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ABSTRACT Coupled-line ring hybrids (CRHs) are presented for arbitrary circumferences and for arbitrary
power-division ratios. They each consist of three single transmission-line sections and a set of coupled
transmission-line sections with or without two identical capacitances and contain most properties of the
conventional ring hybrids. Therefore, they may be called general CRHs and can be designed for the frequency
performance better than that of any other conventional one. By adopting the coupled-line sections, the 180°
phase shift can be guaranteed, regardless of fabrication technologies, but three or four unknown variables
more should be considered additionally, which results in a complicated derivation process. To make it
simpler, two conditions of S{; = S5, and S5, = S7,, where S1; and Sy, are scattering parameters, and
the superscripts of e and o are meant as even- and odd-mode excitations, respectively, are newly employed.
To verify the suggested theory, two prototypes were tested for the power-division ratios of 0 and —5 dB
without and with capacitances, respectively. The measured results are in good agreement with the predicted
ones, and the measured bandwidths with 15-dB return loss are 82.9 % and 97.65 % for the power-division
ratios of 0 and —5 dB, respectively.

INDEX TERMS General coupled-line ring hybrids (GCRHs), coupled-line ring hybrids (CRHs), wide-
band ring hybrids, arbitrary circumferences, arbitrary power-division ratios, rat-race couplers, bandwidth

enhancement method, coupled transmission-line sections.

I. INTRODUCTION

The ring hybrids (RHs) [1]-[17] originate from Tyrrel [1]
in 1947 and have been used for various applications such as
phase shifters, antenna arrays, mixers and balancing ampli-
fiers. The typical RH consists of three 90° and one 270°
transmission-line sections (TLs), and its bandwidth is as
small as 10 %, because the bandwidth of the 270° TL is small.
To increase the bandwidths, March [2] replaces the 270° TL
with a set of 90° coupled transmission-line sections (CPL),
two ports of which are short-circuited in a diagonal direc-
tion. However, the performance of the RH is possible only
with —3 dB coupling coefficient, and the design formulas
are applicable only for equal power divisions. To overcome
the restrictions, design formulas, which can be applied for

The associate editor coordinating the review of this manuscript and
approving it for publication was Kuang Zhang.

any coupling coefficient, are derived for the RHs with equal
power divisions [6], [7] and with arbitrary power-division
ratios [8], [9], and those structures have been called coupled-
line ring hybrids (CRHs) [6]-[9]. However, all TLs and CPLs
of the CRHs should be 90° long.

In this paper, to reduce the size of the CRHs and to increase
bandwidths and design flexibilities, deign methods are sug-
gested for arbitrary circumferences and for arbitrary power-
division ratios. Since the CRHs to be discussed in this paper
contain all the properties of the conventional CRHs and RHs,
they may be named general coupled-line RHs (GCRHs).

For the arbitrary circumferences, several conventional
ways [10]-[14] exist. However, they are not desir-
able [10], [11], not valid for arbitrary power-division
ratios [12], [13], or not for the wideband performance [14].
In [10], only approximate solutions are available for the
arbitrary termination impedances and for the arbitrary
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power-division ratios. In [11], the 180° phase shift can
function only at 0 GHz [11, Fig. 8(c)]. In [14], a TL is
simply extended to have 180° phase difference, leading to
small bandwidths. In [12] and [13], the RH properties are
demonstrated for the equal power divisions, but the design
formulas are derived under the assumption of ideal 180°
phase shift which must be realized with uniplanar structures
where wires are soldered to connect two TLs. However, the
wires could work as very high values of inductance or high
impedance TLs which causes the frequency performance to
deteriorate.

On the contrary, the CPL to be discussed in this paper
gives the 180° phase shift without any restriction on the
fabrication technology, which is a big advantage over the
conventional methods together with more design flexibility.
The GCRHs suggested in this paper each consist of three TLs
and one CPL with or without two identical capacitances, and
all TLs including CPL are of arbitrary electrical lengths. Two
of three TLs should be identical, and the rest one and the
CPL are different from each other. Therefore the derivation
process for the design formulas could be very complicated,
even though even- and odd-mode excitation analyses can be
possible. To make it simpler, two conditions of S, = §3, and
S5, = 87|, where S and S»; are scattering parameters, and
the superscripts of e and o are meant as even- and odd-mode
excitations respectively, are applied for the CPLs reversely.
The two key points to be solved in this paper are how to get
the three TLs with arbitrary lengths, and how to get the CPLs
with arbitrary lengths, as well.

