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Compact Microstrip 3-dB Coupled-Line Ring
and Branch-Line Hybrids With New
Symmetric Equivalent Circuits
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Abstract—New symmetric equivalent circuits are suggested
for 90° and 270° transmission-line sections, with which com-
pact coupled-line ring and branch-line hybrids can be designed
and fabricated. For this purpose, firstly stepped-impedance
transmission-line (SITL) sections, being equivalent to a uniform
transmission-line section with arbitrary electrical lengths, are
synthesized, and design formulas for the SITL sections are de-
rived. Secondly, three types of equivalent circuits are introduced
by combining the SITL sections with coupled-line II-, modified
II-, or T'-type, and are called stepped-impedance coupled-line
II-type (SCII), stepped-impedance modified T-type (SMT), and
stepped-impedance modified II-type (SMII). The SCIIs are for
270° transmission-line sections, while both SMTs and SMIIs
are for 90° transmission-line sections. Based on the suggested
equivalent circuits, compact coupled-line ring and branch-line
hybrids designed at 1 GHz are fabricated, and the measured
bandwidth of the ring hybrid is 50% with 15-dB return loss. The
measured results may be considered as excellent, reflecting their
total transmission-line lengths of 183° and 111° for the ring and
branch-line hybrids, respectively.

Index Terms—Asymmetric structures, compact branch-line hy-
brids, compact coupled-line ring hybrids, compact equivalent cir-
cuits, compact rat-race couplers, stepped-impedance coupled-line
II-types (SCIIs), stepped-impedance modified II-types (SMIIs),
stepped-impedance modified T’-types (SMTs), symmetric equiva-
lent circuits.

I. INTRODUCTION

HE RING and branch-line hybrids [1]-[3] are key com-

ponents for microwave applications, such as balance
mixers, balanced amplifiers, and antenna arrays. As the wire-
less communication systems require substantial reduction in
mass and volume, compactness of such hybrids becomes of
high interest [4]. The ring and branch-line hybrids consist
of 90° or 270° transmission-line sections, which should be
reduced for the compactness, and the reduction methods de-
pend on which equivalent circuits of those transmission-line
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sections are employed [5]-[46]. The employed equivalent
circuits are generally classified into symmetric and asymmetric
structures, but the asymmetric structures [8]-[11], [40] seem
to not be suitable to be replaced with 90° transmission-line
sections without any modification, which will be clarified
later with one of asymmetric structures [12]-[15], constant
voltage standing-wave ratio type transmission-line impedance
transformers (CVTs) [12].

The symmetric equivalent circuits are lumped-element
models [3], [16]-[20], [38], [46], II-type [S], [21]-[26],
T-type [25]-[27], [34], modified II- [28], [41] and T-types
[28], [29], dual transmission-line sections [39], [42] and
stepped-impedance transmission-line (SITL) sections [30],
[31], where the equivalent circuits requiring series capacitances
or inductances are classified into the lumped-element models.
The II- and T'-types may be the same as the modified II- and
T-types with N = 1 [28]. The artificial transmission-line
model in [29] looks very similar to the modified T-equivalent
circuit, but the design formulas seem to be approximation
expression and optimization is therefore required for desired
performance. For the dual transmission-line sections [39], [42],
since two transmission-line sections are of different lengths
[39], meandering is indispensable, which results in inflexible
fabrication. In [30] and [31], the investigation on the SITL
sections is carried out, but valid for only 90°[30] and 60°[31]
transmission-line sections.

Using the II-, T'-type or SITL sections, the ring and branch-
line hybrids may be reduced, but the performance of the re-
sulting hybrids is worse than that of the original ones if the
electrical length of a transmission-line section is reduced from
90° to 50° (more or less), and so do those with lumped el-
ement models [3]. In addition to the worse performance, the
ring hybrids reduced by the conventional methods do not ap-
pear to be significantly compact [10], [11], [21]-[23], [26], [27],
[291-[32], [35]-[38] because three 90° equivalent circuits are
substituted for a 270° transmission-line section of the ring hy-
brids. On the contrary, there is only one case of the compact ring
hybrids [5] that a 270° equivalent circuit is directly replaced
with the 270° transmission-line section, but they should be im-
plemented with 3-D structures [5].

In this paper, to overcome the conventional problems, design
formulas for the SITL sections are derived for a uniform trans-
mission-line section with arbitrary electrical lengths, and new
symmetric equivalent circuits for 90° or 270° uniform trans-
mission-line sections are suggested for more design flexibility,
easier implementation with 2-D structures, and better frequency
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TABLE I
COMPARISONS BETWEEN CONVENTIONAL AND
PROPOSED BRANCH-LINE HYBRIDS

Refs. | Transmission- Power Equivalent
line lengths divisions (dB) circuits
[11] 40.0°x 47.7° -3.36, -3.25 Asymmetric
[17] 39.6°x 43.2° - Lumped
[43] 44.7°x 40.4° -3.940.1 Quasi-T1
[44] 43.2°x 50.4° | better than -4.0 I-type
[46] 45.0°x 45.0° -4.00, -4.00 I-type
This 24.2°x 31.4° -3.02, -3.48 Proposed
work SMI1

performance. The equivalent circuits may be obtained by com-
bining the SITL sections with coupled-line II-type [5], modified
II-, or T'-type [28] and named stepped-impedance coupled-line
II-type (SCII), stepped-impedance modified 7'-type (SMT), and
stepped-impedance modified II-type (SMII). The SCIIs are for
the 270° uniform transmission-line sections, while both SMTs
and SClIIs are for the 90° transmission-line sections. The three
equivalent circuits proposed in this paper each have two iden-
tical transmission-line sections at both ends, with which more
design flexibility and easier implementation can be possible.

