
IEEE TRANSACTIONS ON MICROWAVE ‘I HEORY AND TECHNIQUES, VOL. MTT-34, NO, 12, DECEMBER 1986 1401

A Printed-Circuit Hybrid-Ring Directional
Coupler for Arbitrary Power Divisions

ASHOK K. AGRAWAL, SENIOR MEMBER, IEEE, AND GERALD F. MIKLJCKI

Abstract —A directional coupler in the form of a hybrid ring particularly

suited for printed circuits is described. The maximum power-split ratio

between the two output ports of a printed-circuit conventional hybrid-ring

coupler is limited by the highest impedance line that can be reafized [1].

The hybrid-ring directional coupler described in this paper allows a larger

power-split ratio for the same impedance lines, and thereby increases the

range of the power-split ratio that can be reahzed for printed circuits. A
theoretical analysis was conducted using the scattering matrix, and experi-

mental verification of tbe theoretical results was acfdeved in a stripfine

configuration at Ku-band.

I. INTRODUCTION

T HE HYBRID-RING directional coupler is an appeal-

ing choice for the basic power division element in

beam-forming networks for printed-circuit array antennas

for two primary reasons: 1) the output arms are isolated

from each other, and 2) the input impedance is matched

when the other arms are terminated by matched imped-

ances. Since the conventional T (or Y) junction power

dividers do not possess these properties, directional cou-

plers are preferable for antenna array feed systems where

the isolation between the output arms of the power divider

is essential in order to minimize mutual coupling between

radiating elements.

The two-dimensional structure of stripline facilitates

construction of the feeding network and antenna elements,

such as dipoles on a single printed circuit board. At high

frequencies, limited real estate makes hybrid-ring couplers

preferable to branch-line’ and parallel-line couplers; the

former has an inherent 90” phase difference between the

output ports. For an antenna array that is fed by an

equiphase, symmetrical, corporate network, the hybrid-ring

directional coupler has a definite advantage over the paral-

lel-line and branch-line couplers because no phase-com-

pensating element is necessary. The hybrid-ring coupler

also has a broader bandwidth than the branch-line coupler

[1].

The configuration of a conventional hybrid-ring direc-

tional coupler is shown in Fig. 1. The characteristic admit-

tances of the four arms are normalized to unity. The

variable parameters Yl, and Yz represent the characteristic

admittances of two lines of the ring. They determine the

degree of coupling of the output arms and the matching

condition for the input arm. When the signal is fed into
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Fig. 1. Conventional hybrid-ring directional coupler.

sum port 3, the output voltages in arms 1 and 2 are in

phase, and their relative amplitudes are related by

bl Y2
— —

7.—X7”
(1)

u~ xl

When the signal is fed into difference port 1, the output

voltages in arms 3 and 4 are ‘180° out of phase, and their

relative amplitudes are related by

(2)

In both cases, the condition that the input arm be perfectly

matchled requires that YI and Yz satisfy the condition

Y:+ Y:=l. (3)

From (1) and (2), it is evident that the output voltage

ratio is directly proportional to the ratio of the characteris-

tic admittances (or impedances) of the transmission lines

forming the ring. The impedance values required for vari-

ous power-split ratios are presented in Table I. In micro-

strip and stripline circuits, the highest impedance line that

can be realized limits the maximum power-split ratio be-
tween the two output arms. The highest attainable imped-

ance value for striplines and microstrips is a functicm of

the physical characteristics of the substrate (e.g., dielectric

constant and thickness). The practical impedance limit for

most substrates, using conventional etching techniques, is

around 150 Q. Referring to Table I, this limits the nnaxi-

mum power-split ratio for a conventional hybrid-ring cou-

pler to approximately 9 dB.
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TABLE I
CHARACTERISTIC IMPEDANCES OF THE LINES FOR Two

HYBRID-RING DIRECTIONAL COUPLERS

CONVENTIONAL NIODIFIED

111’BRID RING HYBRID RINTG

POI;’EI?-SPLIT

RATIO ILI13) z, z, z, 22

00 707 707 707 707

10 751 670 ‘?2 3 669

20 804 639 745 638

3.0 865 613 773 611

40 937 591 808 590

50 1020 574 849 57.1

60 1116 55.9 89.8 55.6

70 1226 548 956 54.4

80 1352 538 1023 535

90 1495 53.1 109.9 527

100 1658 524 1186 52.1

11.0 1843 519 1284 516

120 2052 516 1394 512

130 2289 512 1519 509

140 2555 51.0 1659 50.7

150 2856 50.8 1816 505

l—

Fig. 2. Modified hybrid-ring directional coupler.