Depending on with or without capacitances, the design
formulas for the CPLs are different, and the exact design
formulas for the CRHs without the capacitance may be tried
for the first time in this paper, because they are possible
only with the correct even- and odd-mode impedances in
[6, eq. (9)] and [7, eq.(11)] for the CPLs. The CPLs with
the capacitances are discussed in [7, Fig. 6] and [9, Fig. 2].
The applications are, however, limited to 90° CPLs for equal
power divisions [7] or arbitrary power-division ratios [9], and
the design formulas to be derived in this paper are different
from those in [7] and [9]. Depending on with or without the
capacitances, two types of GCRHs are available, and both
types of GCRHs have never been suggested before for the
exact solutions. To verify the design methods, two prototypes
with the power-division ratios of 0 and —5 dB are exemplified
and measured at the design frequency of 2 GHz.

Il. GENERAL COUPLED-LINE RING HYBRIDS

The GCRH terminated in equal admittances of Yy = Z; !
is depicted in Fig. 1(a) where it consists of three TLs and
one CPL with two identical capacitances Cgps. The char-
acteristic admittances and the electrical lengths of the TLs
are (Y1 = Zl_l, ®1) and (Y, = Zz_l, ®,), and the even-
and odd-mode admittances and the electrical length of the
CPL are Yy, = Z(;el, Yoo = Z&)l and O3, respectively. The
CPL and its equivalent circuit [6, Fig. 7], [18, Fig. 1] are
depicted in Fig. 1(b), consisting of two identical short stubs
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FIGURE 1. (a) GCRH topology. (b) Equivalent circuit of the CPL between
ports @ and 3.

FIGURE 2. (a) Even-mode equivalent circuit. (b) 0dd-mode equivalent
circuit.

with the characteristic admittance of Y. and the electrical
length of ®3 and one TL with the characteristic admittance of
Ye=2Z; ! and the electrical length of ®3+.

The even- and odd-mode equivalent circuits of the GCRH
are illustrated in Fig. 2(a) and (b), respectively, and the even-
and odd-mode admittances are given as

E)
Y Y,
. . ®
_ —jY1cot®; + jYrtan=5*
JjY1cs¢c®
134
Yy Y
. . o)
_ | =/Yicot®, — jYacot=2
jY1csc®g

jY1csc®g
1
—jY|cot®; —ijJ (1a)

jY1c5¢®q

. . 1b
—jYicot® +]Ykai| (1b)

where the superscripts of “e¢”” and “o0” are meant as the even-
and odd-mode excitations, and Yy, and Yy, are

®
Yie = Yoe cot ©3—wCqp + Yc cot 73 (2a)
O3
Yio = —Yoe cot @3+wCyp + Y tan > (2b)
where
Yoo =Y
Yo = % (2¢)

33415



IEEE Access

H.-R. Ahn, M. M. Tentzeris: Compact and Wideband GCRHs for Arbitrary Circumferences and Arbitrary Power-Division Ratios

The even- and odd-mode scattering parameters of Si‘}’” are,
referring to [17, Table 2.2], formulated as

(Y1i° = Yo) (Y3 + Yo) = Y13°Y5°

e,0
Sll A;’:’O (3a)
Sty =S’ = —ZYA‘ei;:Y b= —2217 : (3b)
y y
s - 1+ Y0) (YZZA” SN VI g
y

where A? = (¥1i° + Yo) (Y23’ + Yo) — Y[°Y3}".

In principle, the admittance parameters in (1) should
be substituted into (3) for the design formulas. However,
the unknown variables are Yi, Y>, ©1, ©2, Ype, Yoo and O3,
too many for the available two conditions (power divisions
and perfect matching) to get the correct solutions. It is there-
fore necessary to reduce number of variables, and to think
reversely is one of ways to reach the correct solutions easily.
For the RH properties, S{; = S%, and S5, = S7, should be,
from which the following two conditions are obtained.

