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Abstract: In this paper, new N-way Wilkinson power dividers (WPDs) are represented by using
slow-wave structures such as narrow slits loaded and meandered transmission lines. The slit loaded
and meandered lines are used to represent the quarter wavelength transmission lines of a
conventional WPD for size reduction. Based on the proposed approaches, 2-, 4- and 8-way power
dividers are designed, simulated and fabricated. The fabricated -, 4- and 8-way circuits have been
measured at the center frequencies of 2.03, 1.77, and 1.73 GHz in an excellent agreement with the
predicted ones. The meandered transmission lines are also used to design new types of WPDs
having novel input/output port arrangements. For this purpose, two 3-way WPDs are located at
both sides of the same board so as to have different power splitting ratios at different inputs and
outputs to provide alternative solutions for antenna arrays. Furthermore, a 5-way dual layer WPD
is introduced by locating the meandered transmission lines to two layers. The proposed 3- and 5-
way WPDs allow halving the input power at the next output port in the order of P/2, P/4, P/8, P/16,
and P/16. All of the designed power halving WPDs have been simulated, fabricated and successfully
tested.

Keywords: N-way; Wilkinson power dividers (WPDs); meandered transmission line; power
halving

1. Introduction

Power dividers are widely used in RF/microwave communication systems since they can play
an important role in antenna array elements for proper power splitting ratios. Wilkinson power
dividers (WPDs) have an important place among all power dividing/splitting circuits since they can
provide high isolation as well as matched input and output ports [1]. They are one of the essential
components used before antenna arrays, so that different types of WPDs allowing various power
division processes are highly demanded.

There are different approaches for WPD designs such as utilization of extra stubs, defected
ground structures, capacitive loading elements, slow-wave structures, etc. Open-circuited stubs and
defected ground structures are used to achieve an improved isolation in [2-6]. WPDs operating in a
wide frequency band have also been studied with single or multi bands [7-15]. Such kind of WPDs
may find application areas especially in multifunction communication systems. Moreover, placement
of a power divider for an antenna array is one of the main focuses for the researchers. Therefore, size
reduction is another important parameter for WPDs since they are required for feeding antenna array
elements within a low area. To date, slow wave structures have been used to reduce the circuit size
as in [16-19]. In some structures, coupling lines are used to suppress undesirable harmonics so that
the signal can pass within the desired frequency region [20-23]. On the other hand, in order to adjust
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the directivity, antenna array elements may need different power ratios at different elements.
Therefore, unequal power dividers may also find application areas in antenna arrays to meet the
requirement of asymmetric power division [24-26]. There are two types of equal WPDs including N-
way and cascade models. N-way WPDs have one input and N output ports that have impedances of
ZyVN [27]. Cascade model WPDs divide input power to 2 at each cascade path [28].

In this paper, 2-, 4- and 8-way cascade WPDs are designed by using slow wave structures. For
this purpose, 2-, 4-, and 8-way WPDs constructed by using narrow slits loaded transmission lines in
[29] have been firstly taken into account. Next, they are replaced with meandered transmission lines
to improve the compactness. 2-, 4-, and 8-way WPDs having meandered transmission lines have also
been fabricated and successfully measured for demonstration. Based on the meandered transmission
lines, 3- and 5-way WPDs with new input/output port arrangements are designed, fabricated and
successfully measured for demonstration. The proposed 3- and 5-way circuits allow halving the input
power at the next output port.

2. Materials and Methods

2.1. N-Way Wilkinson Power Dividers Based on Slow Wave Structures

As is well known, 1-to-N-way WPDs consist of N branches which have characteristic
impedances of ZyVN as shown Figure 1. Although they provide better size reduction than that of the
cascade structures, they suffer from the narrow-band and poor isolation between output ports [27].

Figure 1. Conventional 1-to-N way WPD.

Equivalent circuit models for conventional 2-, 4-, and 8-way cascade WPDs are illustrated in
Figures 2a, 2b, and 2c, respectively. As can be seen from Figure 2a, conventional 2-way WPDs
comprise of two quarter wavelengths (4/4) transmission lines with the characteristic impedances
of ZyV2. The same transmission line length and impedance values are also valid for 4-, and 8-way
WPDs as depicted in Figures 2b and 2c. In order to obtain high isolation between the output ports,
an isolation resistor of 2Z, is connected between two output ports. In addition, the input/output
ports must have characteristic impedances of Z, for good impedance matching [2]. S parameters of
an ideal WPD can be summarized as follows,
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Figure 2. Conventional cascade WPDs a) 2-way; b) 4-way; c) 8-way.

