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ABSTRACT Based on stub loaded meandrous coupled lines, a novel microstrip coupler is designed,
fabricated and measured for wireless applications. It is very compact with high performance. The size of
this coupler is only 0.0028 λg2, where it operates at 875 MHz. The values of S11, S21, S31 at the operating
frequency are −24.97 dB, −3.058 dB and −3.033 dB respectively. Therefore, the insertion losses are very
low and the magnitudes of S21 and S31 are well balanced. The phase imbalance at the operating frequency
is 0.5◦. From 790 MHz up to 1.18 GHz, S11 is better than −10 dB, the maximum phase imbalance is lower
than 4.5◦ and the maximum magnitude imbalance is lower that ±0.5 dB. Therefore, it has 40% fractional
bandwidth (FBW) that covers 0.79 GHz to 1.18 GHz. Its in-band isolation factor is better than −25 dB. The
important advantages of this coupler compared to most of the previous designs is having a filtering frequency
response and having flat passbands with a maximum group delay of 1 ns.

INDEX TERMS Wireless networks, microstrip, ultra-compact, coupler, suppressed harmonics, fractional
bandwidth.

I. INTRODUCTION
Microstrip couplers specially filtering couplers are widely
demanded by current wireless communication systems [1],
[2], [3], [4], [5]. However, in most previous microstrip cou-
plers the designers did not consider the filtering frequency
response [6], [7], [8]. Some couplers that have filtering fre-
quency response are not able to suppress any harmonics [9].
Having low losses, high isolation factor, balanced magnitude
and phase are the other advantages of a well-designed cou-
pler. Also, having low group delay in microstrip couplers
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is crucial for maintaining signal integrity and minimizing
distortion in high-frequency communication systems. Three
microstrip couplers with high losses, unsuppressed harmon-
ics and unbalanced magnitudes and phases are introduced in
[10], [11], and [12], while they have large implementation
areas. A combination of microstrip and lumped elements is
used to obtain a coupler with a phase imbalance less than 5◦

in [13]. However, using lumped element in addition to convert
planar microstrip structure into three-dimensional lead to
a complex fabrication process. An important parameter in
performance evaluation of couplers is group delay, which is
a measure of device phase distortion. In [14], a slot-coupling
microstrip directional coupler is proposed by optimizing the
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FIGURE 1. Basic semi-layout three-port structure.

generalized coupling slot on the printed circuit board (PCB).
Some meandrous microstrip stubs are loaded inside a ring
to obtain a branch line coupler with a filtering frequency
response in [15]. However, it does not have a good frequency
selectivity after its passband. In [16], a large size branch line
coupler is designed using double-layered microstrip line.

In this study, a novel four-port structure will be proposed
to solve the problems of the previous works in terms of
large sizes, high losses, unbalanced magnitude and phase,
harmonics, and high group delays. This coupler is well minia-
turized with an ultra-compact size of 0.0028 λg2, a fractional
bandwidth (FBW) of 40% and a maximum group delay of
1 ns. The design process is started by introducing a basic
semi-layout three-port structure. Then, it is analyzed mathe-
matically to tune the operating frequency and miniaturization
simultaneously. This basic structure includes two integrated
bandpass filters (BPF). After that, the isolation port is coupled
to the basic structure using a simple structure. The final
dimensions of the proposed coupler are obtained using an
optimization method. But the imprecise dimensions can be
recognized by the presentedmathematical and scientific anal-
ysis of the basic structure behavior. The size and performance
of this coupler will be compared with the previous works to
confirm its advantages. It will be shown that the measurement
results of our fabricated coupler are in good agreement with
the simulation results.

II. DESIGN AND ANALYSIS
To obtain a balanced 0◦ coupler, first we will design a three
port bandpass structure. Then, the isolation port will be cou-
pled to this structure. Fig. 1 shows the basic semi-layout
three-port structure including common port (Input), direct
and coupling ports (Outputs). In this structure, three thin
transmission lines are coupled. The middle line is connected
to the common port and the two other lines are loaded by
shunt stubs.