Y, =Yy and Y5, =7Y] 4)

Applying the conditions in (4) to (1) and (2) gives two rela-
tions as

®
Yie = Y2c0t72, (52)
C2)
Yio = YgtanT (5b)
Substituting (1) and (2) with (5) into (3), scattering parame-

ters of the even- and odd-mode equivalent circuits in Fig. 2(a)
and (b) are derived as

A+jB
e — 59 — (62)
11 22
Ay
i2Y1 Ypcsc®
S5 =S4 = Tt (6b)
y
A—jB
Sy =581 = - (6¢)
Ay

where Ay = A; = A;

A =Y -2YVocot® cot® + Y7 — ¥Y§  (6d)

B = 2Y,Ypcsc®; (6e)
The final scattering parameters of the GCRH in Fig. 1(a) are
S S _ S5 tS, A

Si=8»= > > A (7a)

Sy1 = Si3 = S5 ;Sé’l _ _jZYlYicsc(al (7b)
y

8§31 = Sgp = u =0 (7¢)

s = 2% —jAﬁy (7d)
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S¢ — 89 B
Sy = % =i (7e)
y

The ratios of S21 to S41 and S43 to S»3 are expressed to give

So1 _ S43 _ Yicsc®q ®)
Sa1 - So3 a Yocsc®y
The power-division ratio of k2 is therefore simplified as
N S Z,8in®
k= | = |28 = 222 ©)
Sa1 So3 Z1sin®

where ®1 # 0° and ®, # 0°. Using the perfect matching
condition (7a) and the power- division ratio of k% in (9),
the design formulas for Z; = Yl_l andZ, =Y, ! are derived
as

Y

7
= Zo, Zp = Z 10
ksin®, 0 2 0 (10)

sin®y

Z

where W = \/(kz +1) — (kcos®; + cos©3)*

When k2 = 1 and ©) = © = 90° in (10), Z; = Z» =
V2 Zy is obtained, which is the same as that of the conven-
tional one [1], [7]. When ®1 = ®; = 90° in (10), the design
formulas are the same as those in [8] and [17]. When k2 = 1
and ©®; = @y, k? = 1 and O, 7# O, or arbitrary values
of k2, ®; and ©,, they are the same as those in [11]-[13]
and [19].

To have real values of Z; and Z;, regardless of k, the
following relation holds;

sin* @1 + sin®@y > 1 (11)

In addition, another condition for ®; and ©®, that the values
of Z; and Z, are less than those with ®1 = ®; = 90° in (7a)
should be satisfied as

cot®cot®y > 0 (12)

The condition in (12) implies 0 < ®1, @2 < 90° or 90° <
®1, ®; < 180°, but only the case of shorter lengths will
be treated in this paper. The design formulas in (10) can be
applied for the single TLs only in Fig. 1, and those for the
CPLs should be solved using equations (5) where two cases
are available depending on wCqp = 0 or wCy, # 0.

A. CPLs WITH Cgp = 0

In this case with wC,, = 0, three design formulas can be
derived by Yke - Yo, Yke + Yio and Yie — Yio in (2) and (5)
to give

Y} = Y& — YoeYoocot> O3 (13a)

Yrcsc®, = Yecese®s (13b)
Yoo+ Y

Yacot@, = ~2 Yo . (13¢)

Based on the characteristic admittance of Y¢ in (2c¢) and the
coupling coefficient C, the even- and odd-mode admittances
of Yy, and Yy, can be derived as

1-C 1+C
YOe:YC C s YOOZYC

(14)
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where
C = YOo - Y Oe
YOo + ¥ Oe
From the design formulas in (13), it can be known that
the designs of the CPLs are determined by the values of

Yo =27, ! and ®;, which can be obtained from (10). From
(13), the electrical length of ®3 and C are expressed with Y,

(14a)

®, and Y¢ as
 (Yacse®;)? — Y2
C = (15a)
Yocot®,
.1 Yc .
O3 = sin —sin®; (15b)
V4

y2 _ y2
cot?@3 = &2 (15¢)

YOeYO()

