupler. It is shown that the effect of

coupling between the low-impedance lines which may be-

come significant at higher frequencies (e.g., X-band) for
conventional branch-line couplers [1] can be compensated

by modifying the length and impedances of the lines. In

addition, it is shlown that compact hybrids consisting of

coupled strips with folded branches

sponse characteristics similar to the
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having frequency re-

conventional branch-
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Fig. 1. Schematics of branch-line hybrids with coupled lines. (a)
Branch-line coupler. (b) Coupled-line 90° hybrid with folded branch

lines. (c) Coupled-line 0° rat-race hybrid.

line and rat-race hybrids can be realized. The results ob-

tained give simple closed-form expressions for the design

of such hybrids.

II. THE FOUR-PORT PARAMETERS

The four-port parameters of the structures shown in Fig,

1 can be readily found in terms of the equivalent two-ports

and their parameters for the even- and odd-modes of

excitation. The even- and odd-mode equivalent circuits

together with the corresponding admittance parameters for

these structures are shown in Table I. These admittances

on the general circuit ABCD parameters derived similarly

can be used to find the immittance on the scattering matrix

of the four-port [1], [10]. For example, the scattering

parameters of the symmetrical four-ports of Fig. l(a) and

(b) are given by

s11=s22=s33=s44=~[re+ro] (la)

s12=s21=s34=s43=$[re–ro] (lb)

S14=S41= SZ3=S32=:[T, +TO] (lC)

S1j=S31= Sz4=S42=; [T, –TO] (id)

where

r _ l–Y; ,, O+ Y;, O— (2a)
‘o (I+yll=,o)’-y;e,o

and
–2Y14, ~

T,, O= (2b)

(1+ Y,I,,0)2-Y;,,0”

TABLE I

THE EQUIVALENT TWO-PORT EVEN- AND ODD-MODE
ADMITTANCE PARAMETERS

Even-mode Odd-mode
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Similar expressions are found for the nonsymmetrical

structure of Fig. l(c). The even- and odd-mode admit-

tances are normalized with respect to the terminating ad-

mittance YO at all the ports. It should be noted that in

deriving these expressions, the effects of unequal even- and

odd-mode phase velocities and dispersion have been ne-

glected. They can, however, be readily included in all the

above expressions.

All the four-ports can be analyzed in terms of their

scattering parameters leading to the lengths and imped-

ances of various sections of the structure for possible

application as directional couplers including the 3-dB hy-

brids.

111. COUPLER ANALYSIS AND DESIGN

For an ideal coupler, all the four-ports must be matched
so that

s,,= o, fori=l,2,3, and4

that is, either

re=ro=o (3a)

or

r,=–ro. (3b)

It is found that for the couplers of Fig. l(a) and (b)

(directional couplers with a phase difference of 7/2 be-

tween the direct and the coupled ports), (3a) must be

satisfied, i.e., the network must be matched for both even-
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Fig. 2. Frequency response of 3-dB compensated branch-line hybrids

for different values of coupling factor k between the low-impedance

lines k = (24 – 2.)/( Z.+ 2.). (a) Input return loss. (b) Isolation. (c)
Coupling coefficients for coupled arrddirect ports. (d) Phasedifference
between-coupled and direct ports.

and odd-modes, whereas for the rat-race-type hybrid of

Fig. l(c), (3b) must be satisfied. In general, for all the

hybrids shown in Fig, 1, the design is based on the crite-

rion that all the four-ports are matched and that the

division of power between the coupled and the direct port

(Islq 12/1S1412) is in accordance with the specification at the
frequency or in the frequency band of interest. The above

matching conditions together with the basic design proce-

dure for the structures shown in Fig. 1 are discussed in the

following section.