The approximated LC circuits of the basic three-port struc-
ture and basic bandpass resonator are presented in Fig. 2(a)
and Fig. 2(b) respectively. The proposed LC basic band-
pass resonator shown in Fig. 2(b) is obtained based on the
approximated LC circuits of the basic three-port structure,
where we open Output 2. Hence, this open-end is replaced
by a capacitor of CO. The approximated equivalent of three

FIGURE 2. Approximated LC circuits of the basic (a) three-port structure,
(b) bandpass resonator.

coupled lines are depicted by the inductors and capacitors L1
and C . The capacitor C is related to the coupling effect. The
equivalent of a thin line with the physical length l1 is L1. In the
more exact model, the number of coupling capacitors will
be increased and the physical length 2l1 will be divided to
smaller lines. The open end of middle line is replaced by the
capacitor CO. The transmission line with the physical length
l2 is shown by an inductor of L2.
In the approximated LC circuits, Z1 and Z2 are the

impedances of the shunt stubs 1 and 2, respectively. The
transfer matrix of the proposed basic bandpass resonator
(presented in Fig. 2(b)) will be calculated as follows:

MT1 =

[
A1 B1
C1 D1

]
=

[
1 jω(L1 + L2)
0 1

]
×

 1 0
1
Z3

1


×

 1
1
jωC

0 1

 ×

 1 0
1

jωL1 + Z1
1

 ×

[
1 jωL1
0

]
(1)

ω is an angular frequency and Z3 is:

Z3 =

[
(jωL1+ 1

jωCO
)(jωL1+Z2)

jωL1+ 1
jωCO

+jωL1+Z2)
+

1
jωC ][jωL1 +

1
jωCO

]

(jωL1+ 1
jωCO

)(jωL1+Z2)

jωL1+ 1
jωCO

+jωL1+Z2
+

1
jωC + jωL1 +

1
jωCO

(2)
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The coupling capacitors usually have very small values in
fF or pF. Also, the open end capacitor is small. Our target
operating frequency is 0.850 GHz and the inductors are in
nH. Hence, the following approximations can be used:

jωL1 +
1

jωCO
≈

1
jωCO

(3)

(jωL1 +
1

jωCO
)(jωL1 + Z2)

jωL1 +
1

jωCO
+ jωL1 + Z2

+
1
jωC

≈

( 1
jωCO

)(jωL1 + Z2)
1

jωCO

+
1
jωC

≈ jωL1 + Z2 +
1
jωC

≈
1
jωC

(4)

(jωL1 +
1

jωCO
)(jωL1 + Z2)

jωL1 +
1

jωCO
+ jωL1 + Z2

+
1
jωC

+ jωL1 +
1

jωCO

≈
1
jωC

+
1

jωCO
(5)

By substituting Equations (3), (4) and (5) in (2):

Z3 ≈

1
jωC ×

1
jωCO

1
jωC +

1
jωCO

=
1

jω(CO + C)
(6)

By substituting Equation (6) in (1), the parameters of transfer
matrixMT1 can be extracted as follows:

A1 = 1 +

1
jωC − ω2(CO + C)(L1 + L2)

jωL1 + Z1
(7)

B1 = jωL1 + [
1
jωC

− ω2(CO + C)(L1 + L2)]

× [1 +
jωL1

jωL1 + Z1
] (8)

C1 = jω(CO + C) +
2 +

CO
C

jωL1 + Z1
(9)

D1 = −ω2L1(CO + C) + [2 +
CO
C

] × [1 +
jωL1

jωL1 + Z1
]

(10)

Based on the values of inductors, capacitors and angular fre-
quency we can use the following approximation to simplify
the parameters ofMT1:

1
jωC

− ω2(CO + C)(L1 + L2) ≈
1
jωC

(11)

Therefore:

A1 ≈ 1 +
1

jωC(jωL1 + Z1)
≈

1
jωC(jωL1 + Z1)

(12)

B1 ≈ jωL1 + [
1
jωC

] × [1 +
jωL1

jωL1 + Z1
]

≈ [
1
jωC

] × [1 +
jωL1

jωL1 + Z1
] (13)

C1 ≈
2 +

CO
C

jωL1 + Z1
(14)

FIGURE 3. BPF1 with its frequency response.

