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I
n 2013, the Global Standards Initiatives on Internet 
of Things (IoT) defined the IoT as “a global infra-
structure for the information society, enabling ad-
vanced services by interconnecting things based 
on existing and evolving interoperable information 

and communication technologies,” with the term “thing” 
described as an object in the information world that is ca-
pable of being indentified and integrated into communi-
cation networks. Things in the IoT sense can, therefore, re-
fer to a wide variety of devices for media, environmental 
monitoring, infrastructure management, manufacturing, 
energy management, medicine and health care, building 
and home automation, transportation, metropolitan-scale 
deployments, and consumer applications that demand 

accurate and reliable methods to sense changes, even in 
extremely rugged environments [1].

Power dividers that commonly use coupled trans-
mission lines (CPLs), including directional couplers 
for arbitrary division ratios, are critical for most IoT 
modules, especially in wearable and flexible RF appli-
cations. The first directional coupler was reported in 
1922 [2], and significant progress was made through 
the 1940s and 1950s [3], [4]. During the 1960s and 1970s, 
numerous papers [5]–[12] extended the theory, and vari-
ous applications and developments have been continu-
ously reported since then [13]–[27].

Two-port CPLs may be obtained by terminating two 
ports of a four-port directional coupler in open/short 
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circuits in a diagonal fashion, 
but, if the conventional design 
formulas are applied, they can 
be perfectly matched for only the 
coupling coefficients of −3 dB. 
The realization of −3-dB cou-
pling coefficients with microstrip 
technologies does not seem to be 
easy in numerous planar struc-
tures due to the dominant quasi-
transverse-electromagnetic 
mode of the microstrip CPLs.
In addition, perfect matching 
for arbitrary power ratios is 
necessary for numerous practi-
cal applications and, therefore, 
requires conventional design 
formulas to be modified. Two-
port CPLs can feature special 
properties that single transmission lines (TLs) cannot 
possess, thus leading to their increasing use in a diverse 
set of RF applications, such as wideband ring hybrids [19], 
[28]–[32], dc blocks [33]–[36], compact and wideband dc 
blocks [20], Marchand baluns [37]–[41], high-impedance 
TLs [19], [27], [42], [44], [45], Wilkinson and Gysel power 
dividers with high power-division ratios [15], [16], and 
ring and branch-line hybrids with high power-division 
ratios [19], [32], [44]. This article discusses, in detail, four-
port directional couplers and their compact equivalent 
circuits and how to modify the conventional design for-
mulas of two-port CPLs and apply the modified design 
formulas for planar implementation and the miniaturiza-
tion of various RF circuit topologies of power dividers 
using CPLs as building blocks.

The Directional Coupler and Its Compact 
and Wideband Equivalent Circuits
A directional coupler terminated in equal impedances 
Z0  is depicted in Figure 1(a), where ports 1, 2, 3, and 4 and 
the even- and odd-mode impedances of Z0e  and Z0o  are 
indicated [18]. When the directional coupler is 90° long 
at the design frequency, the CPL is perfectly matched for 
a coupling coefficient of .C  When unity power is excited 
at port 1, the power of C1 2-  is delivered to port 4, and 
the rest of the power, ,C 2  is coupled to port 3, while 
port 2 is perfectly isolated. The design formulas for the 
even- and odd-mode impedances are given as
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where Z0  and C  are the termination impedance and 
the design coupling coefficient, respectively.

When C 3 dB=-  (0.707), the frequency responses are 
as plotted in Figure 2. All of the scattering parameters 
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Figure 1. The directional coupler and its compact and wideband equivalent circuits. 
(a) The directional coupler, (b) asymmetric equivalent circuit, (c) symmetric equivalent
circuit, and (d) mixed equivalent circuit.
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Figure 2. The frequency responses of the directional 
coupler. (a) The scattering parameters. (b) A close view of 
the power division of S41; ; and .S31; ;  (c) The phase difference 
between S41+  and .S31+
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are shown in Figure 2(a) and (b), while the phase dif-
ference between the two scattering parameters of S41+  
and S31+  is shown in Figure 2(c), where f  and f0  are 
the operating and design frequencies, respectively. The 
two frequency responses of S41  and S31  meet only at f0  
with the value of −3 dB, and very wideband matching 
and isolation can be achieved as shown in Figure 2(a). 
The phase difference between S41+  and S31+  is 90° 
regardless of the frequency, which is why directional 
couplers can be used for various applications. Asymmet-
ric, symmetric, and mixed equivalent circuits with sin-
gle TLs are suggested in Figure 1(b)–(d), respectively, to 
increase the bandwidth of the directional couplers and 
implement a Marchand balun in planar structures. 

The equivalent circuits can contribute to connect-
ing segments between two directional couplers in a 
Marchand balun.

Asymmetric Equivalent Circuit
The proposed asymmetric equivalent circuit in Fig-
ure  1(b) consists of one CPL with arbitrary electrical 
length aH  and two identical uncoupled TLs connected 
to two ports of the coupled-line topology in a diagonal 
fashion. The characteristic impedances and electrical 
lengths of the uncoupled TLs are Z Y Z ZT T 0 0e o

1
= =

-  
and ,aTH  respectively, while the even- and odd-mode 
characteristic impedances and electrical length of the 
CPL are ,Z0ea  ,Z0oa  and ,aH  respectively. The design 
formulas for the asymmetric circuit [18] are given as
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Based on the formulas in (2), the design parameters 
are calculated for . ,Z 120 90e X=  . ,Z 20 70o X=  which is 
a −3-dB coupling coefficient and listed in Table 1. From 
Table 1, when 0°TaH =  in Figure 1(b), the asymmetric 
equivalent circuit in Figure 1(b) is identical to the 90° 
directional coupler in Figure 1(a). With the gradual 
increase in ,TaH  the values of Z0ea  rise, while those of 
Z0oa  decrease, leading to the gradual increase in the 
coupling coefficients of ( )/( ).C Z Z Z Z0 0o 0 0oa ea a ea a= - +  
The electrical lengths of aH  are inversely proportional 
to those of .TaH  The coupling coefficient of Ca  is equal 
to −3  dB in Figure 1(b) with 0°TaH =  and features a 
gradual increase in .TaH

To show the differences between the original direc-
tional coupler in Figure 1(a) and its asymmetric equiva-
lent circuit in terms of frequency responses, four cases 
with ,0°TaH =  6°, 12°, and 18° in Table 1 were simulated, 
with the frequency responses plotted in Figure 3. The 
scattering parameters S41; ; and S 13; ; of the asymmetric 
circuit are plotted in Figure 3(a), while the phase differ-
ence of S S41 31+ +-  is displayed in Figure 3(b). The two 
curves showing the frequency responses of S41; ; and 
S 13; ; in Figure 3(a) meet at the design frequency of f0  

regardless of the choice of .TaH  When ,0°TaH =  the two 
responses meet only once at ,f0  but those with 0°Ta !H  
intersect at two frequencies, one of which is ,f0  while 
the other is greater than .f0  That is, the bandwidths of 
S41; ; and S 13; ; increase with .TaH  The phase responses 
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Figure 3. The frequency responses of the asymmetric 
equivalent circuit in Figure 1(b). (a) S31; ; and .S41; ;  (b) The 
phase difference of .S S41 31+ +-

TABLE 1. The design parameters for Z0ea, Z0oa, and Ha 
in an asymmetric equivalent circuit for Z0e = 120.9 X 
and Z0o = 20.7 X, with a −3-dB coupling coefficient.