Applying two conditions of sin®3 <1 in (15b) and

cot?®3 > 0 in (15¢) gives the boundary condition for
_y-1

Zc =Y as

Zy >Zc > 7Z>sin 0y (16)

B. CPLs WITH Cap #0
When C,, # 0, the design formulas for the CPLs can be
derived from (2) and (5) as

Yocsc®, (172)

C
cscO®s3

Y,
wCfp = FC cot O3 — Yacot®, (17b)

Similarly, with the available Z, and ®, from (10), the CPLs
with Cyp # 0 can be designed. Quite different from the CPLs
with Cyp = 0, more design flexibility is possible, because of
one free variable of C,p more. Based on arbitrarily determined
®3 in (17a), the value of Y¢ can be calculated. If coupling
coefficient of C in (17b) is chosen arbitrarily, the value of
Cyp can be calculated at a given design frequency. There is,
in principle, no restriction on ®3 but the optimal value is
around ©>.

The equations in (6b) and (7b) give S{, = S§{, =
2871 = 2543 which means, if the power divisions are guaran-
teed, the isolation is also guaranteed. Therefore, hereafter the
isolation performance does not need to be treated.

IIl. DESIGN EXAMPLES FOR k2 = 0 AND -5 dB.

For the GCRHs with Cy, = 0 or Cp, # 0, the design process
is illustrated in Fig. 3. With the desired power-division ratio
of k2, the two electrical lengths of ®1 and ®; are determined
arbitrarily, based on (11) and (12). Then, the two characteris-
tic impedances of Z; and Z, can be calculated using (10) as
shown in Fig. 3(a). Now, the CPLs are ready to be designed
with the available Z, and ®,. For the designs of the CPLs
with Cyp = 0 in Fig. 3(b), the first thing is to determine Y¢
arbitrarily, based on (16). Then, the coupling coefficient of
C and the electrical length of ®3 are able to be calculated
using (15a) and (15b). Based on C, the final values of Y,
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Calculation of Z, and z,

k? given
\

Determine ®, and @, arbitrarily using (11) and (12)

\

Calculate Z, and Z, using (10)

(@)
CPL design for C wp = 0 with calculated Z, and ©,

Determine Z. =Y.' based on (16)
\
Calculate C and ©; using (15a) and (15b)
\
With Y- and C , obtain ¥j, and Y;, using (14)
(b)
CPL design for C, » %0 with calculated Z, and©,
Determine ®; < ©, and calculate ¥, using (17a)
v
Determine C arbitrarily. Calculate @C,, using (17b)
v
With Y. and C , obtain Y, and Y, using (14)
(c)

FIGURE 3. Design process for GCRHs. (a) Calculation of Z; and Z,. (b) CPL
design for Cqp = 0. (c) CPL design for Cqp # 0.

and Yy, are obtained from (14). Then, the design of the CPLs
with Cyp = 0 is completed. The designs are not restricted
on the coupling coefficients of C in (15a), and therefore any
coupling coefficient can be selected by choosing appropriate
values of Y¢.

For CPLs of GCRHs with Cyp, # 0 in Fig. 3(c), there is no
restriction, and therefore the designs are easier than those for
GCRHs with Cyp = 0. First of all, determine ®3 around ©;
and then calculate Y using (17a). With arbitrarily selected
coupling coefficients of C depending on the fabrication situa-
tion, calculate the value of C,p with the calculated value of Y¢
and the predetermined value of C. With Y and C, the values
of Yo, and Yy, are finally calculated based on (14).

Depending on the power-division ratios of k>=0 and
—5 dB, the designs of GCRHs will be discussed in more
detail. Hereafter, the GCRHs will be meant as those
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TABLE 1. Design parameters of GCRHs for k2 = 0 dB.

