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Three-Coupled-Lines

Hongmei Liu*, Yihan Ma, Siran Zhang, Shaojun Fang, and Zhongbao Wang

Abstract—In the paper, a compact wideband power divider (PD) which consists of a λ/4 unequal width
three-coupled lines, four short-circuited stubs, and an airbridge resistor is presented. By connecting the
four short-circuited stubs to the input and output ports of the PD, two additional transmission poles
are obtained, which results in enhanced bandwidth and improved selectivity. Rigorous design equations
are given according to the even-odd mode analysis, and the design parameters are obtained based on
particle swarm optimization. For validation, a prototype operating at 1GHz is fabricated and tested.
The experimental results indicate that the proposed power divider exhibits a return loss of more than
17.5 dB and an isolation of larger than 18.8 dB isolation in the fractional bandwidth of 91%.

1. INTRODUCTION

Power divider (PD) which splits and combines power signal is widely used in RF and microwave systems.
As a classic structure, Wilkinson power divider (WPD) [1] plays a major role due to its perfect impedance
matching and isolation performance. In recent years, with the increasing transmission rate requirements
of wireless communication systems, the research on wideband WPDs is a hotspot.

For wideband realization, the most common design method is cascading multi-section WPDs [2, 3].
In [2], the design of a WPD based on a cascaded structure to expand the bandwidth is firstly proposed
by Cohn. Although the technique is effective, the size of the WPD is increased rapidly. In [3], by
combining multi-section coupled lines with short-circuited stubs, an ultra-wideband (UWB) bandpass
WPD with 63% fractional bandwidth (FBW) is presented. However, since at least three segments
are cascaded, the size is large. For further bandwidth improvement, techniques such as connecting λ/4
impedance conversion line [4] or open-end parallel coupling line [5] are reported. But the problem of size
reduction is not solved. In order to reduce the size, capacitors are introduced to shorten the electrical
length of transmission line [6]. The total length of λ/4 is achieved with the FBW of 100%. However,
the use of capacitors limits the operation frequency of the PD, and fabrication complexity is increased
by the defected ground structure. Except multi-section cascading, methods of inserting additional
transmission poles can also be used for wideband design, for example, open-circuit stub [7, 8], resonator
[9, 10], and transversal signal-interference sections [11]. However, the influence of the size increase caused
by introducing of above structures cannot be ignored.

Recently, three coupled lines (TCLs) [12–14] which have the features of multiport and wideband
characteristics is preferred in the design of PD. In [12], a wideband PD with tunable power division ratio
is proposed with small size, but the return loss is needed to be improved. Based on the equal-width
TCLs and one short-circuit stub, a UWB PD is designed [13]. Unfortunately, no complete design formula
is given. In [14], by replacing the T-junction in WPD with two TCLs, the FBW of 82.6% is obtained
with a sharp selectivity. However, since equal-width TCL is adopted in [13] and [14], the performance
of matching and isolation is deteriorated. Microstrip-to-slotline transitions based on single-layer [15],
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multi-layers [16], and integrated passive device technology [17] are also the effective methods to realize
wideband PD. But the structure is complex. Despite the above studies, it is still a challenge to design
a compact wideband power divider with good matching and isolation.

In this paper, a wideband PD based on unequal-width TCL is proposed with the advantage of good
matching, isolation and compact size. The detailed analysis process and complete design formula are
given in Section 2. For verifying the design method, a prototype operates at 1GHz was fabricated and
tested in Section 3. Finally, a concise conclusion is expressed in Section 4.

2. THEORETICAL ANALYSIS

The proposed compact wideband PD consists of λ/4 unequal-width TCLs, four short-circuited stubs,
and one airbridge resistor, as shown in Fig. 1. Due to the symmetry of the circuit, when the power
flows into port 1, the energy can be evenly coupled to the two sidelines (A-line) and then outputs at
port 2 and port 3, respectively. Four short-circuited stubs which are connected to the input and output
ports can obtain two additional transmission poles. Thus, the bandwidth of the PD is widened, and
the selectivity of the passband edge is improved. Good isolation is also achieved by the resistor.