HTa Z0ea (X) Z0oa (X) Ha (°)

0o 120.9 20.7 90

3o 121.15 20.64 85.75

6o 121.87 20.51 81.49

9o 123.1 20.31 77.2

12o 124.9 20.02 72.88
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of S S41 31+ +-  are 90° in the frequency range of inter-
est, as shown in Figure 3(b).

The symmetric equivalent circuit in Figure 1(c) 
consists of one CPL and four identical uncoupled TLs. 
The even- and odd-mode admittances of the CPL are 
Y Z0 0es es

1
=

-  and ,Y Z 1
0os 0os= -  and the electrical length is 

.sH  The characteristic impedance and the electrical 
length of the uncoupled TLs are ZT  and ,TsH  respec-
tively. Due to the symmetries, the design formulas can 
be derived easily [18].

Mixed Directional Coupler
The mixed equivalent circuit in Figure 1(d) consists of 
one CPL with the even- and odd-mode admittances of 
Y Z 1

0 0em em= -  and ,Y Z 1
0 0oom m= -  electrical length of ,mH  

and four uncoupled TLs. The characteristic admit-
tances of all four uncoupled TLs are the same, ,Y ZT T

1= -  
and the two located diagonally are Ts TaH H+  in length, 
while the two others are TsH  long. The mixed topology 
in Figure 1(d) and Figure 4(a) may be changed to that in 
Figure 4(b), where the circuit in the dashed rectangle is 
a symmetric CPL topology, leading to the asymmetric 
equivalent circuit depicted in Figure 4(c).

The design formulas for ,Y0em  ,Y0om  and mH  can be 
derived by equating the circuit in the dashed rectangle 
in Figure 4(b) to the CPL with ,Z0ea  ,Z0oa  and aH  in Fig-
ure 4(c). Similar to the symmetric equivalent circuit, 
the relations in Figure 5 can be derived. The dashed 
rectangle in Figure 4(b) is again depicted in Figure 5(a), 
which is equivalent to the CPL with ,Y0ea  ,Y0oa  and aH  
in Figure 5(b). Adding four identical TLs with ZT  and 

TsH-  to all ports of both circuits in Figure 5(a) and (b)
gives the two circuits in Figure 5(c) and (d). The topolo-
gies in Figure 5 are symmetric, and, therefore, even- 
and odd-mode excitation analyses may be applied, from
which the design formulas can be obtained as
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Based on the formulas in (3), the design param-
eters for the mixed equivalent circuit in Figure 1(d) 
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and Figure 4(a) were calculated for a proof-of-concept 
−3-dB directional coupler with a characteristic imped-
ance of 50 .X  The values of the even- and odd-mode
impedances of Z0em  and Z0 mo  and the electrical lengths 
of mH  are listed in Table 2 for five different values of

TsH  and a fixed TaH  of 5°. The frequency responses of
the four cases in Table 2 are plotted in Figure 6. The
results for S31  and S41  are shown in Figure 6(a), and
the phase responses of S S41 31+ +-  are shown in Fig-
ure 6(b). The four mixed circuits are perfectly matched
at ,f0  and the bandwidths increase gradually with .TsH
The phase differences of S S41 31+ +-  in Figure 6(b)
show a constant 90°, regardless of the .TsH

Application of Asymmetric Equivalent  
Circuits to Marchand Baluns
The asymmetric, symmetric, and mixed equivalent cir-
cuits in Figure 1(b)–(d) can be substituted for two 90° 
CPLs of the Marchand baluns [38] with connecting seg-
ments. The asymmetric circuits are investigated first for 
arbitrary termination-impedance values as a proof-of-
concept demonstration. By changing the locations of the 
uncoupled TLs of each asymmetric equivalent circuit, 
three cases of the connecting segments are possible, one 
of which is depicted in Figure 7(a), while its isolation cir-
cuit is in Figure 7(b). The termination impedance at 
port 1 is ;Rr  at ports 2 and 3, it is ,RL  as shown in Fig-
ure 7(a). The isolation circuit uses two 90° identical TLs 
with characteristic impedance Zi  and isolation resis-
tance .Ri  The asymmetric circuit connected at port 1 is 
AC1, and the one connected at port 3 is AC2. The even-/
odd-mode admittances and electrical length of AC1 are 

,Y0 1ea  ,Y0 1ea  and ,a1H  while those of AC2 are ,Y 20ea  ,Y 20ea  
and .2aH  The electrical lengths of the uncoupled TLs 
of AC1 and AC2 are Ta1H  and ,2TaH  respectively, and 
the characteristic impedance of both uncoupled TLs are 
equally the same as .ZT  The connecting segment can be 
assumed to be the superposition of the two TLs, with a 
total length of ,1 2Ta TaH H+  thus enabling its accurate 
simulation and modeling.

As a proof-of-concept demonstration of the pro-
posed equivalent circuits to realize complicated struc-
tures using the asymmetric circuits with arbitrary 
coupling coefficients and terminating impedances, an 
impedance-transforming (100 into 50 X) Marchand 
balun was designed at 2  GHz and fabricated. When 

1

Rr

RL

RL RLRi

RL

2 3
ZT ZT

ZT

IC

IC

ΘTa1
ΘTa2

(ΘTa1 + ΘTa2)AC1 AC2

2 3

(a)

(b)

Y0ea1, Y0oa1, Θa1 Y0ea2, Y0oa2, Θa2

Zi, Θ i Zi, Θ i

90° 90°

Figure 7. The impedance-transforming Marchand balun 
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TABLE 2. The design formulas for Z0em, Z0om, and Hm 
in a mixed equivalent circuit for Z0e = 120.9 X and  
Z0o = 20.7 X, fixing at HTa = 5°.

HTs Z0em (X) Z0om (X) Hm (°)

0o 121.57 20.56 82.91

2o 123.1 20.31 77.2

4o 125.64 19.9 71.43

6o 129.43 19.32 65.55

8o 134.86 18.54 59.51
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,R 100r X=  R 50L X=  and C 6 dB=-  for the directional 
coupler of the Marchand balun, while .Z 100 480e X=  
and . ,Z 33 390o X=  using [38, eq. (9)]. Assuming a con-
necting segment of 30°, the values of 1 2Ta TaH H= = 15° 
were chosen, thus leading to . ,Z Z 102 910 1 0 2ea ea X= =  

. ,  Z Z 32 600 1 0 2oa oa X= =  and . ,72 6°1 2a aH H= =  using (2),  
resulting in . .Z 57 92T X=  The isolation circuit is depen-
dent on the termination impedances of ,RL  and, if the 
isolation resistance of Ri  is chosen to be an available 
resistance of 86.6 ,X  the characteristic impedance of Zi  
is computed as 93.06 ,X  referring to [38, eq. (11)]. The 
fabricated circuit is illustrated in Figure 8, where the 
connecting segment is indicated.

For further applications of the CPLs, two-port CPLs 
need to be discussed. The respective two-port CPLs 
can be obtained by terminating two ports of the direc-
tional coupler in Figure 1(a) in a diagonal configuration 
(in this example, ports 3 and 4) in open/short circuits 
called, respectively, two open circuits in a diagonal direc-
tion (TO) and two short circuits in a diagonal direction (TS). 
TOs and TSs have been employed for diverse applica-
tions that are investigated in later sections.