To claim additional advantages of the suggested equivalent
circuits, it will be demonstrated later that the frequency per-
formance of the SMTs and SMIIs can be the same as that of
the 90° transmission-line sections, even with the total lengths
reduced. It will also be illustrated that the frequency response
of the SMII is, in the frequency range of interest, better than
the conventional II-type, even though the SMII is much shorter
than one-third of the conventional one. Since the two points
mentioned above are the properties that have never been ver-
ified before with the conventional equivalent circuits [S]-[27],
[29]-[46], the suggested equivalent circuits may have a big ad-
vantage over the conventional methods.

Based on the new equivalent circuits, the coupled-line ring
and branch-line hybrids are fabricated at a design center fre-
quency of 1 GHz and the measured results agree with those
predicted. The transmission-line sections are directly related
with the size reduction, and total lengths of the ring and
branch-line hybrids implemented in this paper are 183° and
111°, respectively.

The implemented coupled-line ring hybrid may be compared
with only one with the total length of 220°[5] and considered to
be better, in terms of size reduction and easier realization with
microstrip formats. The fabricated branch-line hybrid is com-
pared with the conventional ones in Table I where the size of
the branch-line hybrid [43] is not exactly specified and there-
fore approximated by physical dimensions, substrate, and center
frequency given. The data in Table I inform that the suggested
branch-line hybrid is the best in the perspective of compactness
and frequency performance.

In this paper, unsuitability of asymmetric structures for ring
and branch-line hybrids will be explained first, then design for-
mulas of new symmetric equivalent circuits will be derived.
Based on the derived equivalent circuits, coupled-line ring and
branch-line hybrids will be designed and fabricated. For the
better understanding of three equivalent circuits called SCII,
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Fig. 1. Transmission-line sections. (a) Uniform transmission-line section.
(b) SITL sections.

SMT, and SMII, additional explanations will be added. The first
letter S indicates the SITL sections (Fig. 1), while the center
letter C is related with the coupled transmission-line sections
[5], and that of M is from the modified equivalent circuits [28].
The last letters of IT or T are associated with the locations of the
open stubs [5], [28].

II. UNSUITABILITY OF ASYMMETRIC STRUCTURES

Asymmetric structures [8]-[11], [40] have been replaced with
90° transmission-line sections to reduce the size of the ring and
branch-line hybrids, but they are not suitable for this purpose.
The reasons for the inappropriateness will be clarified. To dis-
cuss them, SITL sections, being equivalent to a uniform trans-
mission-line section with arbitrary electrical lengths, should be
discussed.

Two transmission-line sections are depicted in Fig. 1 where
a uniform transmission-line section is in Fig. 1(a) and the SITL
sections are in Fig. 1(b). The uniform transmission-line section
is 20 long and has the characteristic impedance of Z;, while
the SITL sections consist of three transmission-line sections,
two of which located at both ends are each ©, long and have
identical characteristic impedance of Z,, and one of which is
20, long and has Z;, characteristic impedance. To synthesize
one of the asymmetric structures (CVTs) [12], the equivalent
circuit in Fig. 1(b) needs to be studied.

A. SITL Sections

The even- and odd-mode impedances (Z., and Z,q) of the
uniform transmission-line section in Fig. 1(a) are
Zev =

— JZocot© (1a)

Zod = jZptan 8. (1b)
Those (Zev_s1 and Z,q_sr) of the SITL sections in Fig. 1(b)
are

iz Zycot ©y — Z,tan 9,
J4a Lo+ Zycot O tan ©,

ch 851 — (23)

7 iy Zptan®y + Z,tan©Q,
od-ST = T an O tan O,

(2b)
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Fig. 2. Calculation results versus z,. (a) 5. (b) ©5.

Design formulas for Z; and ©; in Fig. 1(b) are derived by
equating two sets of equations in (1) and (2) to give

o cot® 4z, tan O, tan © — z, tan O,
= zq —cot© - tan©, Zg +tan © - tan ©,

(3a)
tan O, — Zq — Ot © - tan ©, tan © — z, tan ©,,
e = Zo +tan® - tan 0, cot © + z, tan ©,,
(3b)

where z, = Z,/Z, 25 = Zp/Zy, © < 90° (O # 90°), and

0O > 0, + 0O,. The values of z; and ©, are determined by

arbitrary values of z, and ©,. To have real values of z; and O,

in (3), the following conditions in (4) should be satisfied for z,,.
For T] > Tg,

Ty <z < Ty (43-)

and for 17 < 715,

T <2, <D

(4b)

where T = tan® - cot O, and 15 = cot © - tan ©,,.

Based on the design formulas derived in (3) and (4), the char-
acteristic impedances of z;, and the electrical lengths of ©; were
calculated by varying z,. If @ = 70° and ©, = 50° are chosen,
Ty > Ts dueto Ty = 2.3 and 75 = 0.43 in (4). Therefore, 2,
should be from 0.43 to 2.3 from the valid equation in (4a).