To obtain a higher power-split ratio between the output

ports, the three-quarter-wavelength line in the ring is split

into three one-quarter-wavelength lines of characteristic

admittances YI and Y2, as illustrated in Fig. 2. This mod-

ified hybrid-ring directional coupler was analyzed using

the scattering matrix for the four-port devices. Experimen-

tal results for two stripline couplers with power-split ratios

of 6.4 and 11.3 dB are presented in this paper. The

modified hybrid ring is similar to the conventional hybrid

ring in that (a) its input impedance is matched when the

two adjacent arms are terminated by matched loads and

(b) the voltages in the two output arms are either in phase

or 180° out of phase, depending on the input arm chosen.

The power-split ratio is adjusted by varying the imped-

ances of the lines in the ring between the arms.

IB

. (a)

(c)

*B

(b)

(1) (lbY. YA Y2 ,Y, Y. (3)

YA=-jYffY2

(d)

Fig. 3. Even mode. (a) Incident waves at arms 1 and 4. (b) Incident
waves at arms 2 and 3. (c) Open circuit at ,4– B. (d) Equivalent cu-cuit,

The modified hybrid-ring coupler differs from the con-

ventional ring coupler in that the two output arms are not

perfectly isolated at the center frequency, but it provides

sufficient isolation over a frequency band to satisfy re-

quirements for most applications.

II. ANALYSIS OF THE HYBRID-RING DIRECTIONAL

COUPLER

The configuration of the modified hybrid-ring direc-

tional coupler is illustrated in Fig. 2. The characteristic

admittances of the four arms are equal and normalized to

unity. The variable parameters are the two characteristic

admittances YI and Yz of the quarter-wave lines of the

ring; these two admittances determine the power-split ratio

between the two output arms and the impedance-matching

condition for the irput arm.

The modified hybrid-ring coupler was analyzed by using

the procedure for the analysis of symmetrical four-port

networks [1], [2] and by reducing the four-port network to

a two-port network by taking advantage of the symmetry

about the plane A – B. When two in-phase waves of unit

amplitude are applied to terminals 1 and 4 or to terminals

2 and 3, the current is zero at the plane A – B. As a result,

the ring can be open-circuited at this plane, and only

one-half of the circuit needs to be analyzed. This condition

is referred to as the even mode, and all parameters associ-

ated with this mode are denoted by subscript e (see Fig.

3). Similarly, when two opposite-phase waves of unit am-

plitude are applied to terminals 1 and 4 or to terminals 2

and 3, the voltage is zero at the plane A – B. As a result, the

ring can be short-circuited at this plane, and only one-half

of the circuit needs to be analyzed. This condition is

referred to as the odd mode, and all parameters associated
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with this mode are identified by the subscript o (Fig. 4).

The equivalent circuits for these two modes are shown in

Figs. 3(d) and 4(d), respectively.

In Fig. 3(d), the shunt admittance Y~ is the admittance

at the input of a A/4 line of characteristic admittance YI,

which i’s connected to an open-circuited A/8 line of char-

acteristic admittance Y2. Similarly, in Fig. 4(d), the shunt

admittance Y~ is the admittance at the input of a A/4 line

of characteristic admittance YI, which is connected to a

short-circuited A/8 line of characteristic admittance Y2.

Y~ and YB are given by

jY~
YA=– —

Y2

jY~
YB=—

Y2 “

(4)

(5)

The reflected waves in each arm are calculated from the

scattering matrices for the even and odd modes. The

superposition of the two waves of the two modes results in

a single incident wave in one arm.

III. SCATTERING MATRICES FOR THE EVEN AND

ODD MODES

The scattering matrix for each mode can be determined

from the admittance matrix for each mode [3]. The scatter-

ing matrix is related to the admittance matrix by

[!S]=[I-Y][I+Y]-l (6)

where [1] is an identity matrix.

