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Abstract – This paper proposes a novel wideband 1-to-4-way Wilkinson power divider (WPD) designed for operation in the ultra-
wideband (UWB) frequency band. The proposed power divider operates in the frequency range of 3-8GHz. The design process started 
with conventional WPD design and evolved based on three stages of a 1-to-2 way power divider, incorporating 100Ω resistors and 
two delta-stubs for each stage. Delta-stubs are introduced in the WPD design for enhanced operational bandwidth and impedance-
matching characteristics. The proposed power divider is designed using an FR4 substrate with a thickness of 0.76mm and εr of 4.3, 
respectively. The proposed design exhibits equal power split at all ports, good insertion-loss of approximately -6 ± 2dB, and return-
loss of below -10 dB over the operating frequency band. Moreover, good impedance-matching, and isolation performance have 
been obtained over the desired frequency band. The proposed WPD was initially modeled mathematically and then designed and 
optimized using CST microwave studio (CST-MWS). The proposed design can be used in the next-generation UWB-Internet of Things 
(UWB-IoT) antenna array systems.

Keywords: UWB, Wilkinson Power Divider, Delta-Stub, Antenna Array Systems, Internet of Things (IoT)

1.  INTRODUCTION

The last decade has seen a significant interest in ultra-
wideband (UWB) technology [1-3] due to its enhanced 
bandwidth, radiation characteristics, and increased da-
ta-transmission features [2-4]. The Federal Communica-
tion Commission (FCC), USA, has designated a frequen-
cy band of 3.1-10.6 GHz (7.5 GHz bandwidth) for use in 
UWB applications [1-3]. Both wireless systems and sen-
sor networks benefit greatly from UWB technology's 
enhanced data-transmission rates and low-energy con-

sumption features [1-5]. Also, it is gaining acceptance 
in UWB-Internet of Things (UWB-IoT) applications for 
continuous data-transfer between low-cost sensor de-
vices [6-9]. Due to its low-power emission characteris-
tics, UWB technology is recognized as a viable solution 
for wireless body area networks (WBANs). This also 
renders the UWB technology suitable for wearable IoT 
devices and sensors [5-9].

For UWB systems, several authors have proposed a 
range of designs for UWB antennas and filters [1-11]. 
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However, not a lot of UWB power dividers have been 
proposed in the past albeit the fact they are a key com-
ponent in a variety of microwave systems. For example, 
power dividers are considered a critical component in 
the design of balanced mixers [12], phase shifters [13], 
and feeding networks for phased array antenna (PAA) 
systems [14-17].

The utilization of 3-port power dividers is particularly 
critical for the UWB-PAA systems [15-17] that make use 
of power splitters, for example, a corporate or parallel 
power splitting system. The corporate feeding network 
maintains equal path lengths between input and out-
put ports while dividing power between n-output ports 
with a specific distribution. In situations where 3-port 
power dividers are frequently utilized, they can be im-
plemented with an n-way power dividing network. The 
flexible configuration of the two-way power divider en-
ables the employment of numerous stepped sections 
to produce power divisions with wideband operation 
capacity [12]. Although utilizing high-isolation power 
dividers minimizes the reliance on load matching, the 
operational bandwidth of the power divider network 
is principally constrained due to the matching required 
for the radiating elements [12].

The Wilkinson power divider (WPD) [12, 18], also 
known as the Wilkinson splitter, is a 3-port power divid-
er network that was first introduced in 1960 by Ernest 
Wilkinson [18]. It has been extensively used in various 
microwave applications, including wireless communica-
tion, PAA, and radar systems. A WPD is a passive splitter 
that takes one input signal and divides it into n output 
signals with equal phases and amplitudes. Theoretical-
ly, WPD exhibits complete isolation among the output 
ports at the desired frequency. It is based on the prin-
ciple of impedance transformation, which is achieved by 
using quarter-wave transmission-lines (TLs). 

The WPD is a type of hybrid splitter that is fundamen-
tally a narrowband device. Many different researchers 
[13, 14, 19-24] have implemented numerous tech-
niques to enhance its bandwidth of operation. Some 
of these bandwidth enhancement techniques involve 
the addition of segmented structures [19], tapered 
lines [13], and stubs to each section [14, 20, 21]. Other 
researchers have proposed the use of defective ground 
structures of different shapes for this purpose [22, 23].

