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Abstract — In this paper, by using improved simplified
composite right and left handed transmission lines
(I-S-CRLH-TL), a novel 4-way parallel Wilkinson power
divider (WPD) is presented. The proposed WPD exhibits
the benefits of excellent isolation and equal power split
between output ports in the dual frequency band. Also,
the dual-band nature of this divider, low cost and easy
integration with printed circuits and printed antennas in
a compact size makes this device a very good candidate
for feeding dual-band antennas and microwave devices.
The proposed divider is designed and fabricated on a low
cost substrate with permittivity of 4.4 and thickness of
0.79 mm to work at two arbitrary frequency bands of
0.95 GHz and 2.43 GHz. There is a good agreement
between simulated and measured results in all cases. The
design concept of this paper can be easily extended to
another type of dual-band microwave components.

Index Terms — Dual-band, metamaterial, Wilkinson
power divider.

I.INTRODUCTION

Wilkinson power dividers (WPDs) are important
and indispensable part of microwave circuits including
filters, phase shifters and antenna arrays [1]-[4]. It is
known that, traditional WPDs are implemented with
quarter wave transmission lines (TLs). But it is clear that
these WPDs exhibit degrees of limitation such as
relatively narrow band and cannot satisfy the flexible
multiband applications. Nowadays, due to the requirement
of dual-band microwave or wireless communication
systems, various techniques have been used to design
multiband components which can provide a device to
simultaneously use different frequency band [1]-[10].
One of these components is Wilkinson power divider
(WPD). Recently, many efforts have been used to design
dual-band and multiband WPDs [1], [4]-[8]. On the other
hand, in the last decades, while a lot of works have been
reported about designing of dual-band and multiband
WPDs with two output ports, not much work have been
reported on dual-band WPDs with more output ports.
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The 4-way dividers in [11,12] are based on conventional
transmission lines and work only around a single
frequency band. In [13], a 4-way divider was presented
based on negative reflective index transmission lines
(NRI-TL structures), but this divider is a single band
series divider. Also, in [14] by using CRLH-TLs structures,
a dual-band 4-way series power divider was presented
with low isolation characteristics and poor equal power
split.

On the other hand, recently a novel type of
metamaterial transmission line has been introduced
called simplified composite right and left handed
(S-CRLH) transmission line [15,16]. In [16], S-CRLH-TL
has been introduced for realizing dual-band applications.
It should be emphasized that, the idea of S-CRLH-TL is
superior since the structures can be easily designed and
engineered to realize the required phase shifters without
using the series capacitors. Also, as we know, the
implementation of series capacitors (such as integrated
capacitors) is difficult, because these capacitors have
inherent high frequency parasitic resonance and also
cannot achieve larger capacitors. On the other hand, the
lumped capacitors may cause great insertion loss along
the main transmission line and produce extra and
unwanted parasitic effects.

In this paper, based on I-S-CRLH-TL structures, a
novel dual-band 4-way parallel power divider is designed
and fabricated at two arbitrary frequency bands of
fi = 0.95 GHz (UHF) and f, = 2.4 GHz (ISM). These
two frequency bands are used in radio frequency
identification (RFID) technology. However, it should be
emphasized that the design procedure and design
concept of this paper can be applied to any type of
microwave devices. The proposed divider presents
excellent isolation and equal power split between output
ports in the pass-band. The organization of this paper is
as follows: Section Il describes theoretical analysis and
design methodology leading to dual-band S-CRLH
transmission lines. Section Il introduces a dual-band
4-way parallel WPD. The simulated and experimental
results are discussed in Section Ill. Finally conclusions
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are made in Section IV.

I1I. DESIGN THEORY
Figure 1 depicts the unit cell of S-CRLH-TL structure.
InFig. 1, Lg, L;, Cg and d are series inductance, parallel
inductance, parallel capacitance and electrical length of
the S-CRLH-TL unit cell, respectively.
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Fig. 1. Circuit model of S-CRLH-TL unit cell.

As can be seen in Fig. 1, unlike the conventional
CRLH-TLs, in the S-CRLH-TL structures the series
capacitance is removed. Based on Bloch theory, the
characteristic impedance and dispersion relation are
given by [17]:

y(w) = %cosh‘l(A), (1a)
Zg(w) = ﬁo_l: (1b)

where w and Zz(w) are angular frequency and Bloch
impedance, respectively. Also, A and B are the elements
of the T matrix of the unit cell and can be written as:

_ 4LR+8L;—4w2LRCRLL-w?L%CR

A s (22)
] 8Ly,
B = ]wLR(44LLLL+LR). (2b)