The matching conditions and the expression for power

division when the structure is matched for the symmetrical

four-ports of Fig. l(a) and (b) are given by

Y;, –Y; ,= Y;o– Y&o=l (4)

(Y,,e+ Y,,o)+y,,eyl,o+ LIOYM, (5)

‘14/s13 = (Y140 – Y14e) + Y11,Y140 – Y11OY14,

where Yll,, ~ and Y14~,~ are the elements of the admittance

matrix of the equivalent two-port as given in Table I. The

object now is to solve for the even- and odd-mode admit-

tances of various lines and their lengths such that the

above equations are satisfied and IS14/S13 I has the desired

value, e.g., 1 for the 3-dB hybrids. It is seen that this can be

accomplished only at discrete values of frequencies and

that there are many possible realizable solutions since there

are more variables than the number of equations. Let us

examine some useful cases.

A, Branch-Line Hybrid with Coupled Main Lines (Fig. l(a)

with Y=~= YOh= y?; Y,a = Y, and YOa= YO)

The matching conditions for this case are given by

Y? –Y~tan282 + 2Y2Yetan@2cot @l =1 (6a)

Y02– Y; cot 2o~ –2Y2Yocott32cot @1=l. (6b)

Then, for a 3-dB hybrid, the power division equation (5)

gives

Y; – YeYOcot2 @l + Yzcot@l(YOtan@z – Yccot @12)= 1.

(6c)

The set of eqUaltiOns (6) is undetermined since there are

five variables and only three equations and, hence, there

are many physically realizable solutions. It is seen that (6)

can be satisfied at only one frequency over a frequency

band of interest, and the bandwidth of the coupler depends

on the selection of the variables.

If we chose ~: and @2 to be the same as that for the case

of the branch-line coupler with uncoupled lines, i.e., Ya = 1

and @2= n/4 at the center frequency, then the solution for

the impedances and the lengths of the main lines found

from (6a) through (6c) is given by

[1Y. – Ye
cot @l = — and Y,YO = 2.

2
(7)

The above equations together with the modifications re-

quired due to junction effects [3]–[6] can be used to com-

pensate for any coupling between the low-impedance lines

in a branch-line hybrid at higher frequencies. The theoreti-

cally computed frequency response of the structures satis-

fying (7) is shown in Fig. 2 as a function of coupling

between the main lines as defined by k = (YO – Ye)/(YO +

Ye). It is seen that the response of couplers where main

low-impedance lines have been modified to compensate for

any coupling effects is similar to that of the uncoupled-line

hybrids,

B. Coupled-Line Folded Branch Hybrid (Fig. l(b))

From the expressions for the equivalent even- and odd-

mode admittances as given in Table I, it is readily seen that

this case is equivalent to that of the branch-line coupler of

Fig. l(a) with uncoupled branches (analyzed in the previ-

ous section) having equivalent branch-line admittance and

length as given by

That is, the four-port parameters and all the other proper-

ties of the folded branch structure of Fig. l(b) remain the

same if we replace the folded branches having even- and

odd-mode admittances Yeb and YOb and length @% by



k=O
k=l(-20dB)– – – – -
k-2( -14dB)— — -

Y
09 10 11 72

NORMALIZED FREQUENCY

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 32, NO. 4, APRIL 1984

0

I

EL
m -10
.

z
o
~

$
– 20

-30
08 09 10 11 12

NORMALIZED FREQUENCY

-1

m

;.2
g

2
3
0-3
v

k

.> ,.

-4

-5
\

08 09 10 11 12

NORMALIZED FREQUENCY

100

I

NORMALIZED FREQUENCY

(a) (b) (c) (d)

Fig. 3 Frequency response of 3-dB coupled-line 90° hybrids with folded
branches for different vatues of coupling factor k between the main
hnes. (a) Input return loss. (b) Isolation, (c) Coupling coefficients for

coupled and direct ports. (d) Phase difference between coupled and
direct ports.

uncoupled branches having admittance Yz,~ and length

@2,~. Again, there are many possible solutions of the

matching and power division conditions as given by (6)

with Y2 and ~z replaced by their equivalent values Yz,~

and @z,g, respectively. For example, a convenient set of

parameters satisfying these conditions at the center
frequency are given by

Y,bYob = 1

tan 62 = ~=

YeuYoa= 2

Cot@l = (Yaa – Yea)/2. (9)

The computed frequency response of various structures

that satisfy (9) is shown in Fig. 3 as a function of coupling

between the branch lines. The response of these hybrids is

essentially the same as that of branch-line couplers with

uncoupled lines.