In [14], the authors present an innovative method 
for broadening the bandwidth of a power divider uti-
lized in six-port interferometers by incorporating radial 
stubs within a conventional Wilkinson design. Their 
work across the 3.1-10.6 GHz UWB frequency band re-
veals a significant enhancement, showcasing a simulat-
ed bandwidth expansion of 37.5%. Yu et al. [19] intro-
duce a novel broadband WPD topology utilizing a seg-
mented structure, employing TL segments with shunt 
capacitors and series resistor-capacitor networks. The 
design reported in [20] presents a modified approach 
to the traditional two-section WPD by incorporating 
open stubs on each branch, demonstrating improved 

performance within the UWB frequency band. This de-
sign not only outperforms the traditional three-section 
power divider but also offers a 10% reduction in size 
and eliminates the need for one resistor, showcas-
ing promising simulation and measurement results. 
Similarly, Dardeer et al. [21] introduced a cost-effective 
and compact microstrip-based WPD within the UWB 
range. The design uses two open-stubs to enhance the 
bandwidth. Peng et al. [24] demonstrated a UWB non-
coplanar power divider design by adding two slots, a 
tapered and a fan-shaped slot, to enhance the power 
divider's overall performance. 

In this paper, the authors present a study on the de-
sign, fabrication, and characterization of a compact 
and miniaturized UWB 4-Way WPD based on delta-stub 
with enhanced isolation for UWB-IoT and next-gen-
eration wireless system applications. The agreement 
between the simulated and measured results suggests 
that the proposed UWB WPD performs well and can be 
used in UWB-IoT and next-generation wireless systems.

The following sections are organized as follows: Sec-
tion 2 briefly describes the conventional configura-
tion of the WPD. Section 3 discusses the step-by-step 
design process of the proposed WPD geometry and 
its dimensions. Section 4 summarizes the WPD fabri-
cation, characterization, and comparison of simulated 
and measured results in terms of parameters such as 
return-loss, insertion-loss, and isolation-loss. Addition-
ally, it provides a comparative study between the de-
sign presented in this paper and the existing designs 
proposed by other researchers. Finally, Section 5 draws 
conclusions.

2. WPD CONVENTIONAL DESIGN

The WPD functions as a 3-port system, which is typi-
cally lossless in nature. When the output ports of a WPD 
are appropriately matched, the network becomes loss-
less with only the dissipation of the reflected power. The 
input power can be divided into two or maybe more in-
phase signals of equal amplitude. A quarter-wave (λ/4) 
transformer with a characteristic impedance of √(2)Z0 
can be used to realize a 2-way WPD. Fig. 1(a-b), depicts 
the fundamental two-way design of the WPD. [12-13].

(a) (b)

Fig. 1: (a) An equal-split WPD showing the line-
impedances and λ/4 transformers (b) WPD 

equivalent transmission-line circuit [12]

The initial dimensions of the WPD can be calculated 
using the well-known transmission-line model [12], as 
discussed in Eq. (1)-(6), respectively. 
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The effective dielectric constant (εreff) calculation in 
Eq. (1) leads to accurate modeling of the microstrip-
line, and it depends upon the substrate thickness (h), 
relative permittivity (εr), and the conductor width (W).

(1)

Eq. (2) is used to calculate the microstrip-line wave-
length (λ in mm), which is correlated with the phase ve-
locity. Where, f is the desired operating frequency. The 
center frequency is selected as 5.5GHz. It is important 
to note that Eq. (2) leads to the calculation of the guid-
ed wavelength factor, as it is used to determine the size 
of components such as stubs and the WPD itself at the 
intended frequency.

(2)

The characteristic impedance (Zo=50Ω) of a mi-
crostrip-line is computed using the dimensions from 
Eq. (3)-(4). The characteristic impedance is a crucial pa-
rameter for ensuring impedance matching. The width-
to-height ratio (W/h) can be determined by using Eq. 
(5)-(6), respectively.

(3)

(4)

For A > 1.52:

(5)

For A < 1.52:

(6)

It is important to note that the parameters in Eq. (3)-(4) 
are intermediate variables (A and B) that depend on Zo. 
The initially achieved dimensions from the transmission-
line model Eq. (1)-(6) are now used to simulate and op-
timize the WPD design using the CST microwave studio.

3. WPD PROPOSED DESIGN

Fig. 2(a-b) depicts the proposed design for the 1-to-
4-way WPD based on delta-stub. The equivalent trans-
mission-line circuit of the proposed WPD is shown in Fig. 
2(c). Two delta-stubs, measuring 2.38 x 0.74 mm (length 
x width), are added on both sides of the λ/4 transformers 
to improve impedance matching and widen the band-
width characteristics of the WPD. The labeling of WPD is 
shown in Fig. 2(a), and the optimum dimension of WPD 
is shown in Fig. 2(b). For ease of understanding, in the 
rest of the paper, Port-1 will be referred to as the input-
port, whereas Ports 2-5 will be considered output ports, 

respectively. The impedance of the input and output 
ports is approximately 50Ω. The characteristic imped-
ance of the first TLs is Z1 = √(2)Z0 = 70.7Ω. 

