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Abstract: This article presents the design scheme of a wideband Wilkinson Power Divider (WPD)
with two-stage architecture utilizing quarter-wave transmission lines and short-circuit stubs. The
bandwidth of the proposed WPD is flexible and can be controlled using the design parameters.
The proposed design achieves excellent isolation between output ports in addition good in-band
performance. The analysis of the proposed circuit results in a simplified transfer function which is
then equated with a standard band-pass transfer function to determine the parameters of transmission
lines, stub’s impedances, and the value of the isolation resistors. Furthermore, it is also demonstrated
that a simple alteration in the proposed circuit enables the design of a wideband DC isolated WPD
that maintains a good in-band and isolation performance. A number of case studies have been
included to highlight the flexibility of the proposed design. Two distinct prototypes are developed
on different boards to demonstrate the wideband performance of the proposed design. An excellent
agreement between the experimental and measured results for both the designs over a wide band
including very good isolation between ports validate the proposed design.

Keywords: wideband; wilkinson power divider; band-pass filter; DC isolation

1. Introduction

The advancements in communication protocols and standards have led to a number of
innovations in both active and passive circuits, components and devices [1–4]. Within the
passive components regime, there have been a plethora of design reports on advanced
configurations for power divider, impedance transformer, directional coupler etc. In the
context of power dividers, the T-junction configuration can be considered the most funda-
mental but it is constrained by poor isolation between the output ports. The isolation issues
are readily addressed by Wilkinson Power Divider (WPD) [5]. The WPD achieves good
matching at the ports and exhibits excellent isolation between the output ports. However,
the WPD in its original form makes use of quarter-wavelength transmission line that limits
the intrinsic bandwidth at a single frequency. Nonetheless, there have been extensive
advancements in the WPD design techniques to meet the requirements of multi-standard
communication systems. A majority of the research focus in the last decade has largely
been on multi-band [6–22] and broadband WPDs [23–58].

A survey of the literature related to recent reports on WPD design reveals that the
emphasis has been on enhancing the number of bands and isolation bandwidth [6–22].
There are number of techniques to increase the number of bands in the operating frequency
range. Originally, the dual-band WPDs [6–18] evolved, later followed by tri-/quad-band
WPDs [19–22]. However, the increase in the number of bands lead to increased circuit
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size along with circuit complexity. The dual-band WPDs in the literature include WPD
without reactive elements namely by attaching two central transmission line stubs in the
conventional structure [6], unequal WPD operating at arbitrary dual-frequencies [7], WPD
with composite left-/right-handed transmission lines [8], WPD with high power division
operating at two bands by cascading dual-band T-section structures [9], with reactive ele-
ments including two-transmission lines and reactive lumped elements [10], WPD without
stubs and additional lumped elements [11], WPD with common inductor with complex
load [12], coupled-line based WPD and including four lumped elements [13], multi-band
WPD utilizing multi-section LC-ladder circuits [14], with extended frequency ratios in-
cluding two-section two resistor WPD with design able frequency ratio from 1 to ∞ [15],
coupled lines and open stubs based to provide compensation [16], an enhanced frequency
ratio coupled-line dual-band WPD with different ratios [17], theory of different frequency
ratio is presented by selecting different physical lengths ratio [18] and many more. Few
tri-band WPDs includes, WPD operating at three bands with open-short circuit stubs at
the input and output port [19], WPD operating at three frequencies utilizing λ/4 open
stubs with less frequency bandwidth in the operating bands [20], tri-band WPD utiliz-
ing coupled-lines [21], and quad-band WPD using generalized negative-refractive-index
transmission-line unit cells [22] etc.

Another solution lies in developing WPD design schemes for wideband operations.
There are number of techniques to design wideband WPD by integrating dual-operation of
filtering and frequency selectivity at single/multi-band simultaneously [23–31]. The dif-
ferent methods to design filtering WPDs include replacing the quarter-wave transmission
line with the bandpass filter [23,24], merging the filtering and divider circuits to obtain the
desired operation [25], etc. The few examples for designing these WPDs include the use
of resonators such as spiral resonators to realize compact size and bandpass filtering re-
sponse [26], filtering WPD based on four quarter-wave resonators to improve out-of-band
rejection [27], replacing quarter-wave transmission line with multi-mode resonators capa-
ble of splitting the power and selecting the frequency simultaneously [28], filtering power
divider with five resonators to enhance the second harmonic suppression [29], combination
of WPD and Gysel PD to enhance out-of-band rejection [30], dual- wideband with filtering
characteristics [31] and many more. These techniques provide dual-operation but suffers
the disadvantage of narrow passband at the centre frequency, hence restricted their usage
in ultra-wideband applications.

