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a b s t r a c t
A new wideband asymmetric microstrip coupled-line coupler with 3 dB coupling value and quadrature
phase difference is presented. Compared with the conventional edge-coupled couplers, this structure,
consisting of two different transmission lines (interdigital and conventional microstrip transmission
lines) as coupled lines, achieves wider operating bandwidth and larger coupling level. The coupled-line
length of the proposed structure is approximately g /4. To characterize the structure, an equivalent circuit
model has been established. A 3 dB designed and fabricated coupler with 0.2 mm spacing between coupled
lines exhibits an amplitude balance of 2 dB from 2.2 GHz to 4.2 GHz. Good agreements between the fullwave simulation and equivalent circuit model results has been achieved and veriﬁed the effectiveness of
the proposed circuit model. Also, measurement results have been presented.
© 2011 Elsevier GmbH. All rights reserved.

1. Introduction
Coupled-line couplers (CLCs) are one of the most commonly
used building blocks in microwave and RF systems. In these structures two unshielded transmission lines are close together and
power can be coupled between the lines. Such lines are referred
to as coupled transmission lines [1]. Couplers are widely employed
in microwave and millimeter wave applications as key elements in
balanced ampliﬁers, balanced mixers, (de)modulators, frequency
discriminators, and circularly polarized antennas [1]. However,
conventional coupled-line couplers based on the planar transmission lines exhibit loose coupling levels (typically <10 dB). Usually in
these structures, in order to get the tight coupling-level, the space
between two coupled-lines in the structure must be very small and
it would be difﬁcult to obtain due to the fabrication constrains.
In general, two types of coupled-line couplers have been proposed; backward and forward coupled-line couplers. When the
coupled port is located on the same side of the structure as the input
port and power is subsequently coupled backward to the direction of the source, this coupler is conventionally called a backward
coupler and otherwise the coupled-line coupler is called forward
coupled-line coupler [1]. Also, two types of edge-coupled backward coupled-line couplers are presented. The ﬁrst is a symmetrical
coupler. When the two lines constituting a coupled-line coupler
are the same, the structure is called symmetric. In the symmetric
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structures, coupling mechanism is based on the difference between
the characteristic impedances of the even and odd modes [1]. The
second one is an asymmetrical coupler. This coupler is asymmetrical as it is constituted of two different transmission lines. In this
case, decomposition in even and odd modes is not possible anymore. The analysis becomes more difﬁcult and the even/odd modes
have to be replaced by the more general c and  modes, which are
two fundamental independent modes, as described in [1].
Symmetrical coupled lines represent a very useful but restricted
class of couplers. In many practical cases, it might be more useful or
even necessary to design components using asymmetrical coupled
lines. For example, in some situations, the terminal impedance of
one of the coupled lines may be different from those of the other. It
may then be more useful to choose two coupled lines with different characteristic impedances. Also, an asymmetrical coupled-line
coupler has usually broader bandwidth than symmetrical one [1].
In the past few years, the great interest in the ﬁeld of metamaterials has been attracted and the composite right/left handed
(CRLH) structures, as metamaterial transmission lines, have been
used in active and passive microwave circuits design, particularly.
Equivalent circuit model of each cell of a CRLH transmission line
consists of series capacitor and series inductor along with shunt
capacitor and shunt inductor [2]. Several methods for realizing
CRLH transmission lines have been proposed. One of these methods
in microstrip structures is the use of interdigital/stub conﬁguration. In this method, the elements of the equivalent circuit model of
CRLH are realized by interdigital capacitor as series capacitor and
shorted stub as shunt inductor. Parasitic elements of interdigital
capacitor and shorted stub play the role of series inductor and shunt
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capacitor in equivalent circuit model [2]. It is interesting to note that
the proposed interdigital transmission line in this paper is similar
to a CRLH transmission line with inﬁnite shunt inductances.
In this paper, a novel compact 3 dB microstrip backward (directional) coupled-line coupler with wide bandwidth is presented.
This coupler consists of an interdigital capacitor and a conventional
microstrip transmission line as coupled lines in an asymmetric
conﬁguration. Compared with the other backward coupled-line
couplers presented in [3–8], the proposed structure has more
achievable dimension, wider bandwidth and higher coupling-level.
In the following, theoretical description and principle of the proposed microstrip asymmetrical backward coupled-line coupler is
presented. Then a design example of a 3 dB coupler with ﬂat coupling is shown. The proposed coupler is modeled by an equivalent
circuit model and also full-wave simulation results of the proposed
coupler are demonstrated by using an electromagnetic simulator
(Agilent ADS). Finally, experimental veriﬁcation is presented and
conclusions are drawn.