The admittance matrices for even and odd modes are

the admittance matrices of the two-port networks in Figs.

3(d) and 4(d). The admittance matrices for even and odd

modes are given by

“’e=vryz:1 ‘7)
‘Y]o=iy?:11 ‘8)

Substitution of (7) and (8) into (6) yields the scattering

matrices for even and odd modes, which are given by

iB

(a)

iB

(b)

I

(c)

l---++

‘ZIEE(’)

‘iB=jYf/Y2

(d)

Fig. 4. Odd mode. (a) Incident waves at arms 1 and 4. (b) Incident
waves at arms 2 and 3. (c) Short circuit at ,4– B. (d) Equivalent circuit.

Recalling that the reflected waves are related to the

incident waves by

[b]= [s][a] (11)

we can now determine the reflected wave in each arnn for

each ;mode. For the first case, in which the incident waves

are at arms 1 and 4, the reflected waves for the even mode

are

~ =b = l–Y~– Y~\Y, + j(Yl+Y~\Y2)

le 4e
l+ Y~+Yj/Y2+ j(Yl– Y~/Y2)

(12)

– 2 jY2
bz, = b~e =

1+ Y; + Y~/Y2+ j(Y1– Y~/Y2) “
(13)

For the odd mode, the reflected waves are

b =_b = l–Y~– Y~/Y2–j(Yl+Y~/Y2)
10

40 l+ Y~i-Y~/Y2– j(Y1– Y~/Yz)
(14)

2jY2

bzo=‘b30=l+ Y~+Y~/Y2– j(Y1– Y~/Y2) ~
(15)

1
l–Y:– Y:/’Y2+j(Y, +Y:/Y2) – 2 jYz

[S]e=
l+ Y:+ Y;/Y2+j(Y1– Y;/Y2) j.-l-Y~+Y~/Y2+ j(Y1– Y~/Y,)

1.- Y; – Y~/Y2 – j(Yl+ Y~/Y,) I (9)
–2jYz

l+ Y/+ Y;/Y2+j(Y1– Y:/Y2) i.-i-Y~+Y~/Yz+ j(Y1– Y~/Yz)

I

l–Y~– Y~/Y2– j(Yl+Y~/Y,) – 2 jYz

l+ Y~+Y//Yz–j(Yl –Y~/Yz)
[s]. =

i+ Y; + Y~/Y2 – j(Y1– Y~/Y,)

– 2 jY2 ll– Y~– Yf/Y2+ j(Y1+Yf/Y,)

l+ Y:+ Y//Y2–j(Y1– Y:/Y2) ~1+ Y; + Yf/Y2– j(Y1– Y:/Y2)
1

(lo)
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When the even and odd modes are

resultant waves are given by

(al=2, a,=O)
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superimposed, the

~ = 2[1-(Y: + Y:/Y,)’+ (Y; - Y:/Y”)] ~16)

‘ (l+ Y’’+Y:/Y2)2+(Y, -Y;/Y2)2

–4Y2(Y1– Y:/Y2)
b2 =

(l+ Y’’+ Y:/Y2)2+(Y1-Y:/Y2)2
(17)

–4jY2(l + Y“ + Y;/Y’)

“= (l+ Y;+ Y:/’Y2)2+(Y1- Y:/Y2)2
(18)

4jY1(Y,/Y2 + y“ + m%)

“= (l+ Y:+ Y:/YJ2+(Y1-Y:/Y2)2 “

(19)

Similarly, for the second case, in which the incident

waves are at arms 3 and 2, the reflected waves for the even

mode are

– 2 jY2
ble = b4e =

l+ Y’’+Y:/Y2+ j(Y1-Y:/Y2)
(20)

b =b = l–Y~– Yj/Y2–j(Yl+Yf/Y2)

3e 2e
1+ Y; + Y;/Y’ + j(Y, – Y:/Y,) “ ’21)

The reflected waves for the odd mode are

–2 jY2
b10 = – b40 =

l+ Y~+Y~/Y2– j(Y1– Y~/Y2)
(22)

b =_b = l–Y~– Y~/Y2+j(Yl+Y~/Y2)
‘o

20 1+ Y“+Y:/Y2 – j(Y1 – Y:/Y’) “
(23)