Figure 1. Schematic of proposed wideband PD.

(a) (b)

Figure 2. The equivalent circuit of (a) even-mode, (b) odd-mode.

The proposed PD can be analyzed by even-odd mode technique. When the excitation is even-mode,
the voltage of the signals passing through ports 2 and 3 are in phase with the same amplitude. Fig. 2(a)
shows the even-mode equivalent circuit of the proposed PD. According to the theoretical analysis of
TCL in [18], the input impedance and reflection coefficient in Fig. 2(a) can be deduced as:

Zinea = Z1 + Z7 −
2Z2

6
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2Z2
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Γe1 =
Zine1 − Zs

Zine1 + Zs
(2a)

Γe2 =
Zine2 − ZL

Zine2 + ZL
(2b)

where ZS and ZL represent the impedances of port 1 and port 2 (port 3), respectively. In the above
equations, Z1 and Z2 are the self-impedances of A-line and B-line, respectively, Z3, Z4, Z5, and Z6

represent the cross impedance between the adjacent lines (A-line and B-line). Z7 and Z8 denote the
cross impedances between two nonadjacent A-lines [18], as shown in (3).
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Here, the coupling coefficient ratio K is set as 0.5.
When the circuit is in odd-mode excitation, the voltages of equal-amplitude with inverted phases

are loaded at port 2 and port 3, respectively. Fig. 2(b) shows the odd-mode equivalent circuit. The
impedance matrix of the two ports network A in the red dashed box and the input impedance can be
expressed as: 

ZA11 = ZA22 = Z1 +
2Z3Z5Z6 − Z2(Z
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Zino2 = j
(ZA22(R/2 + ZA11)− ZA12ZA21) · Zs2 tan θ2
(ZA22 + jZs2 tan θ2)(R/2 + ZA11)− ZA12ZA21

(4b)

Γo =
Zino2 − ZL

Zino2 + ZL
(5)

Then, the S-parameters of proposed compact wideband PD can be given as:

S11 = S11,e = Γe1 (6a)

S21 = S31 =
S21,e√

2
(6b)

S22 = S33 =
Γe2 + Γo

2
(6c)

S23 = S32 =
Γe2 − Γo

2
(6d)

In order to ensure that the proposed PD has good matching and isolation in the designed wide
bandwidth, the S-parameters in (6) are substituted into the particle swarm optimization (PSO) [19] to
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obtain the optimized results. The objective function F is defined as (7) and is expected to approach
zero as much as possible.
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a
o , Z

b
e , Z

b
o, Zs1, Zs2, R) = g1 + g2 + g3 (7a)
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Here, f0 is the center frequency of PD, and fi represents the sampling frequency which is defined
as fi = f0[1 + (i− 1)/D] (i = 1, . . . , N). f0/D is the sample interval, and N is the number of sampling
points. According to above analysis, the design process of the proposed compact wideband PD can be
summarized into the following steps:

1) Determine the center frequency f0 and FBW. Then appropriate sample interval f0/D and sampling
point number N are selected accordingly.

2) Based on the objective function F , the desired circuit impedance parameters and resistance value
are obtained by PSO.

3) Build a compact microstrip circuit model of proposed PD, then full-wave simulation of the model
is carried out in EM simulation tool, and the optimization parameters are slightly adjusted at the
same time.

4) Fabricate and measure a prototype to prove the feasibility of the design program.

3. DESIGN AND IMPLEMENTATION

To verify the proposed structure and design method, a PD operating at 1GHz with 20 dB return loss
(RL) and isolation (IO) in 100% FBW is designed. According to the design goals, the values of D and
N are set as 20 and 11, and the frequency range is defined as 0.5 ∼ 1.5GHz. Here, θ = θ1 = θ2 = π/2.
After optimization using PSO, the impedance parameters are Za

e = 107Ω, Za
o = 30.2Ω, Zb

e = 127.4Ω,
Zb
o = 50.6Ω, Zs1 = 145.3Ω and Zs2 = 136.6Ω, and R = 122.5Ω. Fig. 3 shows the corresponding

theoretical calculated S-parameters. It can be seen that within 100% FBW, the RL and IO are greater
than 20 dB which meets the design index.