Hence, another technique was proposed to increase the passband of WPDs to pro-
vide power splitting at a wider range of operation [32–58]. These approaches essentially
entail the increment of the operating bandwidth along with enhanced isolation between
the output ports. One such technique to extend the operating bandwidth is multi-layer
microstrip-to-slot-line transition [23–38]. These techniques include design of WPD with
multilayer slotline with isolation resistor present between two layers [32], multilayer
balanced-to-unbalanced PD with three metallic layers and two substrate layers [33], WPD
based on slotline resonators with two layer substrate [34], WPD using stepped impedance
three-line coupled structure [35], out-of-phase PDs using tightly coupled lines and slot-
line transitions [36], out-of-phase WPD based on slotline [37], out-of-phase PD based on
double-sided parallel strip-lines [38], etc. However, these circuits are not practical for
applications that require heat sinks because of two-layer substrate such as power amplifier.
Other broadband WPD design techniques are built around multi-mode resonators [39–41],
parallel-coupled lines [42–44] or quasi-coupled line based design [45], three-line cou-
pled lines [46–50], multi-section WPDs [51], stepped impedance lines with open-circuited
stubs [52,53], DC isolated wideband WPD with coupled lines at the input and output port
with WPD core [54]. Although many of these techniques provide proper port matching
and isolation between output ports, they include complicated design procedure and lack of
appropriate analysis for the design of isolation network. Furthermore, the use of reactive
lumped components in the isolation network restricts the usefulness of reported wideband
WPDs in many emerging applications [55–58]. Another important design aspect along with
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wideband operation is the DC blocking capability which is extremely useful for balanced
and Doherty power amplifiers etc. The WPD with DC-blocking capability either utilizes
resonators, coupling structures, stepped-impedances, etc. Here, a two-stage quarter-wave
transmission line WPD including DC blocking capability is proposed. The prominent
characteristics of the proposed WPD are listed below:

1. Simple and generalized mathematical analysis.
2. Fully Resistive isolation network.
3. Closed-form equations for determining the value of isolation resistor without involv-

ing optimization.
4. Flexible transmission bandwidth.
5. Good isolation between two ports along with excellent port matching.
6. Ready scalability for DC blocking application.

Several case studies are also included to show the versatility of the proposed technique.
Two prototypes are developed using the proposed approach which provides a very good
agreement between the simulated and measured results.

This paper begins with Section 2 discussing and analyzing the WPD in detail followed
by Section 3 including case studies and results. Section 4 describes a WPD with DC isolation
capability and its mathematical derivations. The fabrication and measurement results are
also discussed, followed by Section 5, which concludes the paper.

2. Analysis of Proposed Power Divider

Figure 1 is a depiction of the proposed wideband WPD. It consists of two transmission
lines, short-circuit stubs, and two isolation resistors. The main advantage of using short-
circuit stubs is, simple structure with excellent ultra-wideband performance and reduced
complexity in circuit fabrication. Apparently, it is a symmetrical network and hence can be
split in two halves along the line of symmetry. As a consequence, the proposed WPD can
be analyzed using the standard odd- and even-mode techniques. The overall S-parameters
can then be obtained from the respective even- and odd-mode S-parameters considering
that they are related as S11 = S11e, S22 = S33 = (S22e + S22o)/2 and S23 = (S22e − S22o)/2,
where, S11e, S22e and S22o are parameters of even and odd-mode circuits, respectively, [59].
Here, subscript “o” and “e” refer to the odd- and even-mode parameters, respectively.

Figure 1. Schematic of the proposed wideband WPD.

2.1. Even-Mode Analysis

Figure 2 represents the even-mode half circuit of the proposed wideband WPD. It
is well known that a two-port asymmetrical network with load ZL (here ZS) and source
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ZS (here 2ZS) is characterized in terms of ABCD parameters and its associated scattering
matrix in (1a) and (1b).

