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Reduced-Size Branch-Line and Rat-Race
Hybrids for Uniplanar MMIC’s

TETSUO HIROTA, MEMBER, IEEE, AKIRA MINAKAWA, AND MASAHIRO MURAGUCHI, MEMBER, IEEE

Abstract —A new method of miniaturizing branch-line 90° hybrids and
180° rat-race hybrids is proposed. The method utilizes combinations of
short high-impedance transmission lines and shunt lumped capacitors. The
new hybrids are fabricated on GaAs substrates and the validity and
effectiveness of the method are confirmed through experiments at 25 GHz
and 11 GHz. The fabricated hybrids demonstrate excellent design accuracy
even at high frequencies, with a circuit size that is more than 80 percent
smaller than conventional hybrids. These hybrids are particularly suitable
for uniplanar MMIC’s where necessary shunt connections are easily made.

1. INTRODUCTION

YBRID couplers play important roles as 90° and

180° power dividers or power combiners in such
microwave circuits as balanced mixers, image-rejection
mixers, and balanced amplifiers. Among them, coupled-line
couplers, branch-line 90° couplers, and rat-race 180° cou-
plers are widely used in microwave integrated circuits.
They utilize the favorable characteristics of quarter-wave-
length transmission lines.

However, the sizes of “quarter-wavelength” couplers are
too large for monolithic microwave integrated circuit
(MMIC) applications, since a large circuit area results in
high chip cost. The lumped-element approach [1], [2],
which uses spiral inductors and lumped capacitors, is one
of the solutions to this problem. However, the design of
lumped-element circuits must be somewhat empirical, and
it needs precise inductor models based on careful measure-
ments of test elements. Moreover, the design becomes
difficult at frequencies above 20 GHz. Gupta and Getsinger
[3] presented a quasi-lumped-element branch-line coupler,
which uses lumped capacitors and short-circuited trans-
mission lines employed as inductor elements. Their coupler
is free from the uncertainty caused by lumped inductors,
but its layout is inconvenient for tight integration.

In this paper, a new size-reduction method for hybrid
couplers is proposed which utilizes combinations of short
high-impedance transmission lines and shunt lumped ca-
pacitors. With this method, a 3 dB branch-line coupler can
be developed using transmission lines of, for example, only
1/8 and 1/12 of a wavelength, and the area occupied by
the coupler can be over 80 percent smaller than that of the
conventional coupler. Advantages of the size-reduction
method proposed here are (1) small circuit size due to
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short line length, (2) excellent design accuracy even at high
frequency bands, and (3) good compatibility with unipla-
nar MMIC’s [4], [5] proposed by the authors. This paper
describes the design of a branch-line 90° hybrid, followed
by experimental results at 25 GHz and 11 GHz. Transmis-
sion loss caused by conductor losses of high-impedance
coplanar waveguides is also discussed. Next the design and
the performance of a 25 GHz reduced-size rat-race 180°
hybrid are presented.

II. SizE-REDUCTION METHOD

The quarter-wavelength transmission line shown in Fig.
1(a) is a key element in conventional hybrid couplers. It
consists of distributed series inductance and shunt capaci-
tance. The aim of this study is to obtain a smaller circuit
which is equivalent to the quarter-wavelength transmission
line. A transmission line shorter than a quarter of a
wavelength has a lower inductance and capacitance. Our
approach is to offset the inductance drop by increasing the
characteristic impedance of the line and to offset the
capacitance loss by adding lumped capacitors, as shown in
Fig. 1(b).

Let us examine the compatibility between the circuits in
Fig. 1(a) and (b). The admittance matrices [Y,], [Y,] of the
circuits in Fig. 1(a) and (b) are

1o
[Y“]‘jzo[l 0] M
cos @ oC 1
y jZsiné e JjZsin8 2
(%] 1 cos 6 c )
+i
iZsing jZsing ¢

where Z,, Z, 0, and w are the characteristic impedance of
the quarter-wavelength line, the characteristic impedance
of the shortened line, the electrical angle of the shortened
line, and the angular frequency, respectively. Comparing
these two equations, we obtain

Z=2Z,/sinf (3)

(4)

This relation is illustrated in Fig. 2. The electrical length 8
can be made shorter, as can be seen in the figure, if the
higher characteristic impedance Z is adopted and the

wC=(1/Zy)cos¥.
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Fig. 1. (a) Quarter-wavelength transmission line. (b) Shortened trans-
mission line equivalent to the quarter-wavelength transmission line.
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Fig. 2. Equivalent condition of the shortened transmission line.

lumped capacitance C is increased. The limit of § =0
corresponds to purely lumped elements. This method can
halve the length of the transmission line, 1/8 of a wave-
length, for instance, by increasing the characteristic
impedance by a factor of y2. This method requires the
added capacitors to be grounded. Since uniplanar MMIC’s
have ground planes on their top side, they are especially
suitable for this method.