The calculation results are plotted in Fig. 2 and listed in
Table II. When z, = 1, 2, = 1 and ©, = 20° are obtained as
listed in Table II and Fig. 2. It means that if Z, = Z; is chosen
in Fig. 1(b), Z; becomes the same as Z,, and the resulting
SITL sections become the uniform transmission-line section
with no difference between Z, and Z;,. When z, < 1 in Fig. 2
and Table II, the values of 2, become greater than unity, and
the electrical lengths of ©; are less than 20°. When z, > 1,
those of z, and ©, decrease gradually. Five SITL sections
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TABLE II
DESIGN VALUES FOR 2z, AND @, DEPENDING ON z,
WITH @ = 70° AND @ = 50° FIXED

® = 70°and O, = 50°
Za 7, 0.
—Za =20 b ()
Za Zo Zp Z0
0.5 1.4370 11.219
1.0 1.0 20.000
1.5 0.9554 17.518
2.0 0.6958 11.219
2.3 0.1009 1.5100

.-

-15

|S|(dB)

(@ =70 ©, =50°

-30
0.5

Frequency (GHz)

Fig. 3. Frequency responses with various z,, .

in Table II were simulated and the frequency responses are
displayed in Fig. 3 where the bandwidth with z, = 1.5 is the
widest, while that with z, = 2.3 is the smallest, and the two
cases with z, = 2 and 2z, = 0.5 have the same performance.
From the frequency responses in Fig. 3, one can know that
the bandwidths of SITL sections are proportional to the total
lengths of @, + &;,. When z, = 2z, = 1, i.e., the SITL sections
are the same as the uniform transmission-line section, the SITL
sections are the longest with @, + ®;, = © and therefore it is
natural that its bandwidth is wider than any other in Table II
and Fig. 2.

B. CVTs as Impedance Transformers

Halves of the transmission-line sections in Fig. 1(a) and
(b) are described in Fig. 4 where half of the SITL sections
in Fig. 4(b) is the CVT [12]. The asymmetric T'-structure in
[11] and modified CVT (MCVT) in [14] are additionally illus-
trated in Fig. 4(c) and (d). Even though the SITL sections in
Fig. 1(b) are equivalent to a uniform transmission-line section
in Fig. 1(a), the CVT in Fig. 4(b) cannot be equivalent to a
transmission-line section with the characteristic impedance of
Zy and the electrical length of ©, which is very important point
and will be clarified in more detail. For this, input impedances
at port (@) with port @) terminated in Zy are indicated as Z;,, ¢
and Zj,_cvyr in Fig. 4(a) and (b). In this case, Z;,, o is always
Zy in any case, but Z;,, cvT cannot be Zg, except one case with
Z, = Zy. The input impedance of Zy,, ¢y is expressed as

Zo+3Z, tan©, - )
Za ZotiZotano, T 72y tan Oy

- Zo+jZ, tan ©, '
Zb+J (Za Zut)Zo tan 0) tan O,

(6))

Zin_cvt = 2y
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(d)

Fig. 4. Various circuits. (a) Uniform transmission-line section. (b) CVT.
(c¢) Asymmetric T'-structure if Z; = Z,. (d) MCVT [14].

The input impedance of Z;,, ¢y normalized to Zy, ziy,_cvT,
is simplified as

p+ 739

Fin VT = S (6)
where 2z, = 74,/ 7 and
P =24 — % tan O, tan O (6a)
q= 22 tan ©, + z,z, tan O (6b)
T = 242p — zg tan ©, tan ©, (6¢)
8§ =z, tan By + 2z, tan O. (6d)

To have real value of z;;,,_cvT, the following relation holds:

ps —qr = 0. @)
Substituting (7) into 2;,_cvyr in (6) results in
q 2q tan ©, + z; tan O
Zin OVT = 2p— = 2472 =1IR 8
VT b b Zq tan Oy + 2 tan O, ®)

where I R is an impedance transformation ratio to transform Z
into Z;, cvr in Flg 4(b)

If z, = 2 in (8), z, and 2, have unit values as listed in
Table 11, and therefore, /R becomes unity. Otherwise, the
CVT is an impedance transformer to transform unit value of
impedance into /R, where IR # 1. Therefore, the assumption
that the CVT can be terminated in equal impedance of Zy[11,
Fig. 1] seems to be incorrect. When Z;, < Z, in Fig. 4(b),
the transmission-line section with Z; may be converted to a
T-equivalent circuit having two identical transmission-line
sections with the characteristic impedance of Z] and the elec-
trical length of ©j and an open stub as described in Fig. 4(c).
If Z; is the same as Z,, the structure in Fig. 4(c) is the same
as the asymmetric T'-structure suggested in [11]. The structure
in Fig. 4(d) looks similar to the asymmetric 7'-structure in

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 61, NO. 3, MARCH 2013

TABLE III
DESIGN DATA FOR CVTs WITH /R = 2
Za(-Q) @a Zb(Q) @b @eff
72.45 68.73° 50 10° 80.0°
75.03 57.97° 50 15° 74.6°
79.70 47.02° 50 20° 70.0°
88.80 35.65° 50 25° 65.0°
Ff
0 Hz
1 GHz
r,
-04 -0.2 0.0 0.2

—_—0,=10° ——0,=15°
—_—,=25 — 90°TL

Fig. 5. Simulated scattering parameters of Szo.