S11 =
AZL + B− CZSZL − DZS
AZL + B + CZSZL + DZS

(1a)

S21 =
2
√

ZSZL
AZL + B + CZSZL + DZS

(1b)

Figure 2. Even-Mode Half-Circuit.

The overall ABCD matrix of the even-mode circuit shown in Figure 2 can be calculated
by multiplying the individual ABCD parameters of the transmission lines and the stubs.
Here AA, BA, CA, DA and AB, BB, CB, DB are the elements of the ABCD matrices of lines ZA
and ZB, respectively, while AS1, BS1, CS1, DS1 and AS2, BS2, CS2, DS2 are that of the short
circuit stubs as expressed in (2a) and (2b), respectively. This can be simplified to deduce
the ABCD parameters, using (3) and (4), for the even-mode circuit.[

Aa Ba
Ca Da

]
=

[
cos θ jZa sin θ

j sin θ/Za cos θ

]
(2a)

where a = A, B [
ASx BSx
CSx DSx

]
=

[
1 0

−j cos θ/ZSx 1

]
(2b)

where x = 1, 2[
Acas Bcas
Ccas Dcas

]
=

[
AS1 BS1
CS1 DS1

][
AA BA
CA DA

]
×

[
AB BB
CB DB

][
AS2 BS2
CS2 DS2

]
(3)

Acas = cos2 θ +
ZA cos2 θ sin θ

ZS2
+

ZB cos2 θ sin θ

ZS2
− ZA sin2 θ

ZB
(4a)

Bcas = jZA cos θ sin θ + jZB cos θ sin θ (4b)

Ccas = j
sin θ cos θ

ZA
− j

cos3 θ

ZS1
− j

cos3 θ

ZS2
− j

ZA sin θ cos3 θ

ZS1ZS2
+

j
ZB sin2 θ cos θ

ZAZS1
− j

ZB cos3 θ sin θ

ZS1ZS2
+

j
sin θcosθ

ZB
+ j

ZA cos θ sin2 θ

ZS1ZB
(4c)

Dcas = cos2 θ +
ZA cos2 θ sin θ

ZS1
− ZB sin2 θ cos θ

ZA
+

ZB cos2 θ sin θ

ZS1
(4d)
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where Acas, Bcas, Ccas, Dcas are the elements of the overall cascaded ABCD matrix. The fil-
tering characteristics of the circuit can be obtained by amplitude squared transfer function,
S21 given in (5). Here, impedance transformation ratio is p = ZL/ZS with p ≤ 1 (with, load
impedance ZS and source impedance 2ZS). From (1a) and (1b), FWPD is given by (6). Based
on (4) and (6), the FWPD can be calculated in terms of design parameters expressed in (7)
and simplified in (8). The transfer characteristics of the proposed network is plotted as
function of electrical length in Figure 3 with different values of impedances within the
fabricable range of 20–150 Ω. The transfer characteristic as a function of S21 and electrical
length θ is plotted to illustrate its filtering response which can be compared to other filters.

|SWPD
21 |2 =

1
1 + |FWPD|2

(5)

where FWPD = S11/S21

FWPD =
Acas + Bcas − pCcas − pDcas

2
√

p
(6)

Fnetwork = (A2cos2θ + A1 + B1cosθ − pC3cos3θ − pC1cosθ − kD2cos2θ − kD1)/2
√

p (7)

Fnetwork = (−pC3cos3θ + (A2 − pD2)cos2θ + (B1 − pC1)cosθ + (A1 − pD1)/2
√

p (8)

From Figure 3, it can be noted that the characteristics is similar to a band pass filter
and hence it can be compared with any theoretical band pass filter namely Chebyshev or
Butterworth filter to determine the characteristic impedances of transmission lines and
stubs. The Chebyshev bandpass filter transfer function is chosen here due to its fast roll-
off speed compared to other filter functions. The impedances of transmission line and
stubs are determined by comparing the transfer function of the proposed network with
the theoretical Chebyshev transfer function FCH , where ε is the equal ripple factor, given
in (9). Here, the transfer function FCH is represented by (10) [60] where Tn+1 is Chebyshev
polynomial of degree n, x = cosθ, xc = cosθc. The term θc is defined as the electrical length
at lower cut-off frequency [60]. For n = 2, Chebyshev polynomial Tn+1 are T3 = 4x3 − 3x
and T1 = x. Representing (10) in terms of x, xc, T3 and T1, the expression in (10) results
in (11).