Furthermore, in Equation (1), y = as + jB, , where ay
and B, are attenuation constant and phase shift constant,
respectively. In addition, as we know in the propagation
pass-band a, = 0, therefore, Equation (1) can be rewritten
as:
Bsd = cos™1(4). 3
The above equation shows the characteristic nonlinear
phase response of S-CRLH-TLs; therefore, the phase
response of these structures can be engineered to produce
the desired phase shifts. In this paper, in order to design
dual band TLs, a topology of S-CRLH-TLs is considered
as shown in Fig. 2, which is known as 1-S-CRLH-TLs.
This transmission line is composed of two conventional
S-CRLH-TL unit cells with input and output conventional
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TLs at the lateral terminals. It is clear that the total phase
shift characteristic of this structure is the superposition
of the conventional transmission lines and conventional
S-CRLH-TLs. Therefore, for given two frequencies of f;
and f, and two phase shifts of ¢, and ¢,, the following
equations should be satisfied:

o:(f) = 2(9s(f) + 9c-r. (1)) = 1, (4a)

o:(f2) = 2(‘Ps(f2) + Q"c—n(fz)) = @2, (4b)
where ¢, is the total phase shift of the proposed
structure. Also, ¢, and ¢._7, are the phase shifts of the
conventional S-CRLH-TLs and conventional transmission
lines, respectively. It should be noted that, based on
Equation (3), we can write ¢, = S.d cos~1(A4). Moreover,
the phase shift of the conventional transmission lines are
given by @c_r, = Be-rle-ri- 1f Bsd = @5 (i=1,2),
then A = cos ¢;, and therefore, Equation (3) leads to the

following equations:
4LR+8LL—4w7LRCRLL-w?L4CR

COS 15 = oL, \ (5a)
_ 4LR+8L;—4w3LRCRLL—w3L%CR
cos 93 = - .G

Solving the above equations for w, and w,, it reveals
that:

2Lp,
LR+E(1—COS P1s)

CR(1+LTR) '

(6a)

wi =

2Lp,
LR +¥(1—cos P2s)

CR(1+’jTR)
Now, if Zz(w) = mZ, (m is an arbitrary constant),
by using the Equations (1b) and (2) we can write:

JorlwOUAO) — y [oos2g,  — 1, (7a)

L

Jorl w0 1y [eos2 gy, — 1. (7b)
L

Therefore, solving the Equations (5a)-(7b) for given
parameter of w,, w,, @5 and ¢,, the elements of the
proposed structure can be realized. As an example of
application, a dual-band stub with Z,, = 70 Q was
designed in order to produce phase shifts of ¢, = +90°
and ¢, = —90° at f;, =0.9GHz and f, = 2.4 GHz,
and m = /2, respectively. This stub is designed on FR4
substrate with thickness (h) of 0.79 mm, relative
permittivity of £, = 4.4 and loss tangent of 0.019. Therefore,
from Equation (4)-(7), it reveals that L, = 11.99 nH,
Lg = 2.24nH, Cg = 2.55pF and l._p;, = 14.73 mm.
The proposed TL were designed in the Agilent Design
Systems (ADS) circuit simulator with source termination
of Zsource = 50 Q and load termination of Z;,,4 = 100 Q.

(6b)

Wy, =



Zy Lp/2 Lp/2
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Fig. 2. Circuit model of 1-S-CRLH-TLs structure.

Figure 3 displays the S-parameter characteristics of
this line. Therefore, these results are distinct proof of the
dual-band operation of the designed I-S-CRLH-TL stub.
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Fig. 3. S-parameter characteristics of the designed I-S-CRLH
TLs: (a) return loss and insertion loss, and (b) phase of
the insertion loss.

II1. DESIGN OF DUAL-BAND WILKINSON
POWER DIVIDER
As we know, the classical 2-way WPD consist of
two quarter wavelength branch lines with characteristic

impedance of v2Z,, and isolation resistor of 2Z,, where
Z, is characteristic impedance of conventional TLs. In
order to design 4-way WPD, a 2-way WPD is cascaded
with two similar structures at the output ports. Therefore,
in order to design a 4-way WPD, six I-S-CRLH
transmission lines are required. These lines are designed
to produce phase shifts of ¢, = +90° and ¢, = —90°
at f; =09 GHz, and f, = 2.4 GHz, respectively. In
addition, as we know, the synthesis method for
implementation of [-S-CRLH-TLs using microstrip
technology has been introduced in [9] and [10], where L,
is implemented by microstrip short circuited stubs and
Ly and Cy are realized using microstrip high and low

impedance short line elements, respectively. In this
proposed structure, two unit cells are shared using a via
at top of the structure. This structure is shown in Fig. 4.
The proposed 4-way WPD is made up of six dual-band
stubs in a square shape configuration. The impedance of
these stubs are set to be 70.7 Q at the design frequencies
of f, = 0.915 GHz and f, = 2.440 GHz.