[8]-[11], and [40], but if the characteristic impedances of
Zma and Z,p are different, it is a MCVT [14], which may be
interpreted with a different way. The CVTs may be designed
by the methods in [12] and [14], and the data for the CVTs with
IR = 2 are given in Table III where the termination impedance
of Zy in Fig. 4(b) is assumed 50 €2, and effective electrical
lengths of ®O.¢ are computed from a scattering parameter of
S91[47]-[49] such as

Ouff = — /591 = tan ! (%) (€))
where

A =rcosBO,cos0, — z—" sin ©,, sin O (9a)

B =2,s8n0,cos O, +be €05 O, sin O (Ob)

C = ; sin ©, cos Oy + :—b cos O, 5in O ©c)

D = o8O, cos Oy — L 4in O, sin O. (9d)

Za

Based on the data in Table I11, the scattering parameters of Sas
of the CVTs in Fig. 4(b) were simulated from 0 to 1 GHz with
the center frequency of 1 GHz, where port @) is placed close to
the transmission-line section with Z,, as depicted in Fig. 4(b).
The simulated results are plotted in polar coordinates in Fig. 5
where the different CVTs are expressed as the lengths of ©; and
“90° TL” is a quarter-wave impedance transformer to transform
50 into 100 €2 with the characteristic impedance of 70.71 £2. In
this case, the scattering parameter of S22 is expressed as

Zincvr — IR

Soo = .
27 Zmcvr+1IR

(10)

When the operating frequency of f is 0 GHz, z;,_cvr in
Fig. 4(b) is unity, and therefore, So2 = —0.333 with IR = 2.



AHN AND NAM: COMPACT MICROSTRIP 3-dB COUPLED-LINE RING AND BRANCH-LINE HYBRIDS

When f = 1 GHz, all are perfectly matched, and therefore,
So9 = 0. Taking a close look at the changes between 0 and
1 GHz in Fig. 5, the magnitudes of S35 of the CVT with &, =
25° are the smallest, which means that smallest length is re-
quired to match 50 to 100 €2. As listed in Table III, the effective
electrical length of @ . with © = 235° is the smallest, while that
with ©® = 10° is the longest, but the phase delay of the CVTs
with I R = 2 cannot be 90°. That is, the CVTs can be impedance
transformers, but cannot be the same as 90° impedance trans-
formers due to different phase angles.

C. Summary

The reasons why the asymmetric structures of CVTs cannot
be replaced with any 90° transmission-line section were ex-
plained above. To sum up, the SITL sections themselves in
Fig. 1(b), from which the CVTs are derived, cannot be defined
at 90° in (3b), which is the first reason. The input impedances
of Zi_cvr in Fig. 4(b) cannot be 7 as far as Z, # Z;, which
is the second reason. The 90° transmission-line sections of
the ring and branch-line hybrids are impedance transformers
and have 90° phase angle. However, the CVTs in Table III
can be impedance transformers to convert unit impedance into
IR = 2, but the phase angles are not 90°, which is the third
reason.

Due to the fundamental reasons explained above, only sym-
metric structures can be substituted for 90° and 270° transmis-
sion-line sections of the ring and branch-line hybrids. Thus, the
new symmetric equivalent circuits will be discussed, and ways
to miniaturize their circuit size will be evolved.

III. SYMMETRIC EQUIVALENT CIRCUITS

To reduce the size of ring and branch-line hybrids, 90° or
270° transmission-line sections need to be made smaller. For
this, new equivalent circuits may be obtained by combining
the SITL sections and conventional ones [5], [28]. Three types
of equivalent circuits are depicted in Fig. 6 where the one in
Fig. 6(a) is for the 270° transmission-line section with the char-
acteristic impedance of Zy, while the two others in Fig. 6(b) and
(c) are for 90° ones with Z;. The one in Fig. 6(a) is called SCII
and the two others are differentiated as SMT and SMII.

The SCII in Fig. 6(a) consists of one set of coupled trans-
mission-line sections with two short circuits in a diagonal di-
rection and pairs of open stubs and transmission-line sections.
The coupled transmission-line sections, of which the even- and
odd-mode impedances are Zy. and Zg,, are G, long. The char-
acteristic impedances of the transmission-line section and open
stub are Z, and Z,¢ and the electrical lengths are ©, and ©,¢,
as described in Fig. 6(a). With the transmission-line sections
with Z, and ©, in Fig. 6(a), it is easier to fabricate the coupled
transmission-line sections with 2-D structures. It is also easier
to connect the coupled transmission-line sections to other trans-
mission-line sections or ports because the two points, where two
open stubs are connected to the coupled transmission-line sec-
tions, are not placed in a straight line. To solve this problem, the
two transmission-line sections with Z, and ©, are needed and
may be determined arbitrarily depending on design situation.
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Fig. 6. 270° or 90° equivalent circuits with the characteristic impedance of Z,.
(a) SCII for 270° transmission-line section. (b) SMT for 90° transmission-line
section. (¢) SMII for 90° transmission-line section.

The SMT or SMII in Fig. 6(b) and (c) can be considered
from the SITL sections with three transmission-line sections in
Fig. 1(b). Among the SITL sections in Fig. 1(b), leaving the
two transmission-line sections with Z, and ©, unchanged and
converting the one transmission-line section with Z, and 20, to
the modified T'- or II-equivalent circuit [28], the SMT or SMII
is obtained.