In the proposed design, at each output port, the 
power is 1/4th the power of the input-port. So, the 
transmission loss should be -6dB at each of the output 
ports. The proposed power divider is designed using 
an FR4-substrate with a thickness of 0.76mm and εr of 
4.3, respectively. The FR4 substrate is used in this study 
because it is a readily available and cost-effective mate-
rial for the proposed power divider design. Moreover, 
FR4 adheres to cost limitations in practical applications, 
particularly in IoT, and facilitates manufacturing and 
scalability [25]. The FR4 substrate size of 44 x 24 mm is 
taken in this study. The 50Ω TL width is taken as 1.5mm, 
and the length (λg/4) and width of 70.7Ω TL are taken as 
7.17mm and 0.65 mm, respectively. The current design 
uses the delta-stub for better impedance matching and 
wide bandwidth characteristics. Table 1 lists the modi-
fied WPD's optimized dimensions.

Fig. 2. CST simulation layout of the 1-to-4 way 
modified WPD (a) Port labeling (b) Optimized 

dimensions (c) Equivalent transmission-line circuit

(b)

(a)

(c)
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Table 1. Parameters of modified 1-to-4 way WPD

W50 (mm) W70.7 (mm) W1 (mm) W2 (mm)

1.5 0.65 1.6 0.75

L (mm) Ls (mm) Ls1 (mm) Ws (mm)

7.17 2.62 1.1 0.6

4. WPD RESULT AND RELATED DISCUSSION

This section summarizes and validates the results of 
the proposed and designed WPD working in the UWB 
frequency range of 3-8GHz. The fabricated prototype of 
1-to-4 way modified WPD is shown in Fig. 3. It was fabri-
cated on FR4 substrate (εr = 4.3, h = 0.76 mm, and loss-
tangent (tan δ) of 0.019). The overall dimension of the 
fabricated prototype was 44 mm × 24 mm (1056 mm2), 
as shown in Fig. 3, which demonstrates an 84% size re-
duction compared to the conventional TL-based WPD 
with the same frequency band [26]. The prototype of the 
proposed WPD was measured using Keysight Technolo-
gies FieldFox N9916B vector network analyzer (VNA), 
and the results are discussed in the following sections.

Fig. 3. Fabricated prototype of Proposed WPD

4.1. RETURN-LOSS

Fig. 4 shows the simulated and measured return-
loss (S-parameter) results for all the ports of the de-
signed WPD. The Port-1 of the WPD was connected to 
the Port-1 of the VNA using a high-frequency RF cable 
and connector to measure the return-loss of WPD. The 
remaining ports of WPD were terminated using 50 Ω 
terminators. Fig. 4 shows the simulated and measured 
return-loss performance across the 3-8GHz frequency 
band with a magnitude better than -10dB.

(a)

(b)

Fig. 4. Simulated and measured return-loss 
(a) S11, S22 (b) S33, S44

4.2. INSERTION-LOSS

For the measurement of WPD insertion-loss, Port-1 of 
VNA was connected to the WPD Port-1, and Port-2 was 
connected to the WPD Port-2; meanwhile, WPD Port-3, 
Port-4, and Port-5 were terminated with 50Ω termina-
tors. The simulated and measured insertion-loss results 
for the designed WPD for Port-2 to Port-5 with respect 
to the input Port-1 are shown in Fig. 5 (a-b). 

The simulated and measured insertion-loss shows 
the value of -6 ± 0.2 dB and -6 ± 2 dB across the UWB 
frequency range of 3-8G Hz. Fig. 5 also shows the S12 re-
sults, which highly resemble S13, S14, and S15 results, re-
spectively. This means that the input power (from WPD 
Port-1) has been split equally to all output ports (Port-2 
to Port-5), and it performs well with minimal insertion-
loss over the specified frequency range.