|S21(CH)|2 =
1

1 + ε2|FCH |2
(9)

FCH =
(1 +

√
1− x2

c )Tn+1(
x
xc
)− (1−

√
1− x2

c )Tn−1(
x
xc
)

2
√

1− x2
(10)

FCH =

4(1+sin2 θc) cos3 θ
cos3 θc

− (4−2 sin θc) cos θ
cos θc

2 sin θ
(11)
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Figure 3. Transfer characteristics of the proposed network.

The transmission characteristics S21 of the Chebyshev function in (11) is plotted
as function of θ and θc in Figure 4. It is noted that at θ = 90◦, the filter has band-pass
characteristics with a change in bandwidth for different values of θc.

Figure 4. Transfer characteristics of Chebyshev Bandpass Filter.

To calculate the design parameters of the network, |SWPD
21 |2 = |S21(CH)|2 should be

maintained and this essentially entails that |FWPD| = ε |FCH |. The resultant design equations
are presented in (12) below.

pC3

2
√

p
= ε

4(1 + sin2 θc)

2 sin θ cos3 θc
(12a)

A2 − pD2 = 0 (12b)

B1 − pC1

2
√

p
= ε

4− 2 sin θc

2 sin θ cos θc
(12c)

A1 − pD1 = 0 (12d)

Here, the electrical length θ of each element is 90◦. The value of ZA, ZB, ZS1 and ZS2
can be calculated from (12) using MATLAB, for different values of transformation ratio p,
ripple factor ε and θc.
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The values of the isolation resistors are also a critical design parameter. These are
obtained in the next section from the odd-mode half-circuit analysis.

2.2. Odd-Mode Analysis

The odd-mode circuit half-circuit is depicted in Figure 5. It facilitates the conditions
for calculating the values of resistors R1 and R2. It is evident that the electrical length
of transmission line and stubs are 90◦, hence the impedance at node X remains at short-
circuit resulting in the modified odd-mode circuit shown in Figure 6. For maintaining
the conditions of perfect matching, the odd-mode half-circuit impedance Zout should be
perfectly matched with output port impedance ZS. It should be noted that the line with the
characteristics, impedance ZB is a quarter-wave transmission line with load R1/2. Here,
ZZ is the impedance at node Z. Solving (13b), the relation between resistors R1 and R2 is
obtained and provided in (14). The impedance parameters and isolation resistor values for
wideband WPD with different θc is tabulated in Table 1.

ZZ =
(ZB)

2

R1/2
(13a)

Zout = ZZ ‖ R2/2 = ZS (13b)

R1 =
1

ZS
(2Z2

B −
(4ZSZ2

B)

R2
) (14)

Figure 5. Odd-Mode Half-Circuit.

Figure 6. Transformed Odd-Mode Half-Circuit.

For different values of ZB, (14) results in distinct sets of isolation resistor combinations.
Figure 7 represents the variation of resistors for different values of ZB (for different values
of θc) listed in Table 1.
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Figure 7. Relation between isolation resistor values.

Table 1. Design Parameters of Wideband WPD.

Parameters Cases
θc 55◦ 60◦ 65◦

ZA(Ω) 115 127 120
ZB (Ω) 81 90 94
ZS1 (Ω) 110 55 35
ZS2(Ω) 40 31 24
R1 (Ω) 131 94 162
R2 (Ω) 200 150 200

2.3. Design Steps

The procedure for designing wideband power divider can be compiled below as:

• Choose the center frequency fc.
• Divide the network designed using transmission lines and short-circuit stubs into

half-circuit because of the symmetrical structure.
• Perform the even-mode analysis to determine the impedance values, ZA, ZB, ZS1 and

ZS2 according to (12) at centre frequency for distinct θc.
• Perform the odd-mode analysis to determine the values of the isolation resistors

from (14).
• For EM simulation and eventually layout, model the junction discontinuities properly

using tapers and bends.