The SMT consists of two identical transmission-line sections
with Z, and ©, and a modified T"-equivalent circuit. The modi-
fied T-equivalent circuit is composed of N open stubs and N +1
transmission-line sections. The electrical length of the first and
last transmission-line sections with the characteristic impedance
of Z.r is ©,7/2 and the others are therefore two times of the
first or last one. The open stub with the characteristic impedance
of Z,r is ©,1 long.

SMII also includes two identical transmission-line sections
with Z, and 8, and a modified II-equivalent circuit. The mod-
ified IT-equivalent circuit has N transmission-line sections with
the characteristic impedance of Z,1 and NV + 1 open stubs. The
transmission-line sections and the open stubs are equally ©.p
and ©,1 long, respectively, and the characteristic impedance
of the open stub is Z,r1. The transmission-line section with the
characteristic impedance of Z, and the electric length of O, is
necessary for easier fabrication and more design flexibility and
may be determined arbitrarily depending on design situations.

The design formulas for the three types of SCII, SMT, and
SMII are

sin®,
Zoe = Log—— 11
ve % gin O,c1-0C (11a)
sin®,
Zoo = Lo —— 11b
0 % sin O,c1+C (11)
SC = Yoc - tan @oC
_ 1 cos O, - C - cos Oy (110)
C-7Zy sin @4
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Fig.7. Compared frequency responses between one SCII and one conventional
equivalent circuit [25].

(=5}

2N
12a
tan @TT (122)

ST = YOT - tan G)OT
2 Ze — Zycot 22 tan Osr

tan

Zst =2

N 2
- ' 12b
Zsr Zy tan (—)r_,—T + Z5 cot ;')N-’ (12b)
sin %
Zen = %2 30 (13a)
sin O,
1 {cos®,q —cos &2
Sn=Yon - tan O, = 7 ( H ez@ob N ) (13b)
2 sin 52

where N is a positive integer including 0, S¢, S, and Sy are
susceptances generated by each open stub, C' is a coupling co-
efficient, and Z, and ©, are obtained by substituting ®@ = 45°
in Fig. 1(b), giving

2= 7. Z2tan’0, — Z[i
Z3tan?0, — Z,

0, =9 | tan 1 (Zy — Zytan ©,) (Z, — Zo tan ©,)
2 (Zo+ Zgtan©,) (Z, + Zp tan 0,)
(14b)

(14a)

where, if ©, = 0°, ©®5 becomes 90°.

If 9, = 0°, the SCII in Fig. 6(a) is the same as the coupled-
line II-type in [5], and the SMT and SMII in Fig. 6(b) and (c) are
the modified II- and T'-types [28]. With®, = 0° and N =1,
the SMT and SMII are conventional T’-type [26], [27], [34] and
II-type [21]-[26], [33], [36], [44]. With®, = 0° and N = 2 in
Fig. 6(c), SMII is the same as the combination model in [25].

For a 90° transmission-line section with the characteristic
impedance of 35.35 €2, the design data of SMII with ©, = 0°,
N = 2,and O,; = 30° are computed as 7,1 = 49.9924 2 and
St = 157.289 71 U based on (13). The susceptance of S may
be equal to the capacitance value of 1.012 pF at 1 GHz. On the
other hand, based on those in [25, egs. (9)—(11)] of the combina-
tion model, Z,q = 46.4295  and Sp. = Sp. = 110.909~1 U
are calculated, where St and Sy, are the susceptances gener-
ated by the open stubs located at both ends and the center of
the combination-model in [25, Fig. 12], respectively, and equal
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Fig. 8. Scattering parameters of S>> on an impedance Smith chart normalized
to 100 2.

to 1.435 pF at 1 GHz. The two cases were simulated at the de-
sign center frequency of 1 GHz, and the frequency responses are
compared in Fig. 7 where the solid and dotted lines are those of
the SMII and the combination-model [25], respectively. As can
be seen, the designed SMII is perfectly matched at 1 GHz and
shows better frequency performance than that of the combina-
tion model in whole frequencies of interest.

Letting ©, = 0° and fixing NO,r = NO,g = 50° in
Fig. 6(b) and (c), several SMIIs and one SMT to transform 50
into 100 ) are designed and the design data are in Table IV
where the susceptances of Sp; and St are expressed with the
capacitance of C, at 1 GHz. The SMIIs and one SMT were
simulated for the scattering parameters of Sao at 100 €2 termi-
nation impedance, and the simulation results are illustrated on
a Smith chart normalized to 100 2 (see Fig. 8) where the oper-
ating frequencies are from 0 to 2 GHz with the center frequency
of 1 GHz. The quarter-wave impedance transformer expressed
as “90° TL” in Fig. 8 draws a circle cutting two points of 50 ©
(0.5) and 100 2 (1). The SMII with N = 3 also draws a circle,
which is very similar to that of “90° TL.” The SMII with N = 2
makes a circle, but slightly deviates from the circle with “90°
TL.” However, the trajectories of the SMII with N = 1 or SMT
with N = 1 do not form any circle and diverge from the circle.
In this case, SMII and SMT with N = 1 are the conventional
II- and T-types. From the results of the scattering parameters
of S5s, it can be concluded that the number of N’s should be
greater than or equal to 2 for the desired performance.