In order to reduce the overall circuit size, quarter wavelength transmission lines can be
capacitively or inductively loaded by different approaches as shown in Fig 3. Due to the increment
in capacitance or inductance of the transmission line, phase velocity decreases, so that they can be
called as slow wave structures. Among the slow wave structures shown in Figure 3, slot loaded and
meandered transmission lines are widely preferred for different kind of microwave circuits because
of their easy fabrication processes. However, interdigital capacitor loaded transmission lines are more
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difficult than the others since they may need extra via connections. As is well known, characteristic
impedance (Zo) and phase velocity (vp) of a lossless meandered transmission line can be expressed as

[18],
Zo = L +CLm (2a)
1
= [@rme )
Vp _
P Af (20)

where L and C are the inductance and capacitance per unit length, and &5 is the effective dielectric
constant of the substrate. Moreover, Lm is the inductance per unit length to represent the effects of
the meandered structure. Therefore, the characteristic impedance of the meandered transmission line
can also be adjusted by loading inductance. The desired characteristic impedance of ZyV2 can be
realized by using different line widths since the proposed meandered line approach can provide
inductive loading. The slit loaded transmission lines also exhibit similar slow-wave behavior except
Lm. In this case, the slow wave effect is observed due to the increment in the capacitance. Hence,
expressions in (2a) and (2b) should be revised as,

(3a)

f 1
" T ILc+c) (3b)

2.1.1. WPDs with narrow slits loaded transmission lines

A 2-way WPD is constructed by loading narrow slits as shown in Figure 4 [29]. An RT/Duroid
substrate with a relative dielectric constant of 10.2 and a thickness of 1.27 mm is used in all design
process. Number of slits and location of the isolation resistor affect the frequency response as
depicted in Figures 5a and 5b, respectively. It is clear that the center frequency can be decreased,
while the number of narrow slits increases. Therefore, a very compact size can be achieved by using
maximum number of slits. Since 50 ohm port impedances are utilized, isolation resistor is chosen as

100 ohm.

(a) (b) (c)

Figure 3. Slow wave structures (a) Slot loaded; (b) Meandered; (c) Interdigital.
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Figure 4. a) Conventional 2 way WPD loading narrow slits; b) Location of isolation resistor.
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Figure 5. a) Effects of narrow slits on the frequency response; b) Effects of locations of isolation resistor
on the frequency response.

4- and 8-way WPDs have also been designed by means of the proposed slit loaded transmission
lines in [29]. Figure 6 illustrates the layouts of the 4- and 8-way WPDs in cascade model. It is clear
that two more paths have been added instead of output ports for the 4- and 8-way power dividers.

(b)
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Figure 6. a) 4-way WPD loading narrow slits; b) 8 - way WPD loading narrow slits.

2.1.2. WPDs with meandered transmission lines

In a similar manner with the slit loaded transmission lines, meandered sections can also be used
for size reduction. Figure 7a illustrates a 2-way cascade WPD constructed by meandered transmission
lines. An RT/Duroid substrate with a relative dielectric constant of 10.2 and a thickness of 1.27 mm is
used in all design process. Effects of the number of meandered sections on the frequency response
are depicted in Figure 7b. Here, the number of meandered sections is changed by starting from the
middle of the transmission line. Depending on the proposed approach, a size reduction of %20.14 can
be achieved.
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Figure 7. (a) Conventional 2-way WPD having meandered transmission lines; (b) Effects of WPD

Port 3

meandering on the frequency response.

In addition to 2-way WPDs, more than two power dividing operation can be necessary for the
antenna arrays to be used at multi-way systems. For this purpose, the designed 2-way WPDs can be
enhanced to 4-and 8-way circuits by means of the meandered transmission lines as shown in Figures
8a and 8b. As can be seen from Figure 8a, two 2-way WPDs are connected in cascade for the 4-way
design. In this case, two reflection zeros can be observed since there are two identical transmission
lines. In the 8-way WPDs, three reflection zeros appear due to the three cascaded transmission lines
as shown in Figure 8b. Here, dimensions of the transmission lines, isolation resistor and resistor
position are same with the 2-way WPDs. Accordingly, it is possible to achieve power dividing
operations in wider frequency bands by using more cascaded sections. Size reductions for the
proposed 4- and 8-way power dividers are 16.62 % and 9.99 %, respectively. Electrical lengths of the
proposed 2-, 4-, and 8-way WPDs are 0.20 Ag x 0.078 Ag, 0.56 Ag x 0.25 Ag, and 0.63 Ag x 0.57 Ag, where
Agis the guided wavelength at the center frequency. Frequency responses of the designed circuits are
given with the experimental studies in the following section.
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Figure 8. Conventional WPDs having meandered transmission lines, (a) 4-way (b) 8-way.

2.1.3. Alternative Input/Output Port Arrangements for Various Power Division Processes

In order to introduce various types of WPDs to be used for different feeding schemes of antenna
arrays, new WPD configurations with different power division ratios and input/output port
arrangements are proposed by using meandered transmission lines. For this purpose, three different
circuit topologies including 3-way, 3-way double layer, and 5-way double layer WPDs are proposed.
The main challenge of the proposed circuits is their power halving property. Hence, the input power
can be halved at the next output port and the last two ports have equal ratios.