(a)

(b)

Fig. 5. Simulated and measured insertion-loss 
(a) S12, S13 (b) S14, S15
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Fig. 7(a-b) shows the overall measurement setup 
of the WPD. Fig. 7(a) shows that the Port-2 and Port-5 

Fig. 6. Simulated and measured Isolation-loss  
(a) S32, S42, and S52, (b) S43, S53 (c) S54

(a)

(b)

(c)

The results presented in Fig. 4 (a-b) and Fig. 5 (a-b) 
show a slight deviation between the simulated and 
measured responses of the WPD. The reason for this 
deviation is the lossy nature of the FR4 substrate, which 
has the loss-tangent (tan δ) in the range of 0.019 - 0.025. 
Due to the lossy nature of the FR4 substrate, it is very 
difficult to get the measurement responses exactly the 
same as the simulated ones. However, it is important 

4.3. ISOLATION-LOSS

Fig. 6(a) shows the simulated and measured isola-
tion-loss results of the designed WPD for Port-3 to Port-
5 with respect to the input Port-2. As shown in Fig. 6 
(a), the input power was distributed equally to all the 
power divider's output ports. The isolation-loss is be-
low -10 dB, and it performs well across the required 
UWB frequency range of 3-8GHz.

Similarly, the simulated and measured isolation-loss 
results for the designed WPD for Port-4 to Port-3 and 
Port-5 to Port-3 are shown in Fig. 6(b). The results show 
excellent isolation between the ports over the frequen-
cy range of 3-8GHz. Fig. 6(c) shows the simulated and 
measured isolation-loss results for the designed WPD 
for port-5 to port-4 with an isolation-loss below -10dB 
across the frequency range of 3-8GHz.

of the device-under-test (DUT) are connected to VNA 
Port-1 and Port-2, respectively. For WPD isolation-loss 
measurement, VNA Port-1 was connected to the WPD 
Port-2, and VNA Port-2 was connected to the WPD Port-
4; meanwhile, WPD Port-1, Port-3, and Port-5 were ter-
minated using 50Ω terminators.

Fig. 7. Shows the WPD measurements setup using 
Keysight Technologies FieldFox N9916B Two-Ports 

vector network analyzer (VNA) and 50Ω Terminators 
(a) S25 measurement setup showing the DUT 

connected to Keysight VNA  
(b) Zoom-in on the S24 measurement setup

(a)

(b)
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to note that the shape of the simulated and measured 
S-parameter results is almost similar. This discrepancy 
can be improved by using high-end Roger’s substrates. 
Another reason for this shift can be due to the amount 
of solder on the feed-line of the WPD. This problem can 
be solved in the future by employing precision solder-
ing techniques.

4.4. COMPARATIVE STUDy

The performance of the proposed and designed WPD 
presented in this paper is compared with previous design 
works [27-37] and is summarized in Table 2. The designed 

WPD has an overall area of 44 mm × 24 mm = 1056 mm². 
In contrast, the previous design work [27] occupies an 
area of 86 mm × 42 mm = 3612 mm². This comparison 
shows that the proposed power divider occupies only 
29% of the area compared to the design in [27]. This sig-
nificant size reduction is achieved without any degrada-
tion in performance. The data in Table 2 suggest that the 
proposed design has excellent performance in terms of 
size reduction, bandwidth, return-loss, insertion-loss, and 
isolation-loss compared to previous designs. Although 
the article [28] shows better size reduction, its bandwidth 
is less compared to the proposed design.

Table 2.  Performance comparison of the proposed 1-to-4-way WPD with existing designs

The proposed WPD covers a moderate bandwidth 
of 3-8 GHz, making it suitable for UWB applications. In 
comparison, references [31] and [35] offer wide band-
widths but at the expense of significantly large sizes, 
while most other references cover narrow bandwidths, 
limiting their applicability in UWB systems. The return-
loss achieved in this work is <-10 dB, which is accept-
able for many applications. In contrast, references [30] 
and [36] demonstrate better return-loss performance 
(<-20 dB and <-28 dB, respectively), although they 
either have a much narrower bandwidth or a slightly 
larger size. The insertion-loss in the proposed design is 
approximately 6 ± 1 dB, comparable to most other ref-
erences. Articles [28] and [36] have significantly lower 
insertion-loss but come with other trade-offs, such as 
isolation or application bandwidth.

In terms of isolation-loss, the proposed design demon-
strates <-10 dB, which is decent but not as high as some 

other researchers [27], [32], and [36]. The designs present-
ed in [27] has larger size, while [32] and [36] offer better 
isolation-loss but narrow bandwidth, making them more 
suitable for applications requiring high isolation. 

Additionally, the proposed design presented in this 
work is relatively compact compared to most of the de-
signs discussed in Table 2. A comparable compact de-
sign is presented in [34], but it does not offer the same 
bandwidth or performance metrics.