Using the new equivalent circuits suggested in this paper,
compact ring and branch-line hybrids will be designed.

IV. CoMPACT COUPLED-LINE RING HYBRIDS

A. Coupled-Line Ring Hybrids

Since the ring hybrid consists of three 90° and one 270°
transmission-line sections with the characteristic impedance of
70.71 €2, a 270° transmission-line section will be synthesized
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TABLE 1V
DESIGN DATA OF SMIIs AND SMT WITH FIXING ©, = 0° AND
NO, = NOgyp = 50° TO TRANSFORM 50 INTO 100 £2

Type N Zsn(Q) Sn_l(ﬂ) Cap [PF]
SMIT | N=4 | 125.021 516.241 0.3083
SMIT | N=3 | 123.273 384.443 0.4140
SMII | N=2 | 118309 251.000 0.6341
SMIT | N=1 | 92.305 110.005 1.4468
Zg (@ | ;7@ | Co [PF]
SMT | N=1 | 151.638 90.3576 1.7614
0
o
m
=
:: -20
el
-6dB, 20°
-7dB, 20°
40 .
0. 1.5
180 —_—
_ N ~5dB, 27°
= —
8 135} -6dB, 25°
S
& -7dB, 27°
; 90
“ 45t
[}
8
= OF
o
-45
0.5 1 1.5
Frequency (GHz)
(b)
Fig. 9. Frequency responses of SCIIs. (a) Matching of |S11]. (b) Phases of

Sio.

first. If Z, = 120 Q and ©, = 5° in Fig. 6(a) are chosen,
Zy = 70.02 2 and O, = 78.55° are calculated based on the
equations in (14).

Varying @, and coupling coefficients of C' in Fig. 6(a), the
even- and odd-mode impedances of Zy. and Zy, and the suscep-
tances of S¢ are calculated in Table V where Z;. and Zj, in-
crease with the coupling coefficients, but decrease with lengths
of O4¢. Six cases among those in Table V were simulated and
the frequency responses are plotted in Fig. 9 where matching
and phase responses are in Fig. 9(a) and (b). If the coupling
coefficient is the same in Fig. 9(a), almost identical responses
are shown, independently of the electrical lengths of ® ¢, and
the bandwidths are proportional to the coupling coefficients. All
the designed 270° transmission-line sections show 270° phase
angle in Fig. 9(b) (refer to Ogy = —/S21), which indicates
that the 270° transmission-line section can be realized with the
transmission-line sections less than 37° long.

1073

TABLE V
DESIGN EXAMPLES OF SCIIs WITH Z, = 120 £2 AND @, = 3° FIXED
C(dB)
-5 -6 -7 -8
05¢(°)
Zpe () 1942 | 1519 122.0 | 99.98
27 | Z,,() | 5440 | 5047 | 46.67 | 43.04
st | 4952 | 43.45 | 3821 | 33.65
Zoo(@) | 2086 | 1632 | 131.1 | 1074
25 Zoo(Q1) | 58.45 | 54.21 50.14 | 46.24
s (@) | 48.56 | 42.63 | 37.49 | 33.02
Zoo(@) | 2578 | 2016 | 162.0 | 1327
20 Zoo(Q1) | 7222 | 67.00 | 61.95 | 57.13
Sc‘l(Q) 46.60 | 40.94 36.02 | 31.74
0
2 @ —— SMT
g ............. 90° TL
= 0t
w40 — _ AT _ _ _ 0 -
5 B @, =0N=32,=1270,0,, =1697
5D
< Of
S’
) 0
2 -90
00 b
5 — SMT
S ] e o
£ 180 alil i
0.5 1 1.5
Frequency (GHz)

Fig. 10. Frequency responses of one SMT with total length of 51° and a
quarter-wave impedance transformer. (a) |51 |. (b) Phases of S2.

The next is to design three identical 90° transmission-line
sections with the characteristic impedance of 70.71 2. For a
single transmission-line section, either SMT or SMII may be
possible. For SMT, when ©, = 0° and N = 3, if Z,r is chosen
as 127 ), @7 is then computed as 16.97°. The corresponding
susceptance St in Fig. 6(b) is 205~ U, which may be equiva-
lent to 0.7765 pF at a center frequency of 1 GHz. The frequency
responses of the 70.71 £2-SMT mentioned above are compared
with those of a 90° transmission-line section (impedance trans-
former) in Fig. 10 where the solid and dotted lines are those
of the SMT and the 90° impedance transformer. Two types of
responses in Fig. 10 are identical to each other. If the size is re-
duced, frequency performance is generally degraded, as demon-
strated in Fig. 3 and in the conventional methods [22]-[27].
However, the cases with the SMTs are different. Even though
the SMT is 51° long, the performance is about the same as that
of the 90° single transmission-line section, which is a big ad-
vantage over other conventional equivalent circuits. The reason
why the bandwidth of the SMT is the same as that of the 90°
transmission-line section is that the scattering parameter of Sao
of the SMT draws about the same circle of the 90° impedance
transformer, just like SMII with N = 3 demonstrated in Fig. 8.