The dimensions of these stubs are summarized in
Table 1. Finally, the novel 4-way WPD is designed and
fabricated. Figure 5 exhibits the fabricated prototype of
the proposed divider. Figure 6 exhibits the measured and
simulated magnitude of Si; for the designed 4-way
parallel WPD. As can be seen in this figure, the designed
divider can fully cover the desired frequency bands.
Moreover, the transmission characteristics to each of the
output ports are displayed in Fig. 7. These results
demonstrate that the proposed dual-band 4-way WPD
splits the input power between output ports equally. The
small difference between measured and simulated results
can be attributed to small tolerance in substrate
permittivity (FR4, &, = 4.4 £+ 0.2). Also, the difference
between measured and simulated results at high
frequency is caused by the extra parasitic capacitance
from the input and output ports which were not fully
considered during the simulations.

Table 2 compares the physical characteristics and
electrical performances of the proposed 4-way WPD
with another 4 way power divider presented in [14]. It
can be concluded from this table that the designed power
divider in this paper provides better input and output
return losses, better equal power split and isolation
between outputs in both the frequency bands in comparison
to [14]. On the other hand, the proposed divider in this
paper is fully planar, while the divider presented in [14]
is based on the lumped elements.

Fig. 4. Symmetrical structure of 1-S-CRLH transmission
line structure.
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Table 1: Dimensions of the dual-band I-S-CRLH-TL
structure (Unit: Millimeters)

w; Ly Ly W, L,
12.41 8.72 4.36 0.85 1.30

Lg W S We-rL We-rL
0.45 5.24 0.71 1.38 8.1

Fig. 5. Fabricated prototype of the proposed dual-band
parallel 4-way WPD.
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Fig. 6. Magnitude of S;; for the proposed dual-band
4-way WPD.

-5.0
-7.54
-10.0
-12.5

-15.0 - - . -
0.5 1.0 15 2.0 25 3.

Frequency (GHz)

(a)

S21 (dB)

o

-5.0
-7.5-
-10.0
-12.54

-15.0
0.5 1.0 1.5 2.0 25 3.0

Frequency (GHz)

(b)

S§31 (dB)

-5.0
-7.5-
-10.0
-12.5

-15.0 v v : v
0.5 1.0 15 2.0 25 3.0

Frequency (GHz)

(©)

S41 (dB)

ACES JOURNAL, Vol. 31, No. 1, January 2016

-5.0
-7.54
€ -10.0-
]
g 1254 7 —— Simulated
1 = = Measured
-15.0 v : T
0.5 1.0 1.5 2.0 25 3.0
Frequency (GHz)
(d)

Fig. 7. Transmission characteristics to each of the output
ports: (a) Sz1, (b) Sa1, (€) Sa1, and (d) Ssa.

Table 2: The comparison of the physical parameters and
measured performances between proposed 4-way WPD
and designed 4-way divider of [14]

This Work [14]

Resonance Frequency | fi 0.91 0.91

(GHz) f, 2.44 2.44

€, 4.4 4.4

Substrate h 0.79 0.79
o f1 | 0.26x0.29 | 0.23x0.20
Circuit Size (1) f, | 0.69x0.77 | 0.62x057

f, 28.8 17.1

Return Loss Sy (dB) |— 27.7 22.3

f, 251 151

Return Loss Sy, (dB) f, 23.4 20.4

f 245 16.5

Return Loss Sq3(dB) — 22.7 21.4

f, 304 29.4

Return Loss Su (dB) |— 276 235

f, 255 23.9

Return Loss Ss5(dB) — 241 19.9

s f1 7.4 6.8

21 f, 7.7 7.9

f1 7.5 6.6

. Sa1

Insertion Loss fa 8.0 .

(dB) s, | 7.4 1

“T, 10.1 7.6

s f1 7.5 7.2

51 f, 7.9 8.3

o | 27.3 22.9

2 7, [ 315 35.3

S f, 34.7 22.4

217, 37.4 34.1

o |f 335 21.2

Isolation 21t 35.3 44.7

(dB) o | f 315 19.1

8T, 29.4 26.1

o | B| 327 21.2

B, 33.5 30.5

o | 295 22.7

> 28.2 278




IV. CONCLUSIONS

In this paper, we presented a novel methodology for
designing dual-band 4-way parallel Wilkinson divider.
The proposed divider is designed and fabricated on an
inexpensive FR4 substrate. The results of the measurements
verified the operation of the designed dual-band divider.
The dual-band nature of this 4-way divider, close space
between output ports and easy integration with planar
devices make it a very good candidate for feeding many
analog circuits, such as antenna arrays.
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