TOs
The TO topology and its equivalent circuit are shown in 
Figure 9(a) and (b), respectively. The equivalent circuit 
at a design frequency of /( )f 20 0~ r=  consists of one TL 
with the characteristic impedance of ,ZT  electrical length 
of ,H  and two identical series capacitances of ,Co  where 

( )/Z Z Z 2T 0e 0o= -  and .tan tanC Z Y1
0 0o o o~ H H= =-

Using (1), several 90° TOs with Z 500 X=  were 
designed by varying the coupling-coefficient values 
(−3, −5, −7, and −10  dB); their frequency responses 
are plotted in Figure 10. The frequency responses 
show that the TO is nearly perfectly matched only 
for ,3 dBC =-  while the matching for the other cases 
gradually deteriorates for smaller C values. To ensure 
near-perfect matching regardless of the coupling 
coefficient, the design formulas in (1) should be mod-
ified as discussed in the next section.

DC Blocks
One application for the TO is a dc block [33]. Such blocks 
are passive components that prevent dc current flow 
while allowing RF power through. They can feature 
two different frequency responses: Chebyshev (equal 
ripple) and Butterworth (maximally flat), as plotted 
in Figure 11 [33], [34] showing the variation of S21

2; ;  
as a function of the frequency cotX H=  for °90  H =  
at a design frequency of .f0  To realize the Cheby-
shev response in Figure 11(a), ( ) ( ) ,f f R0 1c

2
ipX= = -  and 

( ) ,f 1mX =  where R2
ip  is the maximum allowable ripple 

value at °90  H =  that can be correlated to the inser-
tion loss, ,IL  and return loss, ,LR  through the follow-
ing equations:

( ) ,  R 1 10dB
( )IL

10
dB

ip = -
-

(4a)

( ) .R 10dB
( )RL

20
dB

ip =
-

(4b)

The bandwidth of the Chebyshev response is 
defined as  ,2 cX  as shown in Figure 11(a). For the Butter-
worth response in Figure 11(b), ( )f 0 1=  should be satis-
fied. The main difference between the two response types 
is the frequency value at which the maximum S21

2; ;  exists.
In both cases, the coupling coefficient is defined as
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To achieve the Butterworth response in Figure 11(b), 
combining ( )f 0 1=  and the coupling-coeff icient 
expression (5), the design formulas [33, eq. (24)] are 
derived as

,Z Z C
C1

00e =
+ (6a)

.Z Z C
C1

00o =
- (6b)

To realize the Chebyshev response in Figure 11(a), com-
bining ( )f R0 1 2

ip= -  and the coefficient expression (5), the 
design formulas [33, eq. (14)] are derived as

,Z Z R
R

C
C

1
1 1

00e
ip

ip
=

-
+ + (7a)

.Z Z R
R

C
C

1
1 1

00o
ip

ip
=

-
+ - (7b)

The following important design formula from [33, 
eq. (18)] for the bandwidths can be directly derived 
from the condition of ( ) ,f R1c

2
ipX = -  such as

( ) ( )
( )

,  cot
R C

C R R C
1 1

4 1
c c
2 2

2 2 2

2 2

ip

ip ip
X H= =

+ -

+ -
(8)

where the bandwidth, BW, can be derived from ,cH  as 
in [33, eq. (21)], through the following equation:

,cot BW
2 1 2c
rX = -` j$ . (9)

where /f f 90c1 0H=  and ( / ),f f 2 90c2 0 H= -  with the unit 
of cH  in degrees, leading to ( )/( ).f f f f2BW 2 1 2 1= - +

For the design of dc blocks with specific Cheby-
shev responses, the maximum allowable ripple value, 

,Rip  must be determined from the IL  and LR  specifi-
cations through (4). Based on the design bandwidth, 
the value of ,cH  must be calculated through (8). For 
these calculated values of Rip  and ,cH  the realized 
coupling coefficient C  values can be calculated across 
the desired bandwidth in (9). For example, if a maxi-
mum return loss of RL 15 dB=  is desired across the 
bandwidth of operation, Rip  is calculated as 0.1778 by 
(4b). Table 3 lists the realized coupling coefficients for 
this value of Rip  and different bandwidth specifica-
tions, verifying that higher coupling coefficients can 
be realized for wider bandwidths. Based on the design 
parameters in Table  3, the four proof-of-concept dc-
block prototypes were simulated with the Advanced 
Design System (ADS) circuit simulator, and the fre-
quency responses plotted in Figure 12 confirmed the 
theoretical calculations.

For the Butterworth responses, the even- and odd-
mode impedances were calculated using (6) by vary-
ing the coupling-coefficient values between −3 dB and 
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TABLE 3. The bandwidths of the dc blocks for Chebyshev 
responses, with Z0 = 50 X and RL = 15 dB at f0.

Bandwidth (%) 100% 80% 60% 40%

C (dB) −2.38 −3.58 −5.408 −8.37

( )Z e0 X 138.54 150.19 171.3 216.68

( )Z o0 X 18.85 30.5 51.61 96.99
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−10 dB; the frequency responses are plotted in Figure 13.
Compared to the frequency responses for similar struc-
tures using the conventional design formulas in Figure 10,
all of the TO-based dc blocks are perfectly matched at
1 GHz, with bandwidths that are directly proportional
to the coupling-coefficient values.

Impedance-Transforming Wideband 
Compact dc Blocks
For the 90° dc blocks, approximate design formulas 
were developed for the symmetric and asymmetric 
structures in 1980 [35] and 1986 [36], respectively. The 
improved design formulas were derived for the sym-
metric and asymmetric dc blocks in [33] and [34]. If the 
effective electrical lengths of the dc blocks are 90° at 
the design frequency [33]–[36], real impedance trans-
forming for diverse applications is possible. Because 
wireless communication systems require a low weight 
and small footprint, the compact dc blocks are of 
interest. Several compact dc blocks have been reported 
in the literature [22]–[26]. However, the bandwidths  
are all small (lower than 40%) [22]–[26], and the sizes 
are not compact. To overcome the conventional prob-
lems with small bandwidths, impedance-trans-
forming wideband and compact 90° dc blocks (WCDCs) 
are investigated.

The 90° dc block and its WCDC [20] are depicted 
in Figure 14(a) and (b), respectively, where the even- 
and odd-mode impedances of the 90° dc block are 
Z0eR  and .Z0oR  The WCDC consists of a CPL with 
even- and odd-mode impedances of Z0ec  and Z0oc  
and electrical length of .cH  Two ports of the CPL are 
terminated in two identical susceptances, ( ),jSc  and 
they can have wide bandwidths and are compact 
because the CPL is designed by the pole-split (PS) 
(root) method [33], [34], [47] and the transmission-
zero movement (TZM) method.

PS Method
In a filter design, the number of stages (orders) needs 
to grow to increase the bandwidth. However, with no 
rise in the number of stages, the bandwidth can be 
widened by the PS method, which is not a conven-
tional filter-design technique because the structure 
itself is not changed, while the responses are altered to 
have wider bandwidths by the design formulas. One 
example is the dc blocks with Chebyshev responses 
shown in Figure 12 [33], [34]; another is the Butter-
Cheby filters [47].