The coupled-line ring hybrid consisting of three SMTs and
one SCII is depicted in Fig. 11(a) where the SMT in Fig. 10
is utilized for 90° phase shift, and the SMC is for 270° phase
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(a)

Solid lines :Coupled-line ring hybrid
Dotted lines : Conventional one

S, (dB)

Frequency (GHz)
(b)

Fig. 11. Coupled-line ring hybrid and its frequency responses. (a) Schematic
description of the coupled-line ring hybrid with three SMTs and one SCII.
(b) Comparisons between the coupled-line ring hybrid with total length of 190°
and the conventional one with 540° long.

shift. The SCII for the simulations is the one with @, = 27°
and ¢' = —7 dB in Table V, which can be realized in microstrip
technology without any difficulty. The frequency responses of
the coupled-line ring hybrid are compared with those of the
conventional one in Fig. 11(b) where solid and dotted lines are
those of the coupled-line and conventional ring hybrids, respec-
tively. The total transmission-line length of the coupled-line
ring hybrid is 190°, which is much less than that of the conven-
tional one (540°). Nevertheless, all the scattering parameters
of the coupled-line ring hybrid are much better than those of
the conventional one, and the isolation performance is far more
excellent.

B. Ring-Hybrid Measurements

To verify the suggested theory, a coupled-line ring hybrid de-
signed at 1 GHz was fabricated on a substrate (RT/Duroid 5880,
g, = 2.2, H = 0.787 mm). The fabricated ring hybrid, con-
sisting of three SMTs and one SCII, is displayed in Fig. 12. The
SMT is the same as those exemplified in Figs. 10 and 11, and
the data of SCII are 7, = 120 2, ©, = 5°, O, = 20°,
coupling coefficient of ¢’ = —8.3 dB in Fig. 6(a). The corre-
sponding even- and odd-mode impedances are Zy. = 125.39
and Zy. = 55.73 Q for which the line width w and the gap dis-
tance of s on the substrate are w = 0.75 and s = 0.17 mm. All
the necessary data for the fabrication are collected in Table VI.

The suceptance of S¢ or Sp in (11) and (12) may be real-
ized with one transmission-line section with the characteristic
impedance of Z;; and the electrical length of ©4; and one
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270%S€

H =

Fig. 12. Photograph of the fabricated coupled-line ring hybrid.

TABLE VI
FABRICATION DATA FOR THE COUPLED-LINE RING HYBRID

SMT (N=3,0, =0°)
Zsr Osr Syt
127 Q 16.97° 205 Q
SCIT
Za @a GSC SC_l
120 Q 5° 20° 30.57 Q
C=-83dB
Zye = 12539 Q w = 0.7548 mm
Zyo =5573Q s =0.1704 mm

lumped capacitor with the capacitance of Cgy in Fig. 13(a),
or two transmission-line sections with the characteristic imped-
ances of Z41 and Z45 and the electrical lengths of ©4; and O,
as illustrated in Fig. 13(b) using the following relations:

wCspr + Yy1 tan Oy

Ydl — wCSUtan ®d1
Yiotan ©g4s + Yitan © 4
Ydl — Ythan @dltan (‘)dg

Sc =Yn

(15a)

Sr=Yn

(15b)

where w is the angular frequency at a design center frequency,
Yo = Z,t and Yo = 7).

Based on (15), Z;1 = 120 © and C'sy = 5 pF at 1 GHz in
Fig. 13(a) are calculated for S¢;. Two 5-pF capacitors (Murata,
GRM1885C1HS5R0OCZ01) are soldered to complete the SCII in
Flg 12. Zdl =120 Q, ®d1 = 1.950, Z(]Q =18 Q, and @dz =
2.2° in Fig. 13(b) are computed for St /2.

The measured responses are compared with the predicted
ones in Fig. 14 where solid lines and symbols are simulated and
measured responses, isolation, and matching are in Fig. 14(a),
power divisions in Fig. 14(b), and phase responses in Fig. 14(c).
The measured matching, isolation, and power divisions are
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Zdl’®dl
Zd2'®d2

(@ (b)

Fig. 13. Susceptance realization with two different ways. (a) One transmis-
sion-line section and one lumped capacitor. (b) Two different transmission-line
sections.
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Frequency (GHz)

(©

Fig. 14. Measured results of the coupled-line ring hybrid. (a) Matching of |, , |
and isolation of | S31|. (b) Power divisions of |21 | and |S41|. (¢) Phase differ-
ence between | S23| and |Sy3| or between | S21| and |41 ].

—17.16, —29.88, —3.188, and —3.442 dB at 1 GHz. The band-
width with 15-dB return loss is 50% (0.73—1.23 GHz) and the
isolation is better than 14.7 dB in whole frequencies of interest.
Good in-phase and out-of-phase responses in Fig. 14(c) are
also obtained.

1075

1209,5° 1300Q,14.24° 1209Q,5°

Sn S

S, =49.29Q
35.35Q-SMIT

120Q,5°  130Q,21.4° 120Q,5°

Sl‘l

50 Q-SMII
(2)

35.35Q-TLs

Sn S, =69.09Q

b TI-type: 852> 7, =35.49Q,5, " =405.6Q
[ Tl-type: 24> Z,;, =86.9Q,;, ' =38727"

ol
Seeaal -
~
~
~

Sy (dB)

-
v
emmmn®®

EEELE
~

0.8 0. 1 1.1

Frequency (GHz)
(®)

Solid lines :SMIT branch-line hybrid
Dotted lines : Conventional one

|s; ldB)

Frequency (GHz)
(c)

Fig.15. SMIIs and frequency responses. (a) SMIIs with N = 1,7, = 120,
and ©, = 5°.(b) Comparisons between 35.35 {3 — SMII and conventional two
II-types. (c) Comparisons between SMII branch-line hybrid and conventional
one with four 90° transmission-line sections.