Figure 9 illustrates the circuit for two 3-way WPDs located at the same side of the board. As can
be seen from the figure, there are two input ports located at the upper left and bottom right. The
upper output ports are belonged to the upper circuit, whereas the bottom output ports are for the
bottom circuit. Both of these WPDs perform same operations in different paths, so that the proposed
arrangement behaves actually like a power divider bank to be used for a multi input multi output
(MIMO) system. They are useful for different antenna arrays serving for different operations.
Moreover, the input power is halved at the output port 2 and the powers at the output ports 3 and 4
are equal.
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Figure 9. (a) Two 3-way WPDs with different inputs and outputs, b) 3D view, (c) Simulation results.

The second WPD configuration is created for double layer applications as shown in Figure 10.
Here, a common ground plane is located between two layers, where both layers include two 3-way
power dividers for the utilization in MIMO systems. The power divider in the upper layer is
completely similar with the one in the bottom layer, so that the proposed approach is useful for
bidirectional MIMO systems. Bottom and upper power dividers exhibit similar circuit performance.

The last configuration is a 5-way WPD as shown in Figure 11. As can be seen from the figure,
two layers are combined so as to have common ground plane. The input port is located at the upper
layer and there are five output ports for power splitting. Two of the outputs are in the upper layer,
whereas the remaining ports are in the bottom layer. The designed 5-way WPD halves the input
power at the next port in a similar manner with the previous configuration. Hence, Port 2 has half,
port 3 has 1/4, port 4 has 1/8, Port 5 and Port 6 has 1/16 of the input power.

Upper layer

Bottom layer ‘é
£
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Figure 10. Two 3-way WPDs with common ground plane, b) Simulation results.
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Figure 11. a) Layout of 5-way dual-layer WPD, b) Simulation results.

3. Results

To demonstrate the proposed approaches, all of the designed circuits with narrow slits loaded
and meandered transmission lines have been fabricated and tested. All circuits have been simulated
by using a Full-Wave Electromagnetic Simulator, Sonnet.

Firstly, experimental studies of the power dividers having narrow slits loaded transmission lines
introduced in [29] are represented. Photographs of the manufactured N-way WPDs having narrow
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slits in [29] are shown in Figure 12. Figure 13 illustrates a measurement view, where 50 ohm loads
were used to match the idle output ports for 4- and 8-way power dividers since the device has only
four ports. The measured results of the power dividers having narrow slits loaded transmission lines
are compared with the simulations in Figure 14 [29]. It is obvious that the measured and simulated
results have been observed in a very good agreement. In Figure 14a, center frequency is 2 GHz with
the 15 dB fractional bandwidth (FBW) of 36.26 %. As can be seen from the figure, the return loss and
isolation level are better than 15 and 20 dB within the FBW, respectively. Within the FBW, minimum
isolation and insertion loss are about 29.56 dB at 2 GHz and 3.29 dB, respectively. The measured and
simulated results of the 4-way WPD are illustrated in Figure 14b with the return loss and isolation
levels of better than 15 and 20 dB, respectively. The center frequency is 1.8 GHz with the FBW of
94.44% and insertion loss of better than 3+0.5 dB. Moreover, the center frequency of 8-way WPD has
been measured at 1.9 GHz with the FBW of 81.05 %. The measured results are compared with the
simulated ones in Figure 14c, where the insertion loss, return loss, and isolation levels have been
obtained as better than 9+0.5, 15 and 20 dB, respectively.

lll!l|iiH}Hiliilllll\ll]lllilﬂ\\\llll
AL | plie . iIH!ImwillimllHHiliH
[aal") ol I'g

(a) (b)

Figure 12. Photographs of N-way WPDs with narrow slits loaded transmission lines (a) 2-way; (b) 4-
way; (c) 8-way.

Figure 13. Measurement setup for 8-way WPD.
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Figure 14. Comparisons of the measured and simulated results of the WPDs having narrow slits
loaded transmission lines for (a) 2-way WPD; (b) 4-way WPD; (c) 8-way WPD.