TZM Method
The TZM method has been used for diverse applica-
tions to increase bandwidth. For example, consider 
three dc blocks conceived for a design frequency of 
1 GHz and that are 90, 60, and 40° long at 1 GHz. The 

even- odd-mode impedances are 103.4 X  and 23.4 X  for 
both termination impedances of 40 .X  The dc blocks’ 
frequency responses are plotted in Figure 15, where the 
90° dc block is perfectly matched at 1  GHz. The two 
others are not matched at 1 GHz and perfectly matched 
at 1.52 and 2.26  GHz, respectively. The bandwidths 
that can cover the 15-dB return loss in Figure 15 are 
indicated by red, black, and blue lines with ,°40T  ,06 °T  
and ,09 °T  respectively; the red line, with ,°40T  is the lon-
gest. The bandwidths with the 15-dB return loss are 
inversely proportional to the electrical lengths of the 
dc blocks. The reason is that the first TZ frequencies of 
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the 90, 60, and 40° dc blocks (except 0 GHz) are moved 
to a higher frequency region, such as 2, 3, and 4.5 GHz, 
as shown in Figure 15. By fixing the TZ frequencies, 
the matching frequency of the 60° or 40° dc block must 
be shifted to the design frequency of 1 GHz to make 
the coverage form from approximately 1 GHz. Moving 
the matching frequency requires building a matching 
circuit using a 60° or 40° dc block by adding suscep-
tances so that the resulting circuits can be perfectly 
matched at 1 GHz and the effective electrical lengths 
are 90° at 1 GHz. For this, careful matching processes 
are required.

The design formulas for the WCDCs are given as

( )
( )
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cos tan

S Y Y
S Y Y
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2 22
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For the 90° dc block in Figure 14(a), .Z 103 40eR X=  
and .Z 23 40oR X=  can be calculated for  C 4 dB=-  and 

.R R Z 40L 0s X= = =  When the value of Sc
1-  is given as 

278.9 X  in Figure 14(b), substituting the values of ,Sc
1-  

. ,Z 103 40eR X=  and .Z 23 40oR X=  into (10) gives the 
even- and odd-mode impedances of .Z 105 10ec X=  and 

.Z 23 020oc X=  and the electrical length of . °77 07cH =  
for the WCDCs. In this way, the design parameters in 
Table 4 can be obtained, where .Z 49 18T X=  can be cal-
culated from Z Z ZT 0e 0oR R=  and the values in paren-
theses are for TH  to have the required values of .Sc

1-

With the electrical length of cH  reduced from 90°, 
the values of Z0ec  increase, and those of Z0oc  decrease 
to make up for the lack of coupling generated by the 
shorter coupling lengths. Based on the design param-
eters in Table 4, the WCDCs were simulated with ADS; 
the frequency responses of S 11; ; are plotted in the range 
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Figure 16. The frequency responses of S11; ; with .C dB4 =-  (a) 
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TABLE 4. The design parameters for Z0ec, Z0oc, and Hc 
for Z0eR = 103.40 X and Z0oR = 23.40 X.

Sc
−1(X) Z0ec (X) Z0oc (X) Hc (°)

278.93 (10o) 105.1 23.02 77.07

135.13 (20o) 110.93 21.81 63.84

70.24 (35o) 136.53 17.72 42.33

65.27 (37o) 143.61 16.84 39.13

60.74 (39o) 152.64 15.85 35.79
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of (0–5) f0  in Figure 16, where the dotted lines show the 
original 90° dc block with the Butterworth response 
and solid lines indicate the WCDCs in Figure 14(b). 
Each susceptance, ,Sc  was realized with an open stub 
that had the uniform characteristic impedance of 
49.18 X  from (10d).

The maximum number of roots for the solutions 
to /( )S f f 011 0 =  in [20, eq. (11)] is four in a range of 0–
( °/ ) ,f180 c 0H  and the real roots are called poles. All of the 
WCDCs in Figure 16 are perfectly matched at ,f0  and 
the bandwidth with the return loss of L 10 dBR =  of 
the 90° dc block is roughly 0.6–1.41 f0  (81%). The 10-dB 
bandwidth with .77 07°cH =  in Figure 16(a) is 0.65–1.585
f0  (93.5%), while the 10-dB bandwidth for . °64 84cH =  

in Figure 16(b) is 0.69–1.86 f0  (117%). The WCDCs with 
,.42 33cH =  39.13, and 35.79° in Figure 16(c)–(e) are 0.74–

3.57 f0  (283%), 0.74–3.9 f0  (316%), and 0.74–4.24 f0  (350%), 
respectively, and inversely proportional to the electri-
cal length of .cH

When ,90°cH =  the WCDC becomes the original 
90° dc block, and the two poles for the perfect match-
ing overlap at .f0  When cH  becomes shorter than 90°, 
any value of Sc  is needed for perfect matching at ,f0  as 
explained in Figure 15, and the two overlapped poles at 
f0  start to be split (PS method). For .77 07°cH =  in Fig-

ure 16(a), one pole is at ,f0  and another is at 1.2 .f0  For 
. °42 33cH =  in Figure 16(c), two poles exist at f0  and 2.18

,f0  and two complex roots exist at roughly 3.08 f0  and 
can be developed into real roots with slight changes. 
As the electrical lengths of cH  become shorter, the two 
roots (poles) close to the transmission zeros [0 GHz and 
( / ) ]f180° 0aH  are located farther away, which is the main 
reason for the wider bandwidths. The TZs are moved 
farther, as the red dots in Figure 16 indicate, which is 
the definition of the TZM method.

For the measurements, the electrical length of 
cH  in Table 4 is chosen as 39.13°, where the corre-

sponding values are . ,Z 143 610ec X=  . ,Z 16 840oc X=  
and . .S 65 27c

1 X=-  To realize ,Sc  two TLs connected 
in a cascade are employed, one of which is a high-
impedance line and the other a low-impedance one. 
The characteristic impedances of the high-/low-
impedance lines are 140 and 35 ,X  and the electri-
cal lengths are 6 and 22° at 1 GHz, with the form in 
[31, Fig. 13(b)]. One side of the low-impedance line 
is open-circuited, and the other side is connected to 
the high-impedance line, which is located between 
the low-impedance line and the CPL. Since the CPL 
requires a tight coupling (greater than −3 dB), a 2D 
microstrip format may be impossible, so the 3D ver-
tically installed planar structure in [18, Fig. 18(b)] 
was applied for the fabrication.

Even though the WCDC is terminated in 40 ,X  a 
50-measurement system may be used without imped-
ance transformers, since the impedance, admittance,

and ABCD parameters of the WCDC are not changed by 
the termination impedances; only the scattering param-
eters are altered. Using that idea, the WCDC is mea-
sured with 50-X feeding lines that have the assumed 
electrical length of ,fH  as shown in Figure 17(a). After 
measuring the scattering parameter of the WCDC with 
50-X termination impedances, the measured data are
saved in the ADS data item, as shown in Figure 17(b).
To remove the feeding-line effect, a 50-X feeding line is 
connected but with .fH-  If the circuit in the ADS data
item in Figure 17(b) is simulated after terminating the
wanted impedances of 40 X  at both ports, the desired
measured data can be obtained.

A fabricated WCDC is displayed in Figure 18(a), and 
the measured frequency responses of S 11; ; and S12; ; are 
in Figure 18(b), with an expanded view of S12; ; in Fig-
ure 18(c). The measured bandwidth with a 10-dB return 
loss in Figure 18(b) spans the range of 0.74–4.05 GHz 
(331%) with a design frequency of 1  GHz, featuring 
ultrawideband performance even though it is very 
compact. At the design frequency of 1 GHz, the mea-
sured S12; ; is approximately −0.634 dB.