transmission line, the parameters can be derived as the following.
If we deﬁne per-unit-length impedance (Z ) and admittance (Y ) as:

2. Interdigital transmission line

So, for an interdigital transmission line, the complex propagation constant and characteristic impedance are:

An interdigital capacitor is a multiﬁnger periodic structure
which can be used as a series capacitor in microstrip transmission
lines technology. This capacitor uses the capacitance that occurs
across a narrow gap between thin-ﬁlm conductors [8]. Fig. 1(a)
shows an interdigital capacitor and its equivalent circuit model. As
seen in this ﬁgure, an interdigital capacitor is made of some gaps.
In this structure, the series capacitor can be increased by increasing the number of ﬁngers, or by using a thin layer of high dielectric
constant material such as a ferroelectric between the conductors
and the substrate [9].
Series capacitance of an interdigital capacitor, i.e., Cint , with
structure parameters which have been presented in Fig. 1(a) is
equal to [9]:
Cint =

εr + 1
 [(N − 3)A1 + A2 ]
W  int

(1)

where εr is relative permittivity of the microstrip substrate and N
is the number of structure ﬁngers. Approximate expressions for A1
and A2 are obtained by curve ﬁtting the data given in [9]. These
expressions are as:



 h 0.45 

A1 = 4.409 tanh 0.55



W

 h 0.5 

A2 = 9.92 tanh 0.52

W

× 10−6 (pF/m)
(2)

× 10−6 (pF/m)

where h is the thickness of the substrate. In Fig. 1(a), L and C in
the equivalent circuit model represent conventional series inductance and shunt capacitance in microstrip transmission line and are
considered as parasitic elements in interdigital structure. Values of
these elements can be obtained from transmission line theory from
the length of the structure, i.e., lint , as [10]:
√
εre Z0
L=
int
√c
(3)
εre
C=
int
Z0 c
where εre is effective relative permittivity of the microstrip
transmission line whose strip width is W, Z0 is characteristic
impedance of a microstrip transmission line with strip width of
W  (= (2N − 1)S + 2NW ) and c is the velocity of light in free space.
As it is seen in Fig. 1(b), an interdigital transmission line is
constructed by cascading some interdigital capacitors. In this new
planar transmission line, each interdigital capacitor can be considered as unit cell of the transmission line structure. Now, for this new



Z = j

1

ωCint


Y = jωC



ωL −

(4)

where
L = L int , C = C  int , Cint =


Cint

(5)

int

It is well known from transmission line theory that propagation
constant  and characteristic impedance Zc of a transmission line
with series impedance Z and shunt admittance Y , is obtained from
following equations [10]:
√
(6)
 = ZY 



Zc =

Z
Y

(7)


int = j

Zc,int =

ωL −

1

ωCint




(ωC  ) = j

 )
j ωL − (1/ωCint

j(ωC  )


=

ω2 L  C  −

C
= jˇint

Cint

1
L
− 2  
C
ω C Cint

(8)

(9)

It is clear from above equations that  int and Zc,int have real
values for ω > ωse = √ 1 .
LCint

3. Proposed asymmetrical coupled-line coupler
Recently, a symmetrical coupled-line coupler based on the coupled interdigital transmission lines has been proposed and its
speciﬁcations along with advantages have been reported in [11].
The structure consists of two interdigital capacitors with one ﬁnger as coupled lines. In this paper, an asymmetrical coupled-line
coupler based on the interdigital transmission line is presented.
Fig. 2 shows the layout and circuit model of the interdigital and conventional microstrip transmission lines which are adjacent to each
other as proposed asymmetrical backward coupled-line coupler. As
depicted in Fig. 2(b), Cm represents the mutual capacitance between
interdigital and strip of the microstrip conductors in the absence
of the structure ground conductor while C1 and C2 represent the
capacitance between interdigital or microstrip strip conductors and
ground, respectively. Moreover, the circuit model includes mutual
inductance (Lm ) and self-inductances of interdigital (line 1) and
conventional microstrip (line 2) conductors, i.e., L1 and L2 , respectively. Cint is series interdigital capacitor of line 1. It should be
stated that all of parameters in the circuit model are per unit length
quantities. Also, Fig. 3 shows the capacitance representation for
quasi-TEM mode of cross section of the proposed asymmetrical
coupler. For structure analysis, it is assumed that lines 1 and 2 are
terminated to impedances Za and Zb , respectively.
Characteristics of the proposed coupled transmission line can be
described by a superposition of characteristics of c and  modes. As
it was mentioned, in the coupled-line couplers when two coupledlines are similar to each other, the coupler is symmetrical and
otherwise the structure is asymmetrical. A set of two coupled lines
can support two fundamental independent modes of propagation
(called normal modes). For asymmetrical coupled lines, the two
normal modes of propagation are known as c and  modes [1]. Both
c and  modes are composed of two traveling waves in the backward and forward directions. The c mode is characterized by four
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Fig. 1. (a) Interdigital capacitor and its equivalent circuit model. (b) Interdigital transmission line.