D1 ≈ [2 +
CO
C

] × [1 +
jωL1

jωL1 + Z1
] (15)

The transfer function of the basic bandpass resonator is
derived fromMT1 as follows:

H1(jω) =
1
A1

for B1 = 0 (16)

Using Equations (12), (13) and (16) we can write that:

H1(jω) = jωC(jωL1 + Z1)

and

1 +
jωL1

jωL1 + Z1
= 0 → Z1 = −2jωL1 (17)

According to (17), we can obtain H1(jω) by substituting Z1
in H1(jω) as follows:

H1(jω) = ω2CL1 (18)

The operating angular frequency ωo will be calculated by
setting H1(jω) equal to one:

H1(jωo) = 1 → ωo ≈
1

√
CL1

(19)
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FIGURE 4. BPF2 with its frequency response.

Equation (19) demonstrates the ability to tune the coupling
capacitor and L1 for a pre-determined operating frequency.
Also, by increasing L1, the operating frequency moves to
the left. Therefore, increasing the physical length 2l1 cannot
increase the overall size in λg2 significantly. This shows
that the freedom to adjust this physical length is afforded,
thereby enabling subsequent adjustment of the operating fre-
quency. To achieve an operating frequency in GHz based
on Equation (19), the value of L1 must be in the nH range
when the coupling capacitor is in pF. For example, for a
predetermined angular frequency equal to 2π × 0.85 GHz
and C = 1 pF from Equation (19) L1 will be 35 nH.If we set
C = 5 pF then for ωo = 2π × 0.85 GHz we have to set L1 =

7 nH.Reducing the space between the coupled lines serves to
increase the coupling capacitance. A miniaturized resonator
can be achieved under this condition by employing a lower
L1 value. This reduction in L1 leads to a shorter physical
length, 2l1.

III. THE PROPOSED COUPLER
Based on the analyzed resonator, two bandpass filters (BPFs)
have been designed. These filters are named as BPF1and

FIGURE 5. Layout configuration of the designed coupler.

BPF2. Fig. 3 depicts the BPF1 and its frequency response.
As mentioned before, the space between coupled lines is
decreased as much as possible to increase the coupling capac-
itors. The meandering coupled lines are chosen to occupy
a small area. The input/output ports are 50 � on a Rogers
RT/Duroid 5880 substrate (loss tangent = 0.0009, thick-
ness = 0.7874 mm and εr = 2.22). This substrate is utilized
for the proposed BPFs and coupler. All simulated data in this
work are extracted from ADS software using EM simulator.
The simulation results show that BPF1 works at 0.95 GHz
with a low insertion loss of 0.1 dB. Fig. 4 illustrates BPF2,
which is similar to BPF1. However, the outputs locations are
different for both filters. It can be seen that both filters have
similar frequency responses. The BPF2 works at 0.95 GHz
similar to BPF1. It has 0.2 dB insertion loss at its operating
frequency.

It can be seen that the frequency responses of the proposed
filters are very similar. This is what is needed to create a
zero-degree coupler. Using the proposed BPFs, a microstrip
coupler is designed as presented in Fig. 5. The dimensions
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FIGURE 6. S21 and S31 as the functions of (a) la, (b) lb, (c) lc, (d) S41 as a function of S and (e) S11 as a function of la.

of the proposed BPFs in this coupler structure has not been
changed. Hence, all dimensions are in mm, the widths of all
thin lines are 0.1 mm and the spaces between coupled lines
are 0.1 mm. However, the isolation port (Port 4) is coupled to
the common port (Port 1), with a space of 0.4 mm between
the thinner and wider coupled lines. All tapped line feeding
structures have 50 � impedances. The overall size of the
proposed coupler including I/O ports is 17.3 mm × 15.1 mm
(0.06 λg × 0.055 λg). Without I/O ports, the coupler size is
0.0028 λg2.

The final structure of this coupler is optimized. The scat-
tering parameters as some functions of the effective physical
dimensions are depicted in Fig. 6(a)-Fig. 6(e).While the other
dimensions are constant, the physical length la is changed.
The effect of this change on the frequency response is shown
in Fig. 6(a). By increasing la, the frequency selectivity of S31
can be increased. However, increasing this length improves
the selectivity. Too much reduction of this physical length
will shift the operating frequency to the right. Therefore, the
normalized size will be increased. As illustrated in Fig. 6(b)
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FIGURE 7. S-Parameters of the proposed coupler.

and Fig. 6(c), setting lb = 8 mm and lc = 1.8 mm improves
the magnitude balance. Changing S directly affects S41. This
is shown in Fig. 6(d). Fig. 6(e) shows that the best value of
S11 will be obtained for la = 13.1 mm.