Meandered transmission lines based 2-, 4-, and 8-way WPDs have also been manufactured and
tested. Photographs of the fabricated circuits are shown in Figure 15. Return loss and isolation level
is better than 15 and 30 dB, respectively. Frequencies of the minimum isolation and return loss levels
are different because of fabrication errors. It should also be noted that there is only one reflection zero
within the related frequency band. The center frequency of the 4-way power divider has been
measured at 1.77 GHz with the FBW of 73.09 % as depicted in Figure 16b. At that frequency, the
measured return and insertion losses are 24 and 3.1 dB, respectively. Isolations between the output
ports have been measured as better than 26 dB. In the frequency response of 4-way power divider,
there are two reflection zeros since the circuit is comprised of two cascaded sections. The simulated
and measured results of the 8-way WPD are demonstrated in Figure 16¢ in a very good agreement.
In this case, three reflection zeros can be observed due to the utilization of three cascaded sections.
The center frequency has been measured at 1.73 GHz with the 15 dB FBW of 87.86 %. Isolation levels
between the output ports are better than 15 dB, 26 dB, 24 dB within the FBW, where the minimum
insertion losses are 3.6 dB, 6.5, 9.6 for 2-, 4-, and 8-way WPDs, respectively.
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Figure 15. Meandered transmission lines-based WPD, (a) 2-way, (b) 4-way, (c) 8-way.
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Figure 16. Comparisons of the measured and simulated results of the WPDs having narrow slits
loaded transmission lines for (a) 2-way WPD; (b) 4-way WPD; (c) 8-way WPD.

Meandered transmission lines based WPDs with alternative input/output port configurations
have been manufactured and tested for demonstration. Photograph of the fabricated two 3-way
WPDs is shown in Figure 17a. Frequency response of the designed power divider is depicted in
Figure 17b. As can be seen from the figure, the designed circuit can serve within the frequency band
of 1.5-2.0 GHz. Within the frequency region, isolation between the output ports are better than 19.96
dB, return loss is better than 17.71 dB and insertion loss is better than 3+0.5 dB.
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Figure 17. a) Photograph of the meandered transmission lines based two 3-way WPDs b) Measured
and simulated results.

The multilayer 3-way WPD has been implemented as shown in Figures 18a and 18b. It is obvious
that the implemented circuit is different than the previous one, since two WPDs are located at both
sides of the structure with a common ground plane. Comparisons of the simulated and measured
results in terms of return loss, insertion loss and isolation level are depicted in Figure 18c. Within the
frequency band of 1.5-2 GHz, the return loss is observed as better than 15 dB with an insertion loss

of better than 3+0.5 dB at each output port. Furthermore, the isolation levels between all output ports
are better than 19 dB.

P

S Parameters, dB

_30"”‘|H L 1

0,0 0,5 1,0 1,5 2,0 2,5 3,0
Frequency, GHz

()

Figure 18. Meandered transmission lines based multilayer WPDs having common ground plane (a)
front view, (b) back view, (c) Measured and simulated results.

Meandered transmission lines based multilayer 5-way WPD has also been manufactured and
successfully tested. Photographs of the fabricated circuits are shown in Figures 19a and 19b for the
front and back views, respectively. The measured and simulated return and insertion losses of the
proposed 5-way power divider are compared in Figure 19c in an acceptable agreement. Furthermore,
the measured and simulated isolation levels between the output ports are also depicted in Figure 19d.
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It is clear that the proposed multilayer 5-way WPD can be used for different communication systems.
Within the frequency band of 1.5-2 GHz, return loss, insertion loss and isolation levels are better than
16.52, 3+0.5, and 14.47 dB, respectively. The differences betwween the measured and simulated
responses are resulted from the fabrication errors and especially from the layer combining process.
Table 1 summarizes and compares the measurements of the proposed design with the work
published in the literature.
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Figure 19. Meandered transmission lines based multilayer 5 way WPD (a) front view (b) back view,
(c) measured and simulated return and insertion losses, (d) isolation levels.

Table 1. performance of proposed WPD and related works.

Ref fo (GHz) Size (12) Input Output
[6] 2.1 0.63 1 2
[10] 2.45 0.3128 1 2
[29] 2 0.0156 1 2
Meandered line (in this work) 2.03 0.0156 1 2
3-way WPDs (in this work) 1.95 0.12 2 6
3-way WPDs Wlth common ground 174 0.079 5 6
plane (in this work)
5-way WPDs with common ground 1.97 0.073 1 5

plane(in this work)

4. Conclusions

In this study, various types of WPDs have been developed and experimentally investigated by
using slow wave structures. For this purpose, WPDs having narrow slits loaded transmission lines
have been investigated and novel meandered transmission lines based WPDs have been firstly
introduced. The proposed meandered lines based 2-, 4-, and 8-way power dividers have been
fabricated and measured successfully. The proposed meandered transmission lines have also been
used to design new types of WPDs with new input/output port arrangements. In this context, two 3-
way WPDs have been located on the same plane for similar power splitting process. Next, this circuit
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has been developed by locating one of the power dividers to another layer. The proposed circuits can
behave like a power divider bank to be used for alternative antenna array applications. Moreover, a
5-way WPD has been designed by using meandered transmission lines in two layers. These
alternative WPD topologies allow halving the input power at the next output port. They have been
implemented and measured in an acceptable agreement with the simulated results.
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