Figure 3. Theoretical calculation S-parameters of the proposed wideband PD.
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(a) (b)

Figure 4. (a) Layout and (b) photograph of the fabricated wideband PD.

Further, using the dielectric substrate made of FR-4 (εr = 4.4, tan δ = 0.02, h = 1.524mm), the
circuit model is established in the HFSS (commercial EM analysis tool) for simulation and appropriate
adjustment. Fig. 4 shows the layout and photograph of the fabricated wideband PD with an overall
size of 30mm × 60mm. The size regardless of the input/output feed lines is 0.13λg × 0.27λg. The
corresponding physical dimensions are W0 = 3mm, W1 = 1.6mm, W2 = 0.7mm, Ws1 = 0.2mm,
Ws2 = 0.26mm, L1 = 43.3mm, Ls1 = 44mm, Ls2 = 44mm, S = 0.2mm, Wa = 0.6mm, Wb = 1.2mm.
The value of airbridge resistor R is 120Ω. And it is connected on the two A-lines of the TCLs.

Figure 5 shows the simulated and measured S-parameters of the fabricated prototype. It is observed
that in the simulated FBW of 100%, the input and output RLs are more than 18.4 dB and 20.5 dB,
respectively. And the IO is larger than 21.7 dB with an insertion loss (IL) of less than 0.4 dB. Good
frequency selectivity at 2f0 is also obtained. Measurement results are in good agreement with simulation.
In the range of 0.53 to 1.44GHz (FBW = 91%), the measured input RL is better than 17.5 dB with
less than 1.3 dB IL. While the in-band IO and output RLs are both greater than 18.8 dB. Fig. 6 shows
the measured phase and magnitude imbalance between ports 2 and 3. The measured magnitude and
phase differential are ±0.3 dB and ±0.4◦, respectively. Taking the simulated results as a reference, the
measured S-parameters are shifted to lower frequency which may be caused by the dielectric constant
deflection and manufacturing deviation. Table 1 shows the comparison between the proposed wideband
PD and the representative works in recent years. It can be intuitively found that the design structure in
this paper has some advantages of wide bandwidth, better matching, good isolation, and smaller size.

(a) (b)

Figure 5. Simulated and measured S-parameters. (a) |S11|, |S21| & |S31|. (b) |S22|, |S33| & |S23|.
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Figure 6. Measured phase and magnitude imbalance.

Table 1. Performance comparison between proposed and published wideband PD.

Ref.
Input

RL (dB)

Output

RL (dB)

IL

(dB)
FBW IO. NLE. Technology

Size

(λg × λg)

[3] 21.1 19.2 – 63% 18.5 3 Microstrip 0.18× 0.56

[4] 10 10 0.3 100% 15 3 Microstrip 0.11× 0.67∗

[6] 20 20 0.47 101% 20 9
Microstrip

with DGS
–× 0.25

[8] 15 13∗ – 70% 16.7 1 Microstrip 0.29× 0.4

[9] 10 10 0.7 78% 17.5 1 Microstrip 0.31× 0.74

[11] 15 15 – 90% 17 3 Microstrip 0.5× 0.8

[14] 12 12 0.8 82.6% 23 1 Microstrip 0.05× 0.32

[15] 11 11.5 2 110% 13 1
Microstrip

to slotline
0.86× 1.08∗

[16] 10 10 2 UBW 10 1

Multilayer

Microstrip

to slotline

–

This work 17.5 18.8 1.3 91% 18.8 1 Microstrip 0.13× 0.27
Iso.: Isolation. NLE.: Number of lumped elements. DGS: Defected ground structure.

UBW: Ultra-wideband. *: Means the data not been given but can be obtained indirectly.

4. CONCLUSION

A PD with the features of wideband and compact size is proposed in the paper. By combing unequal-
width TCLs with four short-circuited stubs and one resistor, wideband operation with good impedance
matching and isolation is achieved. The measurement results show that an FBW of 91% is realized
with 17.5 dB RL and 18.8 dB IO, which is suitable for modern wireless communication systems.
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