Articles [35-37] are based on substrate integrated, 
Gysel, and suspended-stripline power dividers. These 
articles present designs with lesser bandwidth and 
larger sizes compared to the proposed design. Fur-
thermore, the proposed design's fabrication process 
is much easier compared to these works, as the latter 
uses multilayer techniques that increase fabrication 
cost and complexity. This highlights the advantage of 
the single-layer WPD method proposed in this paper. 

Ref. Bandwidth 
(GHz)

Return-loss 
(dB) (S11)

Insertion-loss 
(dB) (S21)

Isolation-loss 
(dB) (S32)

No. of 
Ports Technique Size  

(mm × mm) Analysis

[27] 1-4 <-25 6 ± 1.5 <-28 4 Stub 1.43 λg × 0 .7 λg High Isolation, Large Size

[28] 2.3-4.4 <-15 0.5 <-17 4 Microstrip-line 
Marchand balun 0.4 λg × 0.56 λg

High Isolation, Low 
Insertion-loss

[29] 1.08-1.93 <-15 − 6.8 <-13 4 Looped Coupled-
Line Structures 0.32 λg × 0.32 λg Narrow Bandwidth

[30] 0.54-1.08 <-15 0.3 <-15 4 Meandered Line 0.27 λg × 0.26 λg
Narrow Bandwidth, Better 

Return-loss

[31] 3.1-10 <-10 -6.5 <-13 4 Defected Ground 
Structure 1.97 λg × 2.5 λg Wide Bandwidth, Large size

[32] 1.6-2.6 <-16 -7 <-20 4 Coshared Multi-
Mode Resonators 0.63 λg × 0.33 λg

Narrow Bandwidth, Better 
Isolation

[33] 1.08-1.93 <-15 -6 <-13 4 Looped Coupled-
Line Structures 0.5 λg × 0.5 λg Narrow Bandwidth

[34] 0.83-1.39 <-10 - <-12 4 Coupled-Lines 0.55 λg × 0.16 λg
Narrow Bandwidth, 

Compact Size

[35] 8.6-12.2 <-15 -7.8 - 4

Substrate 
Integrated 
waveguide 

method

4 λg × 4 λg Wide Bandwidth, Large Size

[36] 7.92–9.53 <-28 0.37 <-20 4 Suspended Strip-
line power divider 0.8 λg × 0.6 λg

Narrow Bandwidth, Low 
Insertion-loss, Better 

Return, and Isolation losses

[37] 17–19 <-12.5 2.25 <-20 4 Gysel Power 
Divider 3.29 λg × 0.8 λg Large Size

[This 
Work] 3-8 <-10 6 ± 1 <-10 4 Delta-Stub 0.9 λg × 0.5 λg

Wide Bandwidth, Good 
Insertion and Return losses, 

Compact Size
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Overall, the proposed work offers a balanced ap-
proach with moderate bandwidth, good return-loss, 
and insertion-loss, along with a compact size. The 
unique use of delta-stubs enhances operational band-
width and impedance-matching characteristics, set-
ting this design apart from other techniques. The spe-
cific focus on next-generation UWB-IoT antenna array 
systems highlights the practical applicability of this 
design in modern technologies.

5. CONCLUSION

In this study, we have designed, fabricated, and char-
acterized a unique 1-to-4 way WPD employing the 
delta-stub technique for a wideband frequency range 
operation between 3-8 GHz. This study demonstrates 
that the proposed WPD outperforms previous designs 
by offering a smaller size, which leads to lower fabrica-
tion costs in practical applications. The proposed com-
pact and wideband power divider has exhibited good 
performance with an overall size reduction of 71% as 
compared to previous work [27] by using stubs.

The compact yet wideband characteristics of the 
proposed WPD have yielded robust performance at-
tributes, including equal power distribution, low in-
sertion-loss, improved isolation, and adequate return 
losses across all ports. The unique use of delta-stubs 
enhances operational bandwidth and impedance-
matching characteristics, setting this design apart 
from other techniques. These results indicate that the 
proposed WPD is an appropriate candidate for integra-
tion into UWB-IoT antenna array feeding networks and 
emerging next-generation wireless systems.

In the future, we plan to integrate the currently pre-
sented 1-to-4 way WPD with a similar metamaterial-
based beamforming network and antennas [1, 3, 16] 
for real-world testing and implementation of such sys-
tems for 5G and next-generation wireless systems. This 
integration aims to explore further enhancements in 
beamforming capabilities and dynamic beam-shaping 
functionalities.
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