III.  90° BRANCH-LINE HYBRID
A. Design of 90° Branch-Line Hybrids

A circuit diagram of the well-known branch-line hybrid
is shown in Fig. 3(a). The size of this circuit is easily
reduced using the method described above. The character-
istic impedances of the lines used in the conventional
branch-line hybrid are Z, and Z,/v2 . If the characteristic
impedance in the reduced-size hybrid is Z, the electrical
length of the branch-line §,, the electrical length of the
through-line 8,, and the capacitance C are

6, = arcsin y (5)
6, = arcsin % (6)

12 1,2
wCZy=(1-y?) "+ (2= y?) ™)
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(a) Circuit diagram of the conventional branch-line hybrid.
(b) Circuit diagram of the reduced-size branch-line hybrid.

Fig. 3.

where y=Z,/Z. When y=1/y2, for example, 8, =45°
and 6, =30°. In other words, if the characteristic
impedance is increased to 70.7 €, the line lengths become
1/8 of a wavelength and 1/12 of a wavelength respec-
tively, as shown in Fig. 3(b). Line impedances higher than
70.7 © lead to shorter transmission lines, of course. How-
ever, the line width of the coplanar waveguides must be
larger and the effects of junction discontinuities become
large. Calculated phase differences between S;; (coupling)
and S,, (direct) are shown in Fig. 4 compared with those
of the conventional (quarter-wavelength) hybrid and the
purely lumped hybrid. The bandwidth of the reduced-size
hybrid is a little wider than that of the purely lumped
hybrid but narrower than that of the quarter-wavelength
hybrid.

B. Loss in the Reduced-Size Coupler

It may be thought that the use of high-impedance copla-
nar waveguides will result in large insertion losses. In fact,
the transmission loss of coplanar waveguides increases
rapidly as the center conductor becomes narrow. On the
other hand, conductor loss of the lines with higher
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Fig. 4. Calculated phase differences between S, and Sy of the re-

duced-size hybrid, the conventional hybrid, and the purely lumped

hybrid.
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Fig. 5. Calculated insertion losses of the 25 GHz reduced-size branch-

line hybrid as a function of conductor gap G of the coplanar wave-
guide.

impedance is smaller in principle because of the lower
currents on them. In this section, ohmic losses of the
reduced-size branch-line hybrid are discussed quantita-
tively.

Conductor losses of the coplanar waveguides can be
evaluated [6] using Wheeler’s incremental inductance rule
[7]. S parameters of the hybrid are calculated using the
evaluated attenuation constant and the complex character-
istic impedance due to conductor losses. The resultant
calculated insertion losses of the 25 GHz hybrids are
plotted in Fig. 5 as a function of the conductor gap G of
the coplanar waveguides for several values of the center
conductor width W. Metals 2 pm in thickness and 2.2 X
10~% €-m in conductivity are assumed, and the dielectric
constant of the substrate is 12.6. Associated branch-line
lengths are shown in Fig. 6. The narrow widths W and the
wide gaps G lead to short line lengths, and narrow W
values result in large insertion losses, as expected. It is
worth noting that the losses decrease as the gap G in-
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Fig. 6. Branch-line length of the 25 GHz reduced-size branch-line hy-

brid as a function of conductor gap G of the coplanar waveguide.
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Fig. 7. Photomicrograph of the fabricated 25 GHz reduced-size
branch-line hybrid.

creases. This means that the size-reduction method pro-
posed here does not degrade the insertion loss properties
of the hybrids when the conductor width W is kept con-
stant.

C. Experimental Results

The 25 GHz and 11 GHz reduced-size branch-line hy-
brids were designed and fabricated on semi-insulating
GaAs substrates. Fig. 7 shows a photomicrograph of the
25 GHz hybrid. All the transmission lines are 70 £ copla-
nar waveguides with a 10 pm center conductor width and
their lengths are 1/8 and 1/12 of a wavelength. Air
bridges are used at the coplanar waveguide junctions in
order to equalize potentials of the grounds. Metal —insula-
tor—metal (MIM) shunt capacitors are located at the
corners of inner ground metal. The insulator film is Si;N,.
The size of the fabricated hybrid is 500 pm X 500 pm. This
is more than 80 percent smaller than a conventional
branch-line hybrid.
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Fig. 9. Measured performance of the 11 GHz reduced-size branch-line
hybrid.