The structures are very compact, requiring much smaller

area than the ordinary branch-line couplers, particularly at

lower frequencies.

C. Rat-Race 3-dB Hybrid (Fig. l(c))

For this case, if we a priori choose the lengths to be the

same as that of a hybrid ring, i.e., @l = T/2, @z = 7r/4,

@3= 37r/4 at the center frequency, it is found that both the

matching and the equal power division conditions cannot

be satisfied. The matching condition S,, = O, i =1,2,3,4

gives Z@Z. = 2 which, together with the 3-dB power divi-

sion condition, gives Z, = ZO = O which is not possible

unless the lines are decoupled. When the lines are coupled

(Z, + ZO), it is seen that the 3-dB coupler can be realized

either by modifying the length or the impedance of the first

section.
For example, choosing 81, such that the structure is

matched and the coupling is 3 dB for @3= 3 6)2 = 37r/4

means

re=ro=o (lo)

and

T,i-To I

2
.Z (11)

where

[
~2sin@l + jsin~l Z, –2/2.

r,= 0 0 1
0

[

2cos@1 + jsin@l Z, +2/Z.
0 0 1

and

T,=
2

[ 10 2cos@1 + jsin~l Ze +2/Z, “
0 0

Again, (10) gives Z,ZO = 2 which, together with (11),

leads to

(1fll=sin-l[(Ye +YO)2-1]-1’2= tan-’ z ~z .
eo

(12)

The frequency response of typical hybrids satisfying the

above conditions at the center frequency is shown in Fig. 4.

It is seen that for the cases with small coupling between the

lines, the bandwidth of the coupler is improved in terms of

the balance between the coupled and the direct port.

IV. EXPERIMENTAL RESULTS

Hybrids consisting of coupled lines with folded coupled

branches corresponding to the two cases of Fig. l(b) and

(c) were designed and fabricated in stripline form on

Rexolite substrate having a relative dielectric constant c, =

2.62 and height h = 1.59 mm. The line parameters were

chosen to satisfy the matching conditions, and couplers

with various coupling factors were designed by utilizing the

simple solutions given in the previous section. The

coupled-line lengths and even- and odd-mode impedances

of a 50-fd, 2.4-dB folded branch coupler as in Fig. l(b)
were 81= 83.9°, 82= 48.05°, Z,. = 38.13 L?, ZOa = 32.8 Q,

Z,h = 55.63 ~, and ZO~ = 44.94 S2.The lengths and imped-

ances of a 3-dB, 50-0 hybrid as in Fig. l(c) were @l =



TRIPATHI et d.: ANALYSIS AND DESIGN OF BRANCH-LINE HYBRIDS

0, 0 0
k-O —
k-l (-20dB)- -- – -
k-.2( -l4dB) — — -

-1

m
-.,0 ~ -lo g

u
%
CJ g-’

5

\./k.