The resultant waves when the even and odd modes are

superimposed are given by

a3=2, a2=0

–4jY2(l + Y: + Y~/Y2)
bl =

(1+ Y;+ Y:/Y’)’+ (Y, - Y~/Y2)2

b = –4jY1[l +( Y,/Y2)(Y’’+Yf/Y2)]

2 (l+ Y’’+Y:/Y2)2+(Y1 -Y&’Y2)2

2[1-(Y’’ +Y:/Y2)2- (Y; -Y;/Y”)]
b3 =

(1+ Y“ + Y;/Y,)’+ (Y, - Y:/Y’)’

–4Y2(Y1– Y:/Y2)

b’= (1+ Y:+ Y//Y’) ’+(Y, - Y:/Y’)’ “

The resultant waves for the two cases referred

(24)

(25)

(26)

(27)

(28)

to as

difference and sum modes are summarized in Fig. 5(a) and

(b). The output voltage ratio between arms 3 and 4 for the

difference mode in Fig. 5(a) is given by

b3 Y’(1+ Y: + Y:/Y’)

~=–
(29)

Y,(YI/Y’ + Y“ + WY2) .

and the output voltage ratio between arms 1 and 2 for this

‘v”
(a)

3 2

(b)

Fig 5. Incident and reflected waves for the (a) difference and (b) sum
modes.

sum mode in Fig. 5(b) is given by

bl Y’(1+ Y“ + Y:/Y’)

~= YJl+Y,/Y2(Y’’ +Y:/Y2)] “
(30)

The condition that the input arm in both cases be matched

requires that bl in (16) and b~ in (27) be zero. A close look

at (16) and (27) indicates that a perfect match condition

cannot be obtained simultaneously at both ports 1 and 3.

A near perfect match is achieved at ports 1 and 3 for the

following condition:

Y:
Y;+y=l. (31)

2

When YI and Yz satisfy this condition, the resultant re-

flected waves in (16) and (27) are given by

2( Y: – Y:/ Y”)
b,=

(l+ Y’’+ Y:/Y2)2+(Y1- Y:/Y2)2

(difference mode) (32)

2( Y: – Y:/ Y:)
b3=–

(l+ Y’’+Y:/Y2)2+(Y, -Y:/Y2)2

(sum mode) (33)

and the output voltage ratio between arms 3 and 4 for the

difference mode and arms 1 and 2 for the sum mode are

given by

b3 2Y2

b4=– Y1(l+Y1/Y2)
(34)

b, 2Y2

~ = Yl(l+ Y1/Y2) “
(35)
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Fig. 6. Characteristic impedances of the transmission lines versus
power-spfit ratios.
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Fig. 7. Isolation between the output ports versus power-split ratios.

Equation (34) states that for an input voltage at arm 1, the

output voltages at arms 3 and 4 are 180° out of phase.

Equation (35) states that for an input voltage at arm 3, the

output voltages at arms 1 and 2 are in phase. The char-

acteristic impedance values ZI and 22 for various power-

split ratios between the output ports are tabulated in Table

I for comparison with the conventional hybrid-ring cou-

pler.

The magnitude of the reflected waves in (32) and (33)

for values of YI and Yz corresponding to the characteristic

impedances in Table I for various power-split ratios is very

small; it results in a voltage standing wave ratio (VSWR)

of less than 1.1 for smaller power-split ratios and decreases

to 1.05 for higher power-split ratios, establishing the useful

range for this directional coupler. By symmetry, if the

input waves are incident at ports 4 and 2, the reflected

wave amplitudes will be the same as in (32) and (33),

respectively. Thus, the input impedance at any port is

matched (VSWR < 1.1) when the other arms are terminated

by matched impedances.

The characteristic impedance values ZI and 22 for

various power-split ratios and the isolation values between
output ports for the sum mode are plotted in Figs. 6 and 7,

respectively. The isolation between the output ports is

about 20 dB for power-split ratios of less than – 6 dB. As

the power-split ratio approaches zero dB (equal split,

“rat-race” ring), the isolation approaches infinity.