TSs
Figure 19 depicts a typical TS topology as well as its 
equivalent circuit [48] consisting of one TL with charac-
teristic admittance of ( )/ ,Y Y Y 2T 0o 0e= -  electrical length 
of , r H+  and two identical shunt inductances of ,L0  
where .tanL Z0 0e~ H=  The peculiar feature of the TS is 
the introduction of an additional phase of 180° by short-  
circuiting two ports in a diagonal configuration, thus 
making it a good candidate for numerous applications, 
such as compact coupled-line ring hybrids (CRHs) [19], 
[28]–[32]. Another special feature of this topology, dis-
cussed in the section “High-Impedance TL Sections,” is 
its easy realization of very high values of the characteris-
tic impedance of ,Z YT T

1= -  which can be used in the real-
ization of high-impedance TLs and power dividers (ring 
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and branch-line hybrids and Wilkinson power dividers) 
with high power-division ratios [18], [32], [43], [44].

Compact CRHs
The conventional ring-hybrid configuration, as shown 
in Figure 20(a), consists of three 90° and one 270° TLs 
having the characteristic impedances of ,Z1  ,Z2  ,Z3  and 
Z4  [31]. In the case that all four ports are terminated in 

the same impedance, ,Z0  the characteristic impedances 
should satisfy the relationship of Z Z1 3=  and ,Z Z2 4=  
and, for equal power-division ratios, or 3-dB ring 
hybrids, the characteristic impedance of all four sec-
tions should be the same: .Z Z Z Z Z21 2 3 4 0= = = =  If 
the operating frequencies are below 5 GHz, the hybrid’s 
area is relatively large, especially for microstrip imple-
mentations, and numerous publications have aimed 
to miniaturize it. One of the most common solutions 
to reduce the electrical length is to replace the 270° 
TL with a 90° TS, as displayed in Figure 20(b). Perfect 
matching can be achieved only if the coupling coeffi-
cient is −3 dB, similar to the effect observed for TOs. To 
guarantee perfect matching regardless of the coupling 
coefficient, the design formulas should be modified as

, ,Z Z C
C Z Z C

C
1 10 00e 0o=
-

=
+

(11)

where the design formulas in (11) result in a maximally 
flat (Butterworth) response. These hybrid topologies 
are known as CRHs [19], [28]–[32] because of the TSs 
used in the miniaturized ring hybrids, as presented in 
Figure 20(b).

To achieve a further size reduction, the three equiv-
alent circuits of the TLs in Figure 21 [31] can be used. 
The one in Figure 21(a) is called the stepped-impedance, 
coupled-line P-type (SCP). The other two topologies in 
Figure 21(b) and (c) are known as the stepped-impedance 
modified T-type (SMT) and stepped-impedance modified 

-P type (SMP), respectively. Both the SMT and SMP are
the equivalent circuits for the 90° TLs, while the SCP is
for the 270° TL and 90° TS. The SCP in Figure 21(a) con-
sists of a TS and two identical open stubs and TLs. The
even- and odd-mode impedances of the TS are Z0e  and

,Z0o  with electrical length .sCH  The characteristic imped-
ances of the “feeding” TLs and open stubs are Za  and

,ZoC  with electrical lengths of aH  and ,oCH  respectively.
Through the addition of the feeding TLs with Za  and aH
in Figure 21(a), it is easier to connect the TS to other TLs
and ports because the points where two open stubs are
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connected to the TS do not need to be placed in a straight 
line. The SMT shown in Figure 21(b) is composed of  
two identical TLs with Za  and aH  and a modified T-equiv-
alent circuit (MT) [38], while the SMP shown in Fig-
ure 21(c) also includes two identical TLs with Za  and aH  
and a modified P-equivalent circuit [38].

Without loss of generality and as a proof-of-
concept demonstration, letting 0°aH =  and fixing 
N N 50°sT sH H= =P  for the SMT and SMP topologies 
in Figure 21(b) and (c), the S22  parameter values at the 
100-X terminated port of the impedance transformers
converting 50 into 100 X  were simulated by varying
the number of stages, .N  The simulation results are
shown on a Smith chart normalized to 100 X  (see Fig-
ure 22) for the operating frequencies between 0 and
2 GHz and the design frequency of 1 GHz. The quarter-
wave impedance transformer expressed as “90° TL” in
Figure 22 forms a circle (reference) intersecting the two
points of 50 X  (normalized value: 0.5) and 100 X  (nor-
malized value: 1). The SMP with N 3=  forms a circle
that is very similar to that of the 90° TL. The SMP with
N 2=  also forms a circle but slightly deviates from the
reference circle with the 90° TL. However, the trajecto-
ries of the SMP with N 1=  and SMT with N 1=  don’t
form a circle and diverge from the reference.

From the results of the scattering parameters of ,S22  
it can be concluded that the number of N  should be 
greater than or equal to three for performance simi-
lar to that of conventional (typically longer) matching 
structures. For an N  greater than three, the bandwidths 
of the SMPs and SMTs are roughly the same as that of 
the 90° TL, even though their physical sizes are much 
smaller than the one corresponding to the 90° quarter-
wavelength transformer, which is a unique feature of the 
proposed miniaturization approach, since the achieved 
bandwidths of the conventional passive components 
are proportional to the physical size.

Using the equivalent circuits in Figure 21, compact 
CRHs can be easily fabricated, and two proof-of-con-
cept 3-dB coupled-line prototypes are presented in 
Figure 23. The bandwidths of the two cases are 26 and 
57%, respectively, and are larger than that of the con-
ventional one that has approximately 10% bandwidth, 
even though their total TL lengths are much smaller 
than the conventional type (540° long). This confirms 
that the deployment of the TSs and their equivalent cir-
cuits in Figure 21 enables not only miniaturization but 
also significantly wider bandwidths.

High-Impedance TL Sections
As the operating frequencies and complexity level 
of RF modules become increasingly higher, the sub-
strates of planar TLs, such as coplanar waveguides and 
microstrips, become thinner while featuring higher 
dielectric-constant values, especially for flexible and 

conformal RF structures. In this case, high characteris-
tic-impedance values greater than 140 X  are not easy to 
fabricate in microstrip technologies. The use of TSs can 
alleviate this issue.

In the equivalent circuit of the TS in Figure 19(b), the 
characteristic impedance of Z YT T

1= -  can be expressed as

.Z

Z
Z

Z

1

2
T

0

0

0

o

e

e=
-

(12)

Za, Θa

Za, Θa Za, Θa

Za, Θa

Z0e, Z0o

Za, Θa Za, ΘaZoT ZoT ZoTΘoT ΘoT ΘoT

ZsT ZsT ZsT ZsT

N = 1 N = n

N = 0 N = n

ZoC
ΘoC

ZoC
ΘoC

ΘsT/2

ΘsΠ

ZsΠ ZsΠ
ZoΠ
ΘoΠ

ZoΠ
ΘoΠ

ZoΠ
ΘoΠ

ZoΠ
ΘoΠ

ZsΠ

ΘsΠ ΘsΠ

ΘsT/2ΘsT ΘsT

ΘsC

(a)

(b)

(c)

Figure 21. The 270° and 90° TL equivalent circuits for the 
characteristic impedance of Z0 [31]. (a) The SCP  for a 270° TL. 
(b) The SMT for a 90° TL. (c) The SMP  for a 90° TL.
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If the value of /Z Ze o0 0  in (12) is close to unity, the 
characteristic-impedance value of ZT  becomes quite 
large, a concept that can be used for the realization 
of high-impedance TLs. One implementation of a 

high-impedance TL is presented in Figure 24(a) and 
consists of one TS with an electrical length of H  and 
two identical open stubs with characteristic imped-
ance of Zop  and electrical length of opH  located at 
both ends of the TS. The equivalent circuit is shown 
in Figure 24(b), where the TS in Figure 24(a) is replaced 
by the TS equivalent circuit in Figure 19(b).