/

i /. ‘

E
a

~

<

//. ‘
$-3 ----

I& .20 ‘\

Y.
,/ .4 “

Y,

Y<

-20
08 09 10 11 12 0.8 09

-5
1,0 12 08 09 1,0

NORMALIZED FREQ~ENCY
1,1 1,2

NORMALIZED FREQUENCY NORMALIZED FREQUENCY

(a) (b) (c)

10

fi

UJ
;5

k

Oi

u“ \
0 \
z
:0 \

\

~ \ “\

$“5 \ ‘,,

\ ,,

-lo
08 0.9 1.0 11 1.2

NORMALIZED FREQUENCY

(d)

Fig. 4. Frequency response of 3-dB coupled-line 0° rat-mce hybrid for
different values of coupling between the lines. (a) Return loss. (b)
Isolation. (c) Coupling coefficients for coupled and direct ports. (d)
Phase difference between coupled and direct ports,

431

@ @

0.0- 0.0 105-

-60 ~~ -6.0 100.
V
u

g 5
\ u /’

g

:. 95.0 . .

u
z

z
w

cc [
?46.0 .,
u
K

& 90.0
n

w
<

-24.0’

-30.0+ ,o,ol-~
24oO 3000 3600 24OO 3000 3600 2400 3000 3600

FREQUENCY, MHz
2400 3000 3600

FREQuENCY, MHZ FREQUENCY, MHz FREQUENCY, MHz

(a) (b) (c)

Fig. 5. Frequency response of a folded branch hybrid. —– Experiment.
----- Theory. (a) Return loss. (b) Isolation. (c) Coupling. [d) Phase
difference between coupled and direct ports.

: ~ 221*C :@ co
HSUBSTRATE HEIGHT 1.59, E ~=2.62 u
$

%-12 o . $+2 (J. 0. 2,0

z“
~

ti g
z .

~ i ,.- #
L . . /. y
3 -.

/’ L&2.o ~~
LI 0

/’ .
/’ #

/’ =x
/’ g

,’
-4.0 ~ \ 6.0

,’
/

,

,’
-3004 -5.0 -10.OI

2400 3000 3600 2400 3000 3600 2400 3000
FREQUENCY, MHz FREQuENCY , MHz FREQUENCY MHz

(a) (b) (c)

(d)

-
3600

Fig, 6. Frequency response of a 3-dB coupled-line rat-race hybrid.
— Experiment. ----- Theory. (a) Isolation. (b) Coupling. (c) Phase
difference between coupled and direct ports,



432 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 32, NO, 4, APRIL 1984

85.65°, (lZ = @)3/3= 45°, Z,= 74,62 !2, and 20= 67.01 Q.

These parameters translate into the physical strip dimen-

sions given in the insets of Figs. 5 and 6, respectively, for

the two cases. The reflection coefficient, isolation, and

coupling of these hybrids are shown in Figs. 5 and 6,

together with the theoretically computed values. As seen

from these figures, the experimental results are in reasona-

bly good agreement with theoretical predictions.

V. concluding REMARKS

Simple expressions for the design of directional couplers

consisting of coupled lines with coupled folded branches

have been presented. It is shown that the performance of

these couplers is similar to the ones with uncoupled

branches. However, they do provide for fairly compact

structures at lower frequencies, and an added degree of

freedom to the designer in the form of coupled lines, The

results also lead to the expression for the length of the

low-impedance line of a conventional branch-line hybrid

such that the effect of any coupling between these lines is

compensated for at high frequencies. No attempt was made

to optimize the coupler performance in terms of the even-

and odd-mode impedances and line lengths of various

sections. Such an optimization procedure [9] or the intro-

duction of external and internal matching techniques as in

[2] and [8] that have been used for uncoupled branch-line

hybrids should also lead to broadbanding of these struc-

tures.

ACKNOWLEDGMENT

The authors would like to thank Prof. E. F. Bolinder for

many stimulating discussions, encouragement, and con-

tinued support, and J.-O, Yxell for technical assistance.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