Z,=7,=6586Qand 0, = 0, = 70°
Zc Zoe Zoo 03 C(dB)
62.6 Q 49.1Q 19.11 Q 81.4° -7.14
63.0Q 76.0 Q 22.27Q 79.2° -5.24
64.0 Q 186.7Q2 27.32Q 75.2° -2.56
65.0 Q 546.7 QO 30.68 QQ 72.2° -0.98
——7.=65Q ——— 7,.=640Q

—— 7,.=626Q

—h7.=63Q

|$,,|dB)

|4/ 1. (dB)

3
Q
=
5
£ 8
s ¥
2T
<
=
=%
120 _ ; , ,
00 05 1 15 20 25

Frequency (GHz)

FIGURE 4. Frequency responses of GCRHs with Cap = 0 for k2 =0dB.
(a) |S11]- (b) Power-division ratios of |Sy3| / |S43]- (c) Out-of-phase
responses of /Sz — /S,3.

without C,p,, while those with Cg,s named GCRHCs to dis-
tinguish from each other.

A. GCRHs FOR k* = 0 dB

When k? = 0 dB, many design sets are possible, and one case
of ®1 = ®, = 70°is selected, leading to Z; = Z = 65.86 2
from (10). Referring to the design formulas in (16), the values
for Z¢ should be 61.89 Q < Z < 65.86 2, meaning that the
design parameters of the CPLs are determined by the values
of Z¢. The design parameters for Zy., Zg, and ®3 are listed
in Table 1 by varying the values of Z¢. The design parameters
in Table 1 find that the characteristic impedances of Z¢ and
the coupling coefficients of C are inversely proportional to
the electrical lengths of ®3. Based on the design parameters
in Table I, the frequency responses of the GCRHs were
simulated at the design frequency of 1 GHz and plotted in
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TABLE 2. For k2 = 0 dB, compared design parameters between GCRH
and conventional ones [1], [6].

Zl = Zz ZO&‘ (Q), ZOO (Q) TO'[al Lengths
GCRH | 65.86Q 49.08, 19.11 291.36°
CRH[6]| 70.71Q 55.46,21.59 360°
[1] 70.71 Q 540°

Fig. 4 where the responses of |S1| are in Fig. 4(a), power-
division ratios of |S23| to [S43| (|S23] / |S43]) in Fig. 4(b) and
phase differences of /S43— /S>3 in Fig. 4(c).

The bandwidth with the 15-dB return loss is about 98 %
(0.76-1.75 GHz) when Zc = 65 Q. Those with Z¢ = 64,
63 and 62.6Q2 are 93.5 % (0.72-1.785 GHz), 77.5 %
(0.825-1.6 GHz) and 67 % (0.83-1.5 GHz), respectively. As
demonstrated in Fig. 4(a), the bandwidths of the GCRHs are
proportional to the coupling coefficients of C. The power-
division ratios are all 0 dB at 1 GHz, and wideband char-
acteristics are shown in Fig. 4(b). The phase differences
of /S43—/S>3 in Fig. 4(c) are all 180° at 1 GHz, and the
bandwidths are wider with Z¢ closer to Zj.

The two cases with Z¢ = 62.6 and 63 2 in Table 1 can
be fabricated in planar structures without any problem, and
the responses with Z¢ = 62.6 Q are worse than those with
Zc = 63 Q. The worse frequency responses with Z¢ =
62.6 Q are compared to those with the conventional ones
[1], [6]. For the CRH in [6], the characteristic impedances
of Z1 and Z; are 70.71 €2, and its corresponding even- and
odd-mode impedances with the same coupling coefficient
of —7.14 dB are 55.46 and 21.59 €2, respectivly. For the
conventional RH in [1], the characteristic impedances of Z;
and Z, are 70.71 €2, and one TL is extended by 180° long. The
total TLs of the GCRH is 291.36° long, whereas those of the
CRH in [6] and the typical conventional one in [1] are 360°
and 540° long, respectively. The design parameters and total
TL lengths are listed in Table II, based on which frequency
responses are compared in Fig. 5 where matching responses
of |S11| are in Fig. 5(a), the power-division ratios of |S41] to
|S21| in Fig. 5(b) and out-of-phase responses of /S43—/823
in Fig. 5(c).