The measured performance of the fabricated 25 GHz
hybrid is shown in Fig. 8. The measurements were made
using microwave wafer probes. The calculated values are
also plotted in the figure. The hybrid shows equal power
splitting performance and good isolation. The larger loss
measured in the experiment is mainly due to the conductor
loss discussed above. Additional loss is caused by surface
and edge roughness of the metal, inferior metal conductiv-
ity, and the dielectric loss of the substrate, which were not
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Fig. 10. (a) Circuit diagram of the conventional rat-race hybrid. (b)
Circuit equivalent to 3/4 wavelength transmission line. (c) Circuit
diagram of the reduced-size rat-race hybrid.
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Fig. 11.

taken into account in the calculations. An 11 GHz hybrid
was also fabricated and tested. The results are shown in
Fig. 9. Its center conductor width is also 10 pm and its
performance is similar to that of 25 GHz hybrid. The
obtained experimental results confirm the validity and
effectiveness of the method proposed here.
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Fig. 12. Port interchange in the reduced-size rat-race hybrid: (a) usual
port layout; (b) port layout convenient for mixer applications.

Iv.
A. Circuit Design

The 180° hybrids have the capability of dividing and
combining signals in 0° and 180°, and have many applica-
tions. The 180° hybrids which can be used in MIC’s and
MMIC’s are a rat-race hybrid, a reverse-phase hybrid ring
[8], and slotline magic T’s [4], [9]-[11]. They utilize trans-
mission lines of a quarter of a wavelength or longer, or
active elements. Size reduction of the rat-race hybrid was
tried using the method employed for the branch-line hy-
brid.

The traditional rat-race hybrid consists of 1/4 and 3 /4
wavelength lines, as shown in Fig. 10(a). The 1/4 wave-
length lines can be shortened to 1/8 wavelength by in-
creasing their characteristic impedance up to 100 Q and
adding lumped capacitors. On the other hand, the 3/4
wavelength line can be replaced by the 7 network shown
in Fig. 10(b) [2]. Moreover, the shunt inductances in Fig.
10(b) and the shunt capacitances added to 1/8 wavelength
lines almost cancel each other. Finally, the rat-race hybrid
can be replaced by the circuit shown in Fig. 10(c) with
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Measured performance of the 25 GHz reduced-size rat-race
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Fig. 14. Photomicrograph of the fabricated 25 GHz reduced-size rat-
race hybrid.

optimized line lengths and capacitances. Fig. 11 shows the
calculated frequency responses of the circuit in Fig. 10(c)
compared with those of the conventional rat-race hybrid.

Another advantage of the reduced-size rat-race proposed
here is its flexible port arrangement. Fig. 12 illustrates the
port interchange possible in this reduced-size rat-race. The
lines can cross at the position of the lumped MIM capaci-
tor without any performance deterioration. This conve-
nient port layout is highly effective, especially for mixer
applications.

B. Experimental Results

The reduced-size rat-race hybrid was fabricated and
tested at 25 GHz. It consists of 100 Q coplanar waveguides
and MIM capacitors. The center-conductor width of the
coplanar waveguides is 10 pum. The measured performance
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is shown in Fig. 13. The calculated performance is also
plotted in the figure. Insertion loss is smaller than that of
the branch-line hybrid because the characteristic impedance
of the lines is higher. Fig. 14 shows the layout of the
fabricated 25 GHz hybrid. The size reduction is noticeable
because all lines used are just 1/8 wavelength.

V. CONCLUSIONS

A new method of reducing the size of branch-line 90°
hybrids and 180° rat-race hybrids has been proposed and
confirmed through experiments at 25 GHz and 11 GHz.
The size of fabricated hybrids is more than 80 percent
smaller than that of conventional hybrids. The proposed
method does not use lumped inductors and, consequently,
has the advantages of excellent design accuracy even at
high frequencies. These hybrids are particularly suitable
for uniplanar MMIC’s because shunt connections are eas-
ily available on the uniplanar structure.

ACKNOWLEDGMENT

The authors wish to thank Dr. T. Sugeta for useful
discussions. They also thank Dr. H. Ogawa and Dr. M.
Aikawa for encouragement.