parameters: c , Zc1 , Zc2 and Rc which are the propagation constant
of the mode, the characteristic impedances of lines 1 and 2 and the
ratio of the voltages on the two lines of the c mode, respectively.
Similarly, the  mode is also characterized by four parameters:␥ ,
Z1 , Z2 and R which are propagation constant of the mode, characteristic impedances of lines 1 and 2 and the ratio of the voltages
on the two lines of the  mode, respectively [1].

As it has been shown in [1], the relation between the characteristic impedances, i.e., Zc1 , Zc2 , Z1 and Z2 , and also the ratio
parameters, i.e., Rc and R , are as:
Zc2
Z2
=
= −Rc R
Zc1
Z1

(10)

So, a total number of only six quantities, i.e.,
c ,  , Zc1 or Zc2 , Z1 or Z2 , Rc and R , are required to
characterize asymmetrical coupled lines. For a lossless TEM-mode
coupled-line, the propagation constants of both c and  modes are
the same, and are given by [12]:
c =  = jˇ

(11)

By assuming the quasi-TEM mode for proposed structure and
according to Eqs. (9) and (10) and [12] for above asymmetrical
coupler (Fig. 2), it is obtained that:


Rc = −R =

Z2
Z1

(12)

where



Z1 =

Fig. 2. Proposed asymmetrical coupled-line coupler consisted of interdigital transmission line and microstrip conventional transmission line. (a) Its layout and (b)
lumped equivalent circuit model.

L1
1
− 2
,
C1
ω Cint C1


Z2 =

L2
C2

(13)

Fig. 3. Equivalent capacitance representation for cross section of the asymmetrical
coupler presented in Fig. 2.
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where Z1 and Z2 are characteristic impedances of uncoupled lines
1 (interdigital transmission line) and 2 (conventional microstrip
transmission line), respectively.
Moreover, the capacitance matrix of the coupled lines (Fig. 2)
can be expressed as [12]:



[C] =

C1
C21

C12
C2





=

C1 + Cm − Cm
−Cm C2 + Cm



(14)

According to Eqs. (12) and (13), c and  mode characteristic
a , Z a ) and the conimpedances of interdigital transmission line (Z0c
0
b
b ) are obtained as
ventional microstrip transmission line (Z0c , Z0
[12]:

⎧

L1
1
⎪
a
⎪
Z0c =
− 2
⎪
⎪
C
ω
C
⎪
int C1
⎪
 1
⎪
⎪
1
L
⎪
1
a =
⎪
− 2
⎨ Z0
(C1 + 2Cm )
ω Cint (C1 + 2Cm )

⎪
L2
b
⎪
⎪
⎪ Z0c = C2
⎪
⎪

⎪
⎪
⎪
L2
⎪
b =
⎩ Z0

(15)

C2 + 2Cm

and
a
Z  0c


=

L1
,
C1


a
Z  0c

=

L1
,
(C1 + 2Cm )

(16)

Z  a0c and Z  a0 are c and  mode characteristic impedances of a
conventional microstrip transmission line with a strip of width W  ,
where W  (= (2N − 1)S  + 2NW ) is the total width of the interdigital
capacitor.
In coupler design procedure, for an indicated coupling-level
(k) and impedance ports Za and Zb of lines 1 and 2, respectively,
a , Z a , Z b and Z b can be calculated from following equations
Z0c
0
0c
0
[12]:


⎧
1 − k2
⎪
a = Za Zb
⎪
Z

⎪ 0c
⎪
⎪
Zb − k Za Zb
⎪
⎪

⎪
⎪
⎪
1 − k2
⎪
a = Za Zb
⎪
Z

⎨ 0
Zb + k Za Zb

⎪
Za Zb 1 − k2
⎪
b
⎪
Z0c =

⎪
⎪
⎪
Za − k Za Zb
⎪

⎪
⎪
⎪
1 − k2
⎪
b = Za Zb
⎪ Z0

⎩
Za + k

(17)

Za Zb

Fig. 4. Proposed asymmetrical backward coupler based on the interdigital and conventional microstrip coupled transmission lines. (a) Structure layout. (b) Fabricated
coupler.

inverse relationship between mutual capacitance value and spacing between coupled lines. Therefore, it is suitable for realizing high
coupling-level coupled-line couplers with relatively larger spacing
between two lines than conventional coupled-line couplers.
According to (1), selecting one ﬁnger, i.e., N = 1, for the interdigital capacitor, leads to a small Cint which is convenient for increasing
coupling-level with relatively large spacing between two lines.
Moreover, for getting better isolation and impedance matching in
the coupler ports, we use only one interdigital capacitor to realize interdigital transmission line as one of the coupled-lines. Fig. 4
illustrates the layout and fabrication of the proposed asymmetrical coupler that above considerations have been considered in its
design.
For an asymmetric coupled microstrip lines of the type shown
in Fig. 4, the design graphs presented in Figs. 5–7 can be
used to determine the necessary interdigital and microstrip strip
widths and spacing for a given set of characteristic impedances,

a and Z b to be positive, it is necessary
In order the values of Z0c
0c
that:

1
Za
≥
Zb
k2

and

1
Z
≥ b
Za
k2

(18)

where k2 denotes the power coupling coefﬁcient between two coupled lines.
4. Simulated results and discussions
As it was mentioned, for indicated coupling level (k) and ports
impedance (Za , Zb ) in the proposed coupler, the c and  characterisa , Z a , Z b , and Z b , can be determined using
tic impedances, i.e., Z0c
0
0c
0
(17). It is clear from (15) that selecting a small Cint in the introa
duced coupler, increases values of Z  0c and Z  a0 which can lead to
smaller value for Cm . It means that in this situation, the required
spacing between two coupled-lines can be increased in comparison with the conventional microstrip coupled-lines. It is due to the

Fig. 5. Design graph for width of the interdigital transmission line (W1 ) on FR-4
substrate versus c mode characteristic impedance.
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Fig. 6. Design graph for width of the conventional microstrip transmission line (W2 )
on FR-4 substrate versus c mode characteristic impedance.
a , Zb
Zoc
and Zm , on FR-4 substrate with εr = 4.6 and thickness
0c
of 1.6 mm. In Fig. 7, Zm is deﬁned as:

Zm =

b Zb
2Z0c
0
b − Zb
Z0c
0

(19)

By using theses ﬁgures, the physical dimension of the introduced
coupler, i.e., W1 , W2 and S, can be determined using given values of
a , Zb
Zoc
and Zm , where W1 and W2 are widths of the interdigi0c
tal and microstrip lines, respectively, and S is spacing between two
lines. It is clear that for implementation of the coupler on the other
substrates, similar graphs can be developed and used in design
procedure.
The asymmetrical coupled line coupler presented in this study
is a 3 dB coupler at center frequency of 3 GHz which is simulated
on FR-4 substrate with 1.6 mm substrate thickness and a dielectric
constant of 4.6. Impedances of all four ports have been considered
equal to 50˝ Za = Zb = 50˝ . The ﬁnal structure of designed coupler has been presented in Fig. 4(b) with W1 = 0.6 mm, W2 = 1 mm
and the spacing between two coupled lines (S) is 0.2 mm. The
structure coupled-line length (l) is equal to 12 mm, which is approximately g /4 at center frequency of 3 GHz.
In addition to the equivalent circuit model which is used to
simulate the designed coupler, a full-wave electromagnetic simulator (ADS) is also used to examine the structure. Fig. 8 illustrates
the full-wave and equivalent circuit model analysis results of the
proposed asymmetric backward coupler along with its measured
S-parameters. Excellent agreement can be observed between fullwave simulated and experimental results.
From this ﬁgure it is concluded that the equivalent circuit model
is an initial approximation for designed structure and it is not
very accurate at all frequencies. The equivalent circuit model is

Fig. 7. Design graph for two lines separation (S) on FR-4 substrate versus Zm .