Although the theoretical isolation between the output

ports for the modified hybrid ring is of the order of 20 dB,

t — EXPERIMENTAL
I

I —— -- ANALYTICAL
)

t I
!=—————-_ ——-—-____.- --+

[’
l-- I I I I I J

150 155 160 165 170 175 180

FREQUENCY, GHZ

(a)

30 r 1
I — EXPERIMENTAL I

‘-—- ANALYTICAL

t
-20 I

-30 L I I I I I --l
?’50 155 160 16.5 170 175 180

FREQUENCY, GHz

(b)

Fig. 8. (a) Power-split ratio between ports 1 and 2 of the 6.4-dB
hybrid. ring coupler. (b) Phase difference between ports 1 and 2 of the
6.4-dB hybrid-ring coupler.

as compared to the infinite isolation for the conventional

hybrid ring, the average difference between the measured

results over a frequency band for the two cases is ap-

proximately 5 dB. A 20-dB isolation is adequate for most

applications.

Comparing the impedance for the modified hybrid ring

and for the conventional ring (Table I), the range of the

realizable power-split ratios is significantly increased for

the same realizable impedance values. For example, for a

power-split ratio of 8 dB, the conventional ring requires a

line of impedance 135.2 Q, while for a 12-dB power-split

ratio, the modified ring requires a line of impedance 139.4

Q. Thus, the realizable range of power-split ratios for the

modified hybrid-ring directional coupler is increased by

approximately 4 dB.

The results obtained above are for a single frequency.

To find the frequency dependence of this hybrid coupler, it

is necessary to consider the variations in the lengths of the

quarter-wave lines with the frequency in the equivalent

circuits. The frequency characteristics of this hybrid-ring

coupler were obtained by analyzing the circuit on MIDAS
(a computer program for analyzing microwave circuits) [4].

The power-split ratios, isolation between ports, phase dif-

ference between output ports, and input VSWR for two

rings with power-split ratios of 6.4 dB and 11.3 dB are

plotted in Figs. 8 through 11 as a function of frequency

(15-18 GHz), along with the experimental results dis-

cussed in the next section. From these figures, we note that
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Fig. 9. (a) Isolation between ports 1 and 2 of the 6.4-dB hybrid-ring
coupler. (b) Input VSWR at port 3 of the 6.4-dB hybrid-ring coupler.
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(b)

Fig 10. (a) Power-split ratio between ports 1 and 2 of the 11.3-dB
hybrid-ring coupler. (b) Phase difference between ports 1 and 2 of the
11.3-dB hybrid-ring coupler.
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Fig. 11. (a) Isolation between ports 1 and 2 of the 11.3-dB hybrid-ring
coupler. (b) Input VSWR at port 3 of the 1L3-dB hybrid-coupler.

the hybrid-ring coupler has a bandwidth of approximately

20 percent at Ku-band.

IV. EXPERIMENTAL RESULTS

Two stripline hybrid-ring directional couplers with

power-split ratios of 6.4 dB and 11.3 dB between the two

output arms 1 and 2 (sum mode) at the center frequency of

16.5 GHz were designed and tested. The impedance values

used for these two rings are (a) 6.4 dB coupler, ZI = 92.0 Q

and Zz = 55.1 Q and (b) 11.3 dB coupler, ZI =131.6 Q

and Z2 = 51.5 S2. The measured power-split ratios, isola-

tion, and phase difference between the output ports and

input VSWR, along with the analytical results, are shown

in Figs. 8 through 11. A close agreement between the

analytical and experimental results is observed over the
frequency range of 15 to 18 GHz. The input port is fairly

well matched, with a VSWR of less than 1.5:1 over the

frequency band.

The stripline hybrid rings were fabricated on a 50-mil

Duroid 5880 substrate. Duroid 5880 substrate has a dielec-

tric constant of 2.2 and provides low circuit loss.

V. CONCLUSIONS

The analysis and design of a hybrid-ring directional

coupler that provides a higher power-split ratio than the

conventional hybrid-ring coupler are presented. The mea-

sured results for two couplers developed in stripline con-

figuration at Ku-band agree well with the analytical re-
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suits. The hybrid-ring directional coupler has a bandwidth

of approximately 20 percent. The input arm of the coupler

is matched (VSWR <1.5: 1) over the frequency band. The

power-split ratio can be ad@sted by varying the character-

istic impedances (21 and 22) of the two lines forming the

ring. Similar hybrid-ring directional couplers can also be

realized in microstrip configuration.
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