V. COMPACT BRANCH-LINE HYBRIDS

A. Branch-Line Hybrid

The branch-line hybrid has four 90° transmission-line sec-
tions and the characteristic impedances of two pairs of the trans-
mission-line sections are 35.35 €) and 50 Q. For the size reduc-
tion, SMIIs are employed. For both characteristic impedances
of 3535 and 50 Q, if Z, = 120,06, = 5°, N = 1, and
Zsrn = 130 ©Q are predetermined, the electrical lengths of O,
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a=9.04 mm

Fig. 16. Photograph of the fabricated branch-line hybrid.

in Fig. 6(c) are calculated as 14.24° and 21.4°, and the suscep-
tances of Sy; are computed as 49.29 ! and 69.17* U for 35.35
and 50 €2 transmission-line sections, respectively, as indicated
in Fig. 15(a).

As demonstrated in Fig. 8, to have the ideal performance of
the compact branch-line hybrid, ¥ > 2 is desired, but N =1
was chosen intentionally. The 35.3582-SMII with the total trans-
mission-line length of 24° at 1 GHz is compared with two con-
ventional II-types in Fig. 15(b) where the design data of the
conventional II-types are specified, and the frequency response
of SMII is expressed as solid line with symbols. The bandwidth
of the II-type: 24° is much smaller than that of SMII even with
the same total lengths, while SMII has larger bandwidth than the
II-type: 85° in a frequency range of interest, even though SMII
is much less than one-third of the II-type: 85°. The fact demon-
strated in Fig. 15(b) validates once more that the equivalent cir-
cuits suggested in this paper have definite advantages over the
conventional ones. Since SMII in Fig. 15(a) may be explained
just like two identical MCVTs in Fig. 4(d) are connected in the
way that one MCVT is a mirror image of another, the struc-
ture itself is symmetric, but its frequency response in Fig. 15(b)
is, with respect to the center frequency, more asymmetric than
the conventional ones. Therefore, SMIIs discussed so far have
the advantage of wider bandwidths with smaller lengths that the
asymmetric structures possess inherently, as illustrated in Fig. 5.

Replacing the susceptances of Sy with ideal capacitance
values at 1 GHz, the SMII branch-line hybrid is compared
with the conventional one with four 90° transmission-line
sections, and the comparisons are in Fig. 15(c) where the solid
and dotted lines are the frequency responses of the SMII and
conventional branch-line hybrids, respectively. Considering
the 15-dB return loss, the bandwidth of the SMII branch-line
hybrid is just slightly smaller than that of the conventional,
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Fig. 17. Measured results of branch-line hybrid. (a) Matching of |.S11| and
isolation of | S41]. (b) Power divisions of |.Sz1| and | S31]. (¢) Phase difference
between |Sgl| and |531 | .

even though the total length of SMIIs (111°) is much less than
that of the conventional one (360°).

B. Branch-Line Hybrid Measurements

Based on the data in Fig. 15(a), one compact branch-line hy-
brid designed at 1 GHz was fabricated on the substrate (RT/
Duroid 5880, ¢, = 2.2, H = 0.787 mm) and the fabricated
branch-line hybrid is displayed in Fig. 16 where the occupied
size is 9.04 by 10.38 mm. Each susceptance of Sy was re-
alized with a transmission-line section with the characteristic
impedance of 120 €2 and a lumped capacitor, as suggested in
Fig. 13(a). The reason for the use of the transmission-line sec-
tion in Fig. 13(a) is to use available capacitors because the ca-
pacitance values provided by the manufacturers are restricted.
Obtainable capacitors with 2.2 and 3 pF were soldered, and
both are GRM1885C1H series (Murata). The 130-€2 transmis-
sion-line sections shown in Fig. 15(a) were meandered for more
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size reduction, with sufficient gap size between transmission-
line sections to avoid couplings.

The measured responses are compared with the predicted
ones in Fig. 17 where matching and isolation responses are
in Fig. 17(a), power divisions in Fig. 17(b), and phase dif-
ference between So; and S3; in Fig. 17(c). The measured
matching, isolation, and power divisions at 1 GHz are —16.9,
—25.29, —3.02, and —3.484 dB and good phase response is
also obtained.

VI. CONCLUSIONS

New types of symmetric equivalent circuits were suggested
to reduce the size of ring and branch-line hybrids with more de-
sign flexibility, easier fabrication with 2-D structures, and better
frequency performance. To introduce the equivalent circuits, the
SITL sections were first synthesized and new equivalent circuits
were derived by combining the SITL sections and coupled-line
I1-type, modified II-, or T'-type. To distinguish, they were called
SCII, SMII, and SMT, and one coupled-line ring hybrid and one
branch-line hybrid were implemented based on these equiva-
lent circuits. The ring hybrid consisted of three SMTs and one
SCII, while the branch-line hybrid was made of two sets of
SMIIs, and the resulting total lengths of transmission-line sec-
tions are 183° and 111°, respectively. The fabricated ring and
branch-line hybrids may be considered as good results, con-
sidering size and frequency performances, and the suggested
equivalent circuits may be employed for diverse applications,
requiring compactness.
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