Fig. 8. Magnitude of the S-parameters for the proposed coupler obtained by fullwave simulation, equivalent circuit model and measurement results. (a) |S12 |,|S14 |,
(b) |S11 |,|S12 |.

more accurate at frequencies near 3 GHz which is the design center frequency. So, in Fig. 8(b), the equivalent circuit model result
is different from the full-wave and measurement results and this
difference is more at frequencies far from the design frequency
(3 GHz).
The elements of the equivalent circuit model (Fig. 4) are
obtained using Eqs. (15) and (17) and for this example are equal
to L1 = 7.33 nH, C1 = 0.7 pF, Cint = 1.82 pF, L2 = 6.18 nH, C2 = 0.86 pF.
As it was mentioned, a good agreement among full-wave simulation and equivalent circuit model results is obtained and thus the
usefulness of the presented equivalent circuit model is validated.
Using this ﬁgure, performance of the introduced 3 dB edgecoupled coupled-line coupler can be stated as the following: the
power which is coupled to port 3 is approximately −3 dB; or in the
other word, the insertion loss from port 1 to port 2 is 3 dB, the return
loss is less than −14 dB and the isolation is better than −13 dB over
the bandwidth of 66% from 2.2 GHz to 4.2 GHz. Moreover, Fig. 9
shows the phase difference between the ports 2 and 3 of the coupler. As it is seen, this difference is equal to 90 ± 10◦ for a frequency
range from 2.2 GHz to 3.5 GHz.
Recently, coupled-line couplers using CRLH transmission lines
with broad bandwidth and arbitrary coupling-levels (until 0 dB)
have been developed [2,5–8,13]. In CRLH backward couplers, the
coupling-level depends on the difference between the even and
odd modes characteristic impedances and the length of the coupled lines [2]. The proposed coupler in this paper, besides having
advantages compared to the conventional microstrip backward
coupled-line couplers, it has also some advantages in comparison with CRLH backward couplers. In the conventional microstrip
coupled-line couplers, the coupling-level is typically lower than
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theoretically and experimentally. In this structure, an interdigital
capacitor with only one ﬁnger is used as interdigital transmission
line. This interdigital transmission line is coupled with a conventional microstrip transmission line and achieves an asymmetrical
backward coupled-line coupler. The proposed backward-wave coupler with 0.2 mm spacing between two coupled lines exhibits the
amplitude balance of ±2 dB from 2.2 to 4.2 GHz and the phase
balance of 90◦ ± 10◦ from 2.2 to 3.5 GHz. In order to analyze the
introduced coupler simply, an equivalent circuit model has been
presented and validated by full-wave simulation and measured
results. The proposed asymmetrical backward coupler exhibits
obtainable dimension, broader bandwidth and more compact size
in comparison with the conventional and CRLH coupled-line backward couplers.
Fig. 9. Phase difference between the through and the coupled ports for the proposed
coupler of Fig. 4.

10 dB and for higher coupling values, spacing between the two
coupled lines must be very small and it is not usually possible, practically [1]. So for this reason recently, CRLH transmission lines are
extremely used to realize the coupled-line couplers with high coupling levels. But in the most cases, to obtain a high coupling-level
in a CRLH coupled-line coupler, a large length of the coupled-line is
required. Also, because of using shorted stubs in these structures,
the width of this type of couplers is large. For instance, lengths
of CRLH couplers which have been presented in [5–7] are 0.45g ,
0.5g and g , respectively. Whereas, the length of the proposed
coupler in this paper is 0.25g that is more compact than them.
Moreover, the widths of the CRLH couplers proposed in [5,7] are
0.4g and 0.2g , respectively. However, width of the proposed
structure is 0.04g .
In addition to size improvement in the proposed asymmetrical
coupler, its bandwidth is also enhanced. Bandwidths of the couplers
presented in [6,7] are nearly 30% around the center frequency of
3 GHz. According to obtained results which have been illustrated in
Fig. 8, proposed coupler shows broader bandwidth. Moreover, the
introduced coupler in this paper in comparison with the previously
proposed symmetrical coupler [11], which has been realized based
on the interdigital transmission line, exhibits bandwidth enhancement over 10%. Also, because of using the conventional microstrip
line as one of the coupled lines in this structure, its return loss and
isolation are better.
5. Conclusion
A new type of backward coupled-line coupler composed of two
different coupled lines, i.e., interdigital and conventional microstrip
transmission lines, has been proposed, fabricated, and investigated
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