3. Case Studies, Results and Analysis

Based on the above design procedure and calculated design parameters listed in
Table 1, simulation results of different case studies are presented in Figures 8–10 illustrating
S-parameters for varying θc. It can be noted from the simulation results that, with increasing
value of θc, bandwidth of power divider decreases. The prototype shown in Figure 11
has been fabricated on RO5880 substrate with dielectric constant (εr = 2.2), dissipation
factor = 0.0009 and substrate thickness of 1.52 mm. The measurement setup is depicted in
Figure 12 along with the EM simulation and measured results in Figures 13 and 14. It can
be observed that there is a slight discrepancy in EM simulation and measurement results
which can be attributed to the cables and connector losses that tend to degrade over time.
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Figure 8. Simulated S-parameters Response for θc = 55◦.

Figure 9. Simulated S-parameters for θc = 60◦.

Figure 10. Simulated S-parameters for θc = 65◦.

Figure 11. Fabricated prototype of the proposed WPD.
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Figure 12. Measurement Setup for (A): S11; (B): S21 for θc = 55◦.

(A) (B)

Figure 13. EM vs. Measured S-parameters for (A) S11; (B) S23, S22 for θc = 55◦.
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(A) (B)

Figure 14. EM vs. Measured S-parameters for (A) S21; (B) S31 for θc = 55◦.

The measured return loss S11 (dB) and isolation S23 (dB) is better than −10 dB and
−12 dB, respectively, within the frequency range of 1.0–3.0 GHz. The measured insertion
losses at output ports, S21 (dB) and S31 (dB) are −3.0 ± 0.4 dB which are comparable to the
simulated results of −3 dB.

4. Wideband DC Isolated WPD

The schematic of the proposed wideband DC isolated WPD is shown in Figure 15.
It comprises of core wideband WPD with coupled-lines having Ze, Zo as the even- and
odd-mode characteristic impedance with electrical length θ = 90◦ at the input side for DC
isolation. The ZS are port terminations at the input and output side.

Figure 15. Schematic of the proposed DC Isolated wideband WPD.

4.1. Even-Mode Analysis

The even-mode half-network is presented in Figure 16. It is to be noted that the
even-mode half-network is lossless and reciprocal, thus matching at port-1 and port-2
remains the same. As mentioned earlier, the port matching requirement at port 1 i.e., S11
are related in terms of even-mode half-circuit port matching, S11e. This clearly conveys
that Zin should be equal to Zeq in Figure 16. For fulfilling the port matching requirement,
the resulting equations are as follows (assuming that ZS1 and ZS2 result in open-circuit
because of 90◦ electrical length):
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Zx =
Z2

B
ZS

(15a)

Zeq =
Z2

A
Zx

=
Z2

AZS

Z2
B

(15b)

The value of impedance looking into coupled line, Zin can be calculated using
Equation (16) [59], where Zx = (Ze + Zo)/2 and Zy = (Ze − Zo)/2.

Zin = −j(Zx cot θ) +
Z2

y csc2 θ

ZS − jZx cot θ
(16)

For θ = 90◦, (16) results in (17) and for matching conditions, Zin = Z∗eq which results in
Equations (18a) and (18b).

Zin =
(Ze − Zo)2

4ZS
(17)

Zeq =
Z2

A
Zx

=
Z2

AZS

Z2
B

(18a)

(Ze − Zo) = 2
ZSZA

ZB
(18b)

Equation (18b) is the design equation for the coupled line and it gives the difference
between even and odd-mode characteristic impedance of the coupled line.

Figure 16. Even-mode analysis of half-network.

4.2. Odd-Mode Analysis

The odd-mode analysis of the DC isolated WPD is exactly the same as discussed in
Section 2. Now, Table 2 provides the impedance parameters for wideband WPD with
different θc. The relation between R1 and R2 according to (14) is plotted in Figure 17 for
different θc. To better illustrate the isolation between two ports of WPD, considering the
case-1 in Table 2, S23 (dB) is plotted for different values of isolation resistors calculated from
Figure 17. It can be observed from Figure 18 that the value of S23 (dB) varies with different
values of R1 and R2 . Figures 19–21 presented the S− parameters (dB) for different cases
with varying θc and all parameters are within the realizable range of 20–160 Ω.
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Figure 17. Relation between R1 and R2 for different θc.

Figure 18. Variation of S23(dB) for θc = 55◦ with different isolation resistors.