REFERENCES

[1] M. Caulton, B. Hershenov, S. P. Knight, and R. E. DeBrecht,
“Status of lumped elements in microwave integrated circuits—
Present and future,” IEEE Trans. Microwave Theory Tech., vol.
MTT-19, pp. 588-599, July 1971.

[2] J. Putnam, and R. Puente, “A monolithic image-rejection mixer on
GaAs using lumped elements,” Microwave J., vol. 30, no. 11, pp.
107-116, Nov. 1987.

3] R. K. Gupta, and W. J. Getsinger, “Quasi-lumped-element 3- and
4-port networks for MIC and MMIC applications,” in TEEE
MTT-S Int. Microwave Symp. Dig., 1984, pp. 409-411.

[4] T. Hirota, Y. Tarusawa, and H. Ogawa, “Uniplanar MMIC hybrids
—A proposed new MMIC structure,” IEEE Trans. Microwave
Theory Tech., vol. MTT-35, pp. 576-581, June 1987.

[S] M. Muraguchi, T. Hirota, A. Minakawa, K. Ohwada, and
T. Sugeta, “Uniplanar MMIC’s and their applications,” JEEE
Trans. Microwave Theory Tech., vol. 36, pp. 1896-1901, Dec. 1988.

{6] K. C. Gupta, R. Garg, and L. J. Barl, Microstrip Lines and Slotlines.
Dedham, MA: Artech House, 1979, pp. 285-288.

[71 H. A. Wheeler, “Formulas for the skin effect,” Proc. IRE, vol. 30,
pp. 412-424, Sept. 1942.

[8] M. Aikawa, “Wide-band strip-line reverse-phase hybrid ring in
GHz band,” Trans. IECE Japan, vol. 58-B, pp. 521-528, Oct. 1975
(in Japanese).

[9] F. C. de Ronde, “A new class of microwave directional couplers,”

in IEEE G-MTT Int. Microwave Symp. Dig., 1970, pp. 184-189.

M. Aikawa and H. Ogawa, “A new MIC magic-T using coupled

slot lines,” IEEE Trans. Microwave Theory Tech., vol. MTT-28, pp.

523-528, June 1980.

T. Tokumitsu, S. Hara, T. Tanaka, and M. Aikawa, “Active isola-

tor, combiner, divider, and magic-T as miniaturized function

blocks,” in TEEE GaAs IC Symp. Dig., 1988, pp. 273-276.

[10]

(1]

275

Tetsuo Hirota (M’87) was born in Takaoka,
Japan, in 1956. He received the B.S. and M.S.
degrees from Kyoto University, Kyoto, Japan, in
1979 and 1981, respectively.

Since joining the Yokosuka Electrical Commu-
nication Laboratories, Nippon Telegraph and
Telephone Corporation, Yokosuka, Japan, in
1981, he has been involved in the research and
development of microwave integrated circuits for
communication systems, including nonlinear
FET circuits and passive components. His cur-
rent research interests are in microwave circuit techniques for monolithic
integration. He is presently a Senior Research Engineer in the NTT
Radio Communication Systems Laboratories, Yokosuka, Japan.

Mr. Hirota is a member of the Institute of Electronics, Information
and Communication Engineers of Japan.

Akira Minakawa was born in Ibaraki, Japan, on
May 20, 1960. He received the B.S. and M.S.
degrees in electrical engineering from Ibaraki
University, Ibaraki, in 1984 and 1986, respec-
tively.

He joined the Electrical Communications Lab-
oratories of Nippon Telegraph and Telephone
Corporation in 1986 and since then has been
engaged in research on monolithic microwave
integrated circuits.

Mr. Minakawa is a member of the Institute of
Electronics, Information and Communication Engineers of Japan.

Masahiro Muraguchi (S’80-M’83) was born in
Kanazawa, Japan, on May 23, 1955, He received
the B.S. degree in electrical engineering from the
Nagoya Institute of Technology, Japan, in 1978
oy and the M.S. and Ph.D. degrees in physical elec-
. @:l ! tronics engineering from the Tokyo Institute of
L Technology in 1980 and 1983, respectively.
k He joined the NTT Atsugi Electrical Commu-
nications Laboratories, Nippon Telegraph and
‘ Telephone Corporation, in 1983, where he has
worked in research on GaAs MESFET’s and
monolithic microwave integrated circuits (MMIC’s). He is currently en-
gaged in research and development work on GaAs MMIC’s at the NTT
Radio Communication Systems Laboratories, Yokosuka. He is now a
Senior Research Engineer.
Dr. Muraguchi is a member of the Institute of Electronics, Information
and Communication Engineers of Japan.