In Fig. 5(a), the 15-dB return loss bandwidth of the GCRH
18 67 % (0.83-1.4 GHz), while those of CRH and conventional
one are 54 % (0.73-1.27GHz) and 40 % (0.8-1.2 GHz),
respectively. For the power-division ratios of [|Sa1|/|S21]
in Fig. 5(b), the bandwidth with £+ 1 dB of the GCRH is
75 % (0.75-1.5 GHz), those of CRH and the conventional
ones are 70 % (0.65-1.35 GHz) and 31.1 % (0.84-1.15 GHz),
respectively. For the out-of-phase responses in Fig. 5(c),
the bandwidth with the phase difference of 150° -200° of the
GCRH is 168 % (0-1.68 GHz), while those of the other two
are 149.9 % (0-1.499 GHz) and 61 % (0.72-1.33 GHz). The
compared properties are collected in Table 3 where it can be
easily observed that in terms of matching property, power-
division ratio and out-of-phase responses, the GCRH is the
best, even with the smallest size.
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CRH W -===--- Conventional

Phase differences

1.4 1.8
Frequency (GHz)

FIGURE 5. Compared frequency responses for k2 = 0 dB. (a) |S;;|.

(b) Power-division ratios of [Sy; |/ |S,1 |- (c) Out-of-phase responses of

[Sy3 — LSy3.

TABLE 3. Compared frequency performance for k2 = 0 dB.

BW of BW of BW of
[S14] S411/1S211 |£S23 = £543]
GCRH 67.0 % 75 % 168.0 %
CRH[6] | 54.0% 70 % 149.9 %
[1] 40.0 % 31 % 61.0%

TABLE 4. Design parameters of GCRHCs for k2 = —5 dB.

Z,=988Q, 7, =556Q,0, =0, =75°.
C(dB)| O Zoe (£) Zoo(€) | Cop(PF)
-3 77°. 133.55 22.84 0.17
-5 75° 71.41 20.00 0.60
-7 72° 45.57 17.43 1.28
-9 70° 31.42 14.96 2.09
-11 68° 22.72 12.73 3.17
B. GCRHCs FOR k? = -5 dB
When k> = —5 dB, many designs are also possible, and
one of them is when ®| = ®, = 75°. In this case, Z; =

98.83 Q and Z; = 55.58 Q can be calculated from (10).
For the designs of the CPLs, with ®3 around 75° and the
coupling coefficients of C varying, the even- and odd-mode
impedances of Zy, and Zy, and the capacitance values of C,p
are, based on (17) and (14), calculated in Table 4 where the
values of C,, are those at 1 GHz. When C = —3 dB, the val-
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|S,,]dB)

S,/ 1S, ](dB)

Phase differences
| (degrees)

05 1 15 20
Frequency (GHz)
FIGURE 6. Frequency responses of GCRHCs for k2 = -5 dB. (a) |Sy|.

(b) Power-division ratios of |Sy; | /|S21]- (c) In- and out-of-phase
responses.

ues of Zy, and Zy, are 133.55 and 22.84 €2, respectively, and
the required capacitance of Cgp is 0.17 pF at 1 GHz. As the
coupling coefficient goes lower in Table 4, the values of Zy,
and Zy, become smaller, while the capacitance values of Cgp
are higher.

Based on the design parameters in Table 4, the frequency
responses of the four cases of C = —3,—5,—7 and —9
dB were simulated at the design frequency of 1 GHz, and
the frequency responses are plotted in Fig. 6 where those of
|S11| are in Fig. 6(a), power-division ratios of |S41| to |S21]
in Fig. 6(b), and in- and out-of-phase differences in Fig. 6(c).
The 15-dB return loss bandwidth of |S;;| with C = —3 dB
is 93 % (0.71-1.64 GHz), and those with C = —5 and
—7 dB are 87 % (0.74-1.61 GHz) and 80 % (0.77-1.57 GHz),
respectively. All the cases are perfectly matched at 1 GHz,
perfect power-division ratios of —5 dB, perfect 180° out-
of-phase and perfect 0° in—phase responses are achieved at
1 GHz, as well.

C. BANDWIDTHS AND HIGHEST POWER-DIVISION RATIO

Referring to frequency responses in Fig. 4, higher values of
Zc give wider bandwidths, and the values of Z¢ are pro-
portional to the coupling coefficients in Table 1. Therefore
the bandwidths are proportional to the coupling coefficients
for the GCRHs. For GCRHCs in Fig. 6, the bandwidths
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TABLE 5. Design and fabrication parameters of prototype I for k2 = 0 dB.