RJ3FEWNCES

J. Reed and G. J. Wheeler, “A method of analysis of symmetrical
four port networks,” IRE Trans. Microwave Theoy Tech., vol.
MTT-4, pp. 246-256, Oct. 1956.
G. P. Riblet, “A directional coupler with very flat coupling:’ IEEE
Trans. Microwave Theory Tech., vol. MTT-26, pp. 70-74, Feb. 1978.
G. L. Matthaei, L. Young, and E. M. T. Jones, Microwave Filters
Impedance Matching Nelworks, and Coupling Structures. New
York: McGraw-Hill, 1964.
E. O. Hammerstad and F. Bekkadtlf, Microstrip Handbook, The
University of Trondheim, The Norwegian Institute of Technology,
1975, ELAB Rep. STF 44 A74169.
W. H. Leighton and A. G. Milnes, “Junction reactance and dimen-
siimal tolerance effects on X-band 3-dB directiormf couplers,” IEEE
Trans. Microwave Theo~ Tech., vol. MTT-19, pp. 818-824, Oct.
1971.
M. Dydyk, “Master the T-junction and sharpen your MIC designs,”
Microwaves, vol. 16, pp. 184-186, May 1977.
T. Okashi et al., “Computer oriented synthesis of optimum circuit
pattern of 3-dB hybrid ring by planar circuit approach,” IEEE
Trans. Microwave Theoiy Tech., vol. MTT-29, pp. 194-202, Mar.
1981.
F, C. DeRonde, “Octave-wide matched symmetrical reciprocal, 4-
and 5-ports,” in IEEE MTT-S Dig. Int. Microwave Sy-np., (Daflas),
June 1982.

[9] D. L Kim and Y. Naito, “Broad-band design of improved hybrid
ring 3-db directional couplers,” IEEE Trans. Microwave Theory
Tech., vol. MTT-30, pp. 2040-2046, Nov. 82.

[10] R. Levy, “Directional Couplers, “ in Advances in Microwaves, VOL 1,
L. Young, Ed. New York: Academic Press, 1966.

Vijai K. Tripathi (M68) received the B.SC.degree
from Agra University, Uttar Pradesh, India, the
M. SC. Tech. degree in electronics and radio en-
gineering from Allahabad University, Uttar
Pradesh, India, and the M. S.E.E. and Ph.D. de-
grees in electrical engineering from the Univer-
sity of Michigan, Ann Arbor, in 1958, 1961,
1964, and 1968, respectively.

From 1961 to 1963, he was a Senior Research
Assistant at the Indian Institute of Technology,
Bombay, India. In 1963, he joined the, Electron

Physics Laboratory of the University of Michigan, where he worked as a
Research Assistant from 1963 to 1965, and as a Research Associate from
1966 to 1967 on microwave tubes and microwave solid-state devices.
From 1968 to 1973, he was an Assistant Professor of Electrical Engineer-
ing at the University of Oklahoma, Norman. In 1974, he joined Oregon
State University, Corvaflis, where he is an Associate Professor of Electri-
cal and Computer Engineering. He was on sabbatical leave during the
1981–82 academic year and was with the Division of Network Theory at
Chalmers University of Technology in Gothenburg, Sweden, from
November 1981 through May 1982, and at Duisburg University, Duis-
burg, West Germany, from June through September 1982. His current
research activities are in the areas of microwave circuits and devices,
electromagnetic fields, and solid-state devices.

Dr. Tnpathi is a member of Eta Kappa Nu and Sigma Xi.

*

J. Piotr Starsfd (S’76-M78) was born in Lodz,
Poland, on October 19, 1947. He received the
M.S. and Ph.D. degrees in electrical engineering
from Chalmers University of Technology,
Gothenburg, Sweden, in 1973 and 1978, respec-
tively. In 1983 he was appointed to a Docent
position at the same University.

From 1973 to 1978, he was associated with the
Division of Network Theory, Chafmers Univer-
sity of Technology. In 1983, he was awarded a
fellowshi~ from The Sweden-America Founda-

tion for postdoctoral studies. Fr;m 1978 to 1979, he was employed as a
Design Engineer at Anaren Microwave, Inc., Syracuse, NY. Since 1979,
he has been employed as a Researcher at the Division of Network Theory,
Chalmers University of Technology. Hk research interests are in the areas
of passive and control microwave devices.