The approach described in Section 4 has been utilized to design a wideband DC
isolated WPD with center frequency of 2 GHz and θc = 55◦. The prototype depicted in
Figure 22 has been fabricated on RO4350B substrate with dielectric constant (εr = 3.66),
dissipation factor = 0.0037 with substrate thickness of 1.52 mm. The prototype along with
measurement setup is presented in Figure 23. The EM simulation and measured results
are depicted in Figures 24 and 25. It can be observed that there is a slight discrepancy in
EM simulation and measurement results as a result of the utilization of bends and tapers
post-processing to avoid junction discontinuities and substrate parameter variation. The
measured return loss S11 (dB) and isolation S23 (dB) is better than −10 dB and −10 dB,
respectively, within the frequency range of 1.0–3.0 GHz. The measured insertion losses
at output ports, S21 (dB) and S31 (dB) are −3.0 ± 0.4 dB which is quite comparable to the
simulated results of −3 dB. Table 3 presents the comparison of the proposed wideband
WPD with the previous designed WPDs.
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Table 2. Design Parameters of DC Isolated WB WPD.

Parameters Cases
θc 55 ◦ 60◦ 65◦

ZA (Ω) 110 50.82 35
ZB (Ω) 88.63 127 92
ZS1 (Ω) 56.5 90 68
ZS2 (Ω) 70 47.4 48
Ze (Ω) 131 160 129
Zo(Ω) 30 69 42
R1 (Ω) 38 100 62
R2(Ω) 150 150 150

Figure 19. Simulated S− parameters(dB) for θc = 55◦.

Figure 20. Simulated S− parameters(dB) for θc = 60◦.
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Figure 21. Simulated S− parameters(dB) for θc = 65◦.

Figure 22. Fabricated prototype of the proposed DC isolated WPD.

Figure 23. Measurement Setup for (A): S23; (B): S21 for θc = 55◦.
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(A) (B)

Figure 24. EM vs. Measured S-parameters for (A) S21; (B) S31 for θc = 55◦.

Table 3. Comparison with previous wideband WPDs.

Reference
Frequency Range

(GHz)
Topology

FBW *
(|S21 = S31|)

DC
Isolation

Isolation
Network

Size
(λg × λg)

MWCL
[40]

2.7–4.7
Dual Resonant Modes

in single resonator
53.5%
(3 dB)

No 1 Resistor 1.06 × 0.89

MWCL
[54]

1.25–2.5
Coupled-lines

at Input/Output port
51%

(3 dB)
Yes 1 Resistor 0.89 × 0.57

TMTT
[45]

1.45–4.6
Quasi-coupled

Lines
77%

(3 dB)
No

1 Resistor
1 Capacitor

0.2 × 0.15

MWCL
[43]

1.55–4.24
Embedded Transversal

Signal Interference
84%

(3 dB)
No

1 Resistor
1 Inductor
1 Capacitor

0.8 × 0.5

Access
[50]

1.42–3.42
Three Line coupled

structure
58%

(3 dB)
Yes 1 Resistor 0.62 × 0.5

TCPMT
[47]

1.5–3.55
Three Line Coupled

structure
64%

(3 dB)
No 1 Resistor 0.05 × 0.32

1.3–2.9
Two-stage

Configuration
80%

(3 dB)
No 2 Resistors 1.03 × 0.62

This Work
1.01–3.02

Two-stage
with Coupled Lines

82.5%
(3 dB)

Yes 2 Resistors 1.2 × 0.86

* FBW—Fractional Bandwidth.

(A) (B)

Figure 25. EM vs. Measured S-parameters for (A) S11; (B) S23, S22 for θc = 55◦.
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5. Conclusions

In this article, a two-section Wilkinson power divider exhibiting wideband perfor-
mance with good port-to-port isolation is presented. It has been demonstrated that the
two-section configuration, utilizing transmission lines and short-circuit stubs achieve wide
pass-band and good in-band isolation. Closed-form design equations are presented along
with a step-by-step design method for easy prototyping. Furthermore, a design expression
for the isolation network is derived to determine the values of resistors. A variant is
presented that utilizes coupled lines for DC isolation at the input side. A few case studies
for both the designs have also been presented. An excellent agreement between theoretical,
simulated and measured results validate the proposed synthesis procedure.
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