Z,=2,=6586Q, 0, =0, =70°
w=1.19mm, £ =19 mm
Zoe =75.99Q, Zy, =22.27Q, 05 =79.23°
C; =-524dB - w, =130 mm, s, = 0.24 mm,
w, =033 mm,¢. =21.3 mm

FIGURE 7. Fabricated prototype I (GCRH) for k2 = 0 dB.

are proportional to the coupling coefficients, as well. How-
ever, the cases with Zc = 64 and 65 € in Table 1 are
unfeasible, because of unrealizable high values of even-mode
impedances.

Since two variables of ®; and ®; can control the power-
division ratios of k in (9), the GCRHs have an advantage in
terms of high power-division ratios. For example of k> =
15 dB, ®1 =30° and ®, =90° satisfying (11) gives Z; =
53 Qand Z; = 149.2 Qin (10). If ®3 and the coupling coeffi-
cient are selected as 85° and C = —6.8 dB respectively for the
GCRHC, even-, odd-mode impedances and the capacitance
value can be calculated as Zy, = 126 2, Zy, = 47 Q and
0.2 pF at 1 GHz, respectively. Since all the design parameters
can be feasible with the microstrip format, the 15-dB power-
division ratio can be achieved.

IV. MEASUREMENTS

For the proof-of-concept demonstration, two prototypes for
k* = 0 dB and —5 dB were designed at 2 GHz and fabricated
on an available substrate (RO3003, ¢, = 3, H = 0.75 mm).

A. PROTOTYPE I FOR k%2 = 0 dB
For the prototype I, the GCRH configuration was used, and
the design parameters with Zc = 63 Q in Table 1 were
applied. The design and fabrication parameters for the pro-
totype I are collected in Table 5.

In Table 5, the physical dimensions of width w and length
[ of the single TLs are w = 1.19 mm and /=19 mm at 2 GHz.
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FIGURE 8. Measured and predicted frequency responses of prototype |
(GCRH) for k2 = 0 dB. (a) |S;;| (matching) and |S5, | (isolation). (b) Power
divisions of |S; | and |S4; |- (c) In- and out-of-phase responses.

The coupling coefficient of the CPL is C = —5.24 dB, which
does not seem to be possible on the given substrate with a
microstrip planar structure. Any 3D structure in [6, Fig. 8]
and [20, Fig. 18] is, therefore, needed. For a given substrate,
first consider Zyp, = 75.99 Q and Zy, = 44.3 2, whose
physical dimensions are width w, = 1.30 mm and gap space
S¢ = 0.24 mm. To achieve the required value of Zy, =
22.27 2, the impedance produced by the vertical conductor in
[6, Fig. 8(b)] and [20, Fig. 18] should be Z, = 44.78 2. The
physical dimension of vertical width w,, for Z, can be obtained
by one of 3D full wave simulators such as Ansys HFSS in
a similar way in [20, Fig. 19]. The fabricated prototype I is
demonstrated in Fig. 7.

The frequency responses measured and predicted are com-
pared in Fig. 8 where matching at port @ and isolation
responses are in Fig. 8(a), the power divisions in Fig. 8(b)
and phase responses in Fig. 8(c). The measured |S11| and |S31 |
in Fig. 8(a) are —27.38 and —32.52 dB at 2 GHz, respectively.
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TABLE 6. Design and fabrication parameters of prototype 11 (GCRHC) for
k2 = -5 dB.

Z;=98830,7Z,=55580Q,0, =0, =03 =75
w; = 0.51 mm, ; = 20.89 mm
w, = 1.61 mm, £, =20.17 mm
Zoe =71.41Q,Zy, =20 Q,
Cap = 0.3 pF at 2 GHz.
C, =-5.0dB - w, = 1.45 mm, s, = 0.24 mm,
0.47 mm, £, = 20.5 mm
Cap = 0.3 pF
— 135 Q-6° long and 40 Q-6.5° long

w, =

FIGURE 9. Fabricated prototype Il (GCRHC) for k2 = -5 dB.