IV. RESULTS AND DISCUSSION
The measured and simulated scattering parameters are
demonstrated in Fig. 7, where the measured results are
extracted from an HP8757A network analyzer. The simulated
and measured balanced magnitude and filtering response can
be seen in Fig. 7. However, the simulated losses are a little
better than the measured one which is due to copper and
SMA losses. As can be seen, it operates at fo = 0.875 GHz.
At the operating frequency, the values of S11, S21 and S31
are −24.97 dB, −3.058 dB and −3.033 dB respectively.
Therefore, themagnitude is balanced well. The harmonics are
suppressed up to 3.86 GHz (4.4fo) with a maximum level of
−16.1 dB. From 0.79 GHz up to 1.18 GHz, the common port
return loss is better than −10 dB. Therefore, the fractional
bandwidth (FBW) is 40.3%. As shown in Fig. 7, the in-
band isolation factor is better than −25 dB. Fig. 8 presents
a photograph of our fabricated coupler.

The phase difference of S21 and S31 is shown in Fig. 9,
where the maximum phase unbalance in the bandwidth is
better 4.5◦. Meanwhile, at the operating frequency the phase
of S21 and S31 are 64.5◦ and 64◦. Therefore, the phase
unbalance at the operating frequency is 0.5◦. The magnitude
difference of S21 and S31 is shown in Fig. 10, where the
maximum magnitude unbalance at the bandwidth is better
than ±0.5 dB. Meanwhile, at the operating frequency the
magnitude unbalance is only ±0.025 dB.

The proposed coupler has been compared with the pre-
vious microstrip couplers in Table 1. It can be seen that
the most compact size, the best harmonic suppression, the
most balanced phases and the lowest magnitude imbalance
are obtained in this work. Also, the insertion losses are very
low in comparison with the previous couplers. As shown in

FIGURE 8. Fabricated coupler.

FIGURE 9. Phase difference of S21 and S31.

FIGURE 10. Magnitude difference of S21 and S31.

Table 1, the designed coupler in [6] has a larger FBW than
the proposed one. However, the proposed coupler is smaller
and its losses are lower than the presented coupler in [6].
Moreover, the proposed coupler has lower phase shift.
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TABLE 1. Performance and size comparison (*: These values are not at
operating frequency; PI: Phase Imbalance; MI: Magnitude Imbalance; FR:
Filtering Response and SH: Suppressed Harmonic).

TABLE 2. Group delay of comparison.

FIGURE 11. Group delays of S21 and S31.

The group delay is a significant parameter in the perfor-
mance evaluation [17], [18]. Hence, the group delays of S21
and S31 inside the bandwidth are shown in Fig. 11. The
maximum group delay of S21 is 1.061 ns at 777.5 MHz. Also,
the maximum group delay of S31 is 1.062 ns at 1.198 GHz.
Unfortunately, while this group delay has been investigated,

most previous couplers have ignored to highlight this param-
eter into their account. Therefore, for comparison, the group
delay of this proposed coupler has been compared with the
group delay of the other passive microstrip devices in Table 2.
It is observed that the group delay of the proposed microstrip
coupler has a decent value compared to the others.

V. CONCLUSION
A novel microstrip coupler structure based on stub loaded
meandrous coupled lines is proposed for modern wireless
applications. For obtaining this coupler, first a basic three-
port structure consisting of two bandpass filters is proposed
and mathematically analyzed to obtain a balanced 0◦ cou-
pler. The coupler is an ultra-compact device with 0.0028 λg2

(204.24 mm2). It has very low insertion losses and two
well balanced magnitudes, where at the operating frequency
S21 and S31 are −3.058 dB and −3.033 dB respectively.
Another important advantage of this coupler was its filtering
response, where it could suppress 1st, 2nd and 3rd harmonics.
Meanwhile, it had low group delay, wide bandwidth and flat
passbands. The special importance of this coupler is due to
having all these advantages at the same time. Meanwhile,
the majority of previous works could obtain an advantage by
victimizing some of the other factors.
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