Since both circuits in Figure 24 are symmetric, even- 
and odd-mode excitation analyses can be used for their 
design. The even- and odd-mode admittances Yev  and 
Yod  can be expressed as

( ) ,tan cot cotY j Y Y j Y Y
2 2

0o 0e
ev op op oe

H= - -
- (13a)

( ) ,tan cot tanY j Y Y j Y Y
2 2

0o 0e
od op op oe H H= - +

- (13b)

so the reflection coefficients S S11 22=  of the circuit may 
be written in terms of the eigenvalues s1  and ,s2  such as

( ) ( ) ,S S s s
Y Y Y Y

Y Y Y
211 22

1 2

0 0

2
0

ev od

ev od= = + =
+ +
- (14)

where ( )/( )s Y Y Y Y1 0 0ev ev= - +  and ( )/s Y Y1 0 od= -  
( ) .Y Y0 od+

To guarantee a perfect match at both ports, the 
numerator in (14) needs to be zero, which results in

( )( ) .tan cot tan cotY Y Y Y 0op op oe op op ooH H H H- - = � (15)
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From (15), the two solutions for the parameters of the 
open stubs can be expressed as

Solution 1: ,tan cotY Yop oeopH H= (16a)

Solution 2: .tan cotY Yop op ooH H=  (16b)

Based on the two solutions in (16), several high-
impedance ( )Z Z 200  T0 X= =  TL implementations 
using the topology in Figure 24(a) were simulated at 
the design frequency of 1 GHz for different electri-
cal lengths H  and a fixed coupling coefficient of C = 
−8.5  dB ( .Z 120 40  e X=  and . ).Z 54 60o X=  If the elec-
trical length opH  of the open stubs in Figure 24 was
chosen as ,90° H-  the characteristic impedance Zop  of
the open stubs is the same as the even- or odd-mode
impedance, depending on the solutions referring to
(16). The frequency responses for solutions 1 and 2
are plotted in Figure 25(a) and (b), respectively. For
solution 1 in Figure 25(a), when the electrical length
H  is 90°, the open stubs are not necessary from (16),
and perfect matching appears only at 1 GHz. As the
electrical lengths gradually decrease from 90°, perfect

matching occurs only at 1 GHz regardless of the elec-
trical lengths of ,H  and additional near-perfect match 
points appear at 1.06, 1.14, and 1.2  GHz for °,80H =  

,07 °H =  and ,06 °H =  respectively. For solution 2 in 
Figure 25(b), the perfect match for all cases is achieved 
at 1 GHz regardless of the electrical lengths of ,H  and 
the additional near-perfect matching points appear 
at 0.89, 0.82, and 0.79  GHz for °,80H =  ,07 °H =  and 

,06 °H =  respectively. The two frequency responses for 
the same electrical lengths but for the different solu-
tions 1 and 2, derived using 16(a) and (b), respectively, 
are not symmetric with respect to 1 GHz. Further, the 
additional near-perfect matching points with solution 
2 are located farther from 1 GHz than those with solu-
tion 1. If the bandwidth is defined as the frequency 
range where S 11; ; is lower than −15 dB, the bandwidth 
with 09 °H =  is 0.85–1.15  GHz (30%), and those with 

°,80H =  70, and 60° are 0.88–1.19  GHz (31%), 0.9–
1.24 GHz (34%), and 0.93–1.27 GHz (34%), respectively, 
for solution 1 in Figure 25(a). The bandwidths are, 
therefore, approximately the same with any electrical 
length of ,H  especially if limited to 60–90°.
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Even for different values of the coupling coefficients 
and the same electrical lengths, the frequency responses 
are roughly the same near the design frequency and differ-
ent for frequencies away from that. As an example, another 
set of simulations was carried out at the design frequency 
of 1  GHz, varying the coupling-coefficient values from 
−8.5  dB to −12  dB; the scattering-parameter results are
shown in Figure 25(c) and (d) for solutions 1 and 2, respec-
tively. For larger values of the coupling coefficient, the
bandwidths become wider, and the additional near-per-
fect points move gradually farther away from the design
frequency, resulting in wider bandwidths. The band-
width with C 9 dB=-  is, therefore, wider than that with

.C 12 dB=-  The process of generating additional near-
perfect matching points for different values of the cou-
pling coefficients seems to be similar to that with different

electrical lengths, although it is clear that the bandwidths 
are mainly determined by the coupling-coefficient values.

To experimentally verify the performance of the 
proposed implementation of high-impedance TLs, two 
stages of quarter-wave impedance transformers to con-
vert 1 KX  into 50 X  using the topology shown in Fig-
ure 26(a) were created at the design frequency of 3 GHz, 
and the proof-of-concept prototype was realized on the 
RT/duroid 5870 substrate ( . ,2 33rf =  . ),h 0 787 mm=  as 
shown in Figure 26(b). The first stage transforms 1 KX   
into 700 X , and the second converts 700 X  into 50  .X  
The characteristic impedances of the first and second 
impedance transformers are, therefore, 836.7 X  and 
187.0 .X  The even- and odd-mode impedances required 
for the realization of these characteristic-impedance 
values are shown in Table 5 for different values of the 
coupling coefficients using (11).

Since the even-mode impedance is proportional to 
both the characteristic-impedance values of ZT  and the 
coupling coefficients of the utilized coupled-line sec-
tion, as demonstrated in Table 5, the chosen coupling 
coefficient should be as small as possible to enable an 
easily realizable even-mode impedance for the match-
ing sections featuring high impedance values. A cou-
pling coefficient for the first stage was chosen as −19 dB 
for .Z 836 7 T X=  (Table 5). Since the odd-mode imped-
ance is also proportional to the characteristic-imped-
ance values and coupling coefficients, the coupling 
coefficient for the second stage was chosen as −12 dB 
for .Z 187 0 T X=  so that the odd-mode impedance 
was not too small (Table 5). For these design specifi-
cations, the fabrication dimensions (width, ,~  and gap 
size, )s  of the high-impedance TLs were calculated 
to be .0 7 mm~ =  and .s 71 1 mm=  for the first stage 
of the impedance transformer and .2 13 mm~ =  and 

.s 0 2 mm=  for the second. The measured and simu-
lated matching S 11; ; results for the realized prototype 
are given in Figure 27, demonstrating good agreement 
and an excellent match (below −39 dB) near 3 GHz.

To show the feasibility of such a high impedance 
value of . ,Z 836 7 T X=  the first-stage impedance trans-
formation was selected as 1 KX–700 ,X  requiring a nar-
row bandwidth due to the low coupling coefficient of 
−19  dB. However, to enhance the bandwidth, the mid-
point between the first and second stages can be selected 
as .1000 50 223# X=  The first- and second-stage char-
acteristic impedances are 472.2 X and 105.6 ,X  respec-
tively; thus, one of the two does not need to be realized
with the TS.

To increase their bandwidths, the impedance trans-
formers can be implemented with a combination of 
TSs and single TLs. The example presented in Fig-
ure 28(a) consists of one TS and one 90° single TL. 
The characteristic impedance of the single TL is 100 ,X  
and the even- and odd-mode impedances Z0e  and Z0o  

1 KΩ

1
50 Ω

90°

90°

Z0e, Z0o
Z0e, Z0o

(a)

(b)

Second Stage First Stage

187 Ω 836.7 Ω
1 KΩ

Figure 26. The impedance transformer from 1 KΩ to 
50 Ω. (a) The detailed circuit topology. (b) The fabricated 
prototype consisting of two CPL impedance-transforming 
stages (1 KΩ to 700 Ω to 50 Ω).