The bandwidth with 15-dB return loss of | S| is about 82.9 %
(1.62-3.278 GHz), and that with 15-dB isolation is more than
150 %. The measured power divisions in Fig. 8(b) are |S21| =
—3.33 dB and |S4;1] = —3.08 dB at 2 GHz. The measured
phase responses of £S71 — £S41 and £S73 — £S43 in Fig. 8(c)
are 1.617° and 181.36° at 2 GHz. Good agreements between
measured and predicted results are achieved.

B. PROTOTYPE Il FOR k?* = -5 dB
For k? = —5 dB, the GCRHC topology was chosen, and the
design parameters with C = —5 dB in Table 4 were applied.
The design and fabrication parameters are collected
in Table 6 where Z; = 98.83 Q, 7, =55.58 Q2. 01 = 0, =
O3 = 75°, Zp. = 71.41 Q, Zp, = 20 Q and C,, = 0.3 pF
at 2 GHz. The value of Cy, = 0.3 pF should be half of that
in Table 4, because the design frequency is modified from
1 GHz to 2 GHz.
The physical dimensions for the two different TLs are
wi = 051 mm, /; = 20.89 mm, w, = 1.61 mm and
I, = 20.17 mm where wi and /; are width and length
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FIGURE 10. Measured and predicted frequency responses of prototype Il
(GCRHC) for k% = -5 dB. (a) |S;; | (matching) and |S5; | (isolation).
(b) Power divisions of |S; | and |S4; |- () In- and out-of-phase responses.

of the 98.83- 2 TL, while those of wy and [, are for the
55.58- Q TL. For the CPL, the coupling coefficient of C is
—5 dB, and therefore 3D structure is needed. First consider
Zo. = 71.41 Q and Zy, = 42.5 Q whose dimensions are
we = 1.45 mm and the space s, = 0.24 mm where only Z,
is the required value for the measurements and Zy, = 42.5 Q
is not the required one but was chosen to fix at s, = 0.24 mm.
In this case, additional odd-mode impedance of 37.79 Q is
demanded so that the parallel connection of 37.79 and 42.5
canbe 20 . Similarly, the width w,, of the vertical conductor
can be obtained. For the 0.3 pF at 2 GHz, an open-circuited
stepped impedance TL (135 € — 6° long and 40 Q — 6.5°
long) like the form in [7, Fig. 13(b)] was employed. The
fabricated prototype II for k> = —5 dB is illustrated in Fig. 9.

The frequency responses measured and predicted are com-
pared in Fig. 10 where matching at port @ and isolation fre-
quency responses are in Fig. 10(a), while the power divisions
in Fig. 10(b) and phase responses in Fig. 10(c). The measured
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|S11] and |S31] in Fig. 10(a) are —29.18 and —32.36 dB at
2 GHz, respectively. The bandwidth with 15-dB return loss
of |S11]| is about 97.65 % (1.47-3.43 GHz) and the 15-dB
isolation is achieved in whole frequencies of interest. The
measured power divisions in Fig. 10(b) are |S>;| = —6.25dB
and |S41] = —1.12 dB at 2 GHz. The measured phase
responses of /S>; — /S84 and /S>3 — /S43 in Fig. 10(c)
are 0.891° and 180.28° at 2 GHz. Good agreements between
measured and predicted results are also obtained.

V. CONCLUSIONS

In this paper, the GCRHs were presented to overcome the
conventional disadvantages. Each consists three TLs and
one CPL with or without capacitances. Two of the TLs are
identical to each other, the rest TL and CPL are different
from each other, which are of arbitrary electrical lengths less
than or equal to 90° long. When all the TLs are 90° long,
since two poles are located at the design frequency, per-
fect matching can be achieved only at the design frequency.
However, as the electrical length starts to be less than 90°,
perfect matching and pseudo matching can be achieved at
two different frequencies, and the two frequency distance
becomes wider with the electrical length smaller, which con-
tributes to wider return loss bandwidths. Therefore, the fact
that the electrical lengths of the GCRHs are less than 90°,
is the advantage over the conventional ones, together with
size reduction and wider bandwidths. Due to the fundamental
advantages of the GCRHs and GCRHCs, diverse applications
may be expected including wideband and compact RHs for
arbitrary termination impedances.
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