TABLE 5. The even- and odd-mode impedances for 
ZT = 836.7 X and ZT = 187.0 X.

ZT = 836.7 X

C (dB) −15 −17 −19 −21 −23

( )Z0e X 181 137.6 105.7 81.9 63.7

( )Z0o X 126.3 103.6 84.4 68.5 55.3

w = 0.711 mm, s = 1.17 mm, and l = 18.5 mm.

ZT =187 (X)

C (dB) −8 −10 −12 −14 −16

( )Z0e X 123.7 86.5 62.8 46.6 35.2

( )Z0o X 53.3 44.9 37.6 31.1 25.6

w = 2.13 mm, s = 0.2 mm, and l = 18.08 mm.
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of the TS are 129 X  and 81.8 ,X  respectively, which is 
equivalent to the characteristic impedance of 447.2 .X

The impedance transformer was designed at 2  GHz 
and fabricated on a flexible RT/duroid 6002 substrate 
( . ,2 94rf =   h 20 mil) .=  The fabricated circuit prototype is 
illustrated in Figure 28(b), and the three impedance trans-
formers in Figure 28(c)–(e) with bending configurations 
for an increasing curvature show excellent performance 
in typical wearable-electronics configurations. The mea-
sured frequency responses for all four (one unbent and 
three bending configurations) are compared in Figure 29, 
with the simulated and measured frequency responses of 
the unbent one in Figure 28(b) expressed as dotted and 
solid lines, respectively, while those of three bending ones 
in Figure 28(c)–(e) are shown with different symbols. 
From the figure, the bandwidths of the impedance trans-
formers in Figure  28(a) are generally wider than those 
with two TSs in Figure 27, and a very good agreement 
between the measured and simulated responses is clearly 
demonstrated. The frequency responses feature a slight 
shift depending on the curvatures, but all are acceptable. 
Therefore, it can be concluded that the theory suggested 
so far can be applied to a variety of wearable and flex-
ible environments. Because of the performance of these 
TS-based implementations of high-impedance TLs, these 
structures can be used, as well, for the implementation of 
CRHs and power dividers with arbitrarily high power-
division ratios, to be discussed in the following sections.

CRHs With High Power-Division Ratios
The TS-based implementation of the CRH shown 
in Figure 20(b) would require .Z Z 52 441 3 X= =  and 

.Z Z 165 832 4 X= =  to achieve a power-division ratio 
of 10 dB [32]. To implement the 270° TL with Z4  in a 
miniaturized way, the TS topology of Figure 19(a) with 

°90H =  can be easily used. For the implementation of 
the short 90° TL featuring the characteristic imped-
ance Z2  in microstrip technologies, three possible 

topologies ( ,, LL -- SS 21  and ML -S2 type) that combine 
TLs with inductors can be used, as shown in Table 6.

The -LS1 type consists of two identical TLs and an 
inductor, while the L -S2 type is composed of two iden-
tical inductors and one TL. Since the two inductors 
are located at both ends of the L -S2 type section, they 
could pose a practical issue for the implementation 
of four-port geometries; therefore, a modified form  
( ML -S2 type) is necessary. The ML -S2 type incorpo-
rates three TLs, two of which are identical, and two 
identical inductors. Two fabricated ring-hybrid pro-
totypes for power-division ratios of 13 and 11 dB are 
illustrated in Figure 30(a) and (b), respectively, where 

2N =  stages of the -LS1 type (13  dB) and 1N =  stage 
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Figure 27. The measured and simulated S11; ; values for the 
prototype shown in Figure 26(b).
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Figure 28. The impedance transformers. (a) The detailed 
circuit topology. (b) The circuit prototype (no bending). (c)–
(e) The bending configurations for an increasing curvature.
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of the ML -S2 type (11  dB) were fabricated to realize 
the 90° high-impedance ( )Z2  TLs, while the TS stages 
were used for the implementation of the 270° high-
impedance ( )Z4  TLs.

The 13-dB ring hybrid was designed at 2 GHz, and 
its measured and simulated frequency responses are 

plotted in Figure 31, where the power-division responses 
are shown in Figure 31(a), isolations in Figure 31(b), match-
ing responses in Figure 31(c), and phase responses in Fig-
ure 31(d). Since the ring hybrid in Figure 31(a) was designed 
for the power-division ratio of 13 dB, the scattering param-
eter S41; ; is calculated as −13.21 dB. Due to the difference of 
13 dB between S 12; ; and ,S41; ;  the scattering parameter S 12; ; 
is −0.21 dB. The measured S 12; ; and S41; ; are −13.73 and 
−0.25 dB at 2 GHz, leading to a measured power-division
ratio of 13.49 dB. In Figure 31(b), the isolations of S 13; ; and
S24; ; at 2 GHz are greater than 40 dB and, overall, greater

than 15 dB from 0 to 3.2 GHz. Since the simulated match-
ing results at all ports have similar responses, they are
expressed with a single dotted line in Figure 31(c), where the 
measured return losses at all ports are greater than 20 dB at 
2 GHz, and the bandwidth of at least 15 dB of return loss is
1.15–2.9 GHz. The fact that the 13-dB ring hybrid achieves
the target isolation, as shown in Figure 31(b), indicates that
good in- and out-of-phase responses are possible. The mea-
sured phase differences S S21 41+ +; ;-  and S S2 43 3+ +; ;-

in Figure 31(d) are obtained as 178.9 and 0.244° at 2 GHz,
respectively. The measured results are in good agreement
with the predicted ones.

The 11-dB ring hybrid in Figure 30(b) was designed 
at 3 GHz: the measured and predicted results are com-
pared in Figure 32, with power-division responses 
shown in Figure 32(a), isolations in Figure 32(b), match-
ing responses in Figure 32(c), and phase responses in 

TABLE 6. The compact implementations of short (90°), high-impedance TLs [32].
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Figure 32(d). The measured power-division ratio is 
11.26 dB in Figure 32(a), the measured isolations are more 
than 15 dB above the frequency range of 1.5–4.5 GHz in 
Figure 32(b), and the return losses at all ports are more 
than 18 dB in the frequency range of 1.5–3.5 GHz in Fig-
ure 32(c). The measured bandwidth of the phase differ-
ence S S21 41+ +; ;-  for 180° °5!  is 2.45–3.26 GHz, whi le 
those of S S2 43 3+ +; ;-  for °5!  are 2.62–3.42  GHz in 
Figure  32(d). The m e a s u r e d  results, in general, 
agree with the predicted ones, 
given fabrication errors.

Compact CRH With High  
Power-Division Ratios 
Numerous multifunctional 
wireless modules require a 
substantial reduction in mass 
and volume, so the compact-
ness of ring hybrids has been 
of significant interest [19]. The 
typical ring-hybrid topology 
consists of three 90° TLs and 
one 270° TL. If the power-divi-
sion ratios are not 0 dB for the 
same termination impedances 

,Z0  as shown in Figure 33(a), 

two TLs with characteristic impedance Z1  should be 
identical, and the other two with characteristic imped-
ance Z2  should have the same characteristic imped-
ances, for an electrical length difference of 180°. If the 
power-division ratio is 12 dB with a termination imped-
ance of 50 ,X  the characteristic impedances Z1  and Z2  
of the TLs should be 51.56 and 205.24 ,X  respectively, 
and all of the TLs should be as short as possible due to 
size requirements. However, the TLs with characteristic 
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impedance of 205.24 X  do not seem to be easy to fab-
ricate with a microstrip technology due to a required 
width of approximately 40 µm for commonly used sub-
strates (for example, for the prototype discussed in this 
article, the required microstrip linewidth was 42 µm for 
a substrate with a thickness of 20 mil and a dielectric 
constant of 2.2), while the physical length of the low-
impedance (51.26- )X  TLs should be reduced without a 
significant bandwidth compromise.

Due to the implementation difficulties, most previously 
reported efforts have investigated compact ring hybrids 
for equal power divisions and power-division ratios lower 
than or equal to 6 dB [49]. In [50], high power-division ratios 
were treated, but the size of the circuits is not compact, and 
the demanded power-division ratio is achieved only near 
the design frequency. In [51], a 12-dB power-division ratio 
was studied, and equivalent/artificial lumped-element TL 
models were suggested for high-impedance TLs. How-
ever, the extraction method for the lumped-element val-
ues seems to be very complicated, and the bandwidth 
is much smaller than that of the conventional one, while 
the size is not compact. A power-division ratio of 13 dB is 
investigated in Figure 30(b) [32], but the size (320.58°) is 
also not compact.

In [19], a novel compact wideband ring hybrid enabling 
the realization of arbitrarily high power-division ratios 
in a miniaturized form factor is introduced. In the pre-
liminary ring design for a 12-dB power-division-ratio 
prototype, the circuit includes two high-impedance 
TLs with .Z 205 242 X=  and two low-impedance 90° 
TLs with . ,Z 51 261 X=  as mentioned previously, with 
each TL being as small as possible. The size-reduction 
approach should be different for every TL, and conven-
tional methods (such as the T- and Π-types, as in [38] and 
Figure 6 with )1N =  cannot be applied for high-imped-
ance TLs due to their inherent lack of a method to reduce 
high-impedance values to easier-to-realize lower ones.

Figure 33(b)–(d) presents various compact topolo-
gies that effectively realize the 90° and 270° electrical 
lengths, although their physical lengths correspond 
to electrical lengths much shorter than 90°. The low-
impedance ( )Z1  TL with an electrical length of °/N90 T  
( :NT  arbitrary integer) in Figure 33(b) can be shortened 
with the MT-unit block consisting of two identical 
TLs with characteristic impedance of ZT  and electri-
cal length of /2TH  and two identical shunt stubs with 
individual susceptance of /S 2T  in between. The 270° 
TL with high impedance of Z2  in Figure 33(c) can be 
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Figure 32. The measured and simulated frequency responses for the ring hybrid with the 11-dB power-division ratio in 
Figure 22(b). (a) The power divisions, (b) isolations, (c) matching, and (d) phase responses.
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miniaturized using a CPL with even- and odd-mode 
impedances of Z0e  and ,Z0o  electrical length of ,sCH  
and two-shunt open stubs. The electrical length of sCH  
is much shorter than 90°, and the susceptance of each 
open stub is denoted as .SC  The equivalent circuit in 
Figure 33(c) is named the coupled-line P-section (CP)  
type. The high-impedance ( )Z2  TL with an electrical 
length of /N90° L  ( :NL  arbitrary integer) in Figure 33(d) 
can be miniaturized, with the -LS1 unit block composed 
of two identical TLs with ZL  and /2LH  interconnected 
with one series inductance, .L  The integers NT  and NL  
of the MT- and -LS1 section unit cells are typically smaller 
than five and represent the number of unit cells required 
to effectively realize the aggregate electrical lengths of 
90° for the low- and high -impedance TLs, respectively.

Using the miniaturized equivalent circuits, the 
ring hybrid in Figure 33(a) can be reduced, and a fab-
ricated compact CRH with a power-division ratio of 
12  dB is shown in Figure 34, where low-impedance 
TLs are fabricated using the MT-unit block with 3N =  
in Figure 33(b), while 270° and 90° high-impedance 
TLs are implemented with the CP-section type in 
Figure 33(c) and the -LS1 unit block with 2N =  in 
Figure 33(d), respectively.

The circumference of the fabricated prototype in 
Figure 34 is only 209.3° long, compared to 540° for con-
ventional implementations, verifying an area miniatur-
ization down to 15%, while the measured bandwidth of 
the 15-dB return loss is 78% versus the conventional 
approach’s 44%, an improvement by a factor 1.8. The 
topology in Figure 34, introduced in [19], could be eas-
ily optimized for a wide range of power-division ratios 

and set the foundation for the implementation of simi-
lar ultraminiaturized CRHs in a variety of wearable 
and flexible applications.

Three-Port Power Dividers and Branch-Line 
Hybrids With High Power-Division Ratios
The TS topologies reviewed in the previous sections 
can be also used for the fabrication of Wilkinson power 
dividers [43] and branch-line hybrids [44] with arbi-
trarily high power-division ratios. A typical Wilkinson 
power divider consists of two TLs with lengths of 90° or 
270°. To achieve a 10-dB power-division ratio, one of the 
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Figure 33. A ring hybrid and its miniaturization equivalent circuits. (a) The ring hybrid. (b) The MT-unit block for a 
/( ° )N90 T  low-impedance ( )Z1  TL. (c) The C -P section type for a 270° high-impedance ( )Z2  TL. (d) The LS1-unit block for a 
/( )N90° L  high-impedance ( )Z2  TL.
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Figure 34. The fabricated compact CRH [19].
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two TLs should feature a high impedance of 294.9 ,X  
which can be implemented using one TS, as shown in 
the fabricated prototype in Figure 35(a).

Similarly, a typical branch-line hybrid consists of 
four 90° TLs or two 90° TLs and two 270° TLs. If the 
termination impedances are the same, the two sets of 
TLs located in parallel (for example, the left and right 
side) should be identical. To achieve a power-division 
ratio of 15  dB for the same termination resistance of  
50 ,X  two sets of TLs with characteristic impedances of 
49.2 X  and 276.69 X  are required. For the miniaturized 
fabrication of the two TLs with a 276.69-X  characteristic 
impedance, the TSs can be implemented as shown in 
Figure 35(b).

Conclusions
This article introduced design formulas for three 
equivalent circuits for a directional coupler and two-
port coupled line sections (TO and TS) that can be 
used as versatile building blocks for a variety of RF 
components commonly used in wearable and flexible 
applications. The proposed equivalent circuits for the 
directional coupler feature uncoupled TLs with a wide 
band and compact sizes; therefore, Marchand baluns 
can be fabricated easily in planar structures with any 
connecting segment. TO and TS structures can be sim-
ply realized by terminating two diagonal ports of a 
directional coupler in open/short circuits, and they fea-
ture unique properties compared to single TL sections, 
such as a miniaturized length, 180° phase shift, easy 
planar realization of very high characteristic-imped-
ance values, and dc blocking.

Since design formulas for such structures have been 
reported in the past for only a −3-dB coupling coefficient, 
modified design formulas were introduced for arbitrary 

power coupling ratios, which enhance their applicability 
to applications with stringent electromagnetic interfer-
ence/electromagnetic compatibility, bandwidth, and size 
limitations. Various examples confirming the excel-
lent performance of the TO/TS sections were discussed. 
The TS-inherent 180° phase shift enables the realization 
of miniaturized enhanced-bandwidth ring hybrids, 
while the effective realization of high impedance values 
facilitates the design and fabrication of power dividers 
with arbitrarily high power division ratios, which were 
previously considered too difficult to realize, and sets the 
foundation for power dividers in wearable and flexible 
RF electronics.
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