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Abstract. In this paper, a Wilkinson power divider is
modified using four-series delta-stub and folded stepped-
impedance transmission line (FSITL) in order to achieve
a reduced circuit size of 84% and fractional bandwidth of
116%. Series delta-stubs are used instead of open shunt
stubs to obtain an optimum shifting frequency and wider
bandwidth. Folded stepped-impedance transmission line
(FSITL) is used to achieve reduced circuit size. The pro-
posed power divider is fabricated using RT/duroid 5880
substrate with thickness of 0.38 mm. The dimension of the
power divider is 13 mm x 6.5 mm. The proposed power
divider has typical power division of —3 dB and insertion
loss less than —1 dB, better than —13 dB of isolation, less
than —10 dB return loss and phase imbalances less than 2°
from 1.5 to 3 GHz. Both simulation and measurement re-
sults show a good agreement.
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1. Introduction

Conventional Wilkinson power dividers (WPD) [1]
are usually used for power division in microwave commu-
nication systems since they have a good isolation between
the two separated output ports, a low insertion loss, and
asimple fabrication process. However, these power
dividers have large circuit size due to the application of
long transmission line (/4 length) to match the output port
to the input port, particularly for lower operating frequen-
cies RF systems. In addition, the conventional circuit has
a narrow bandwidth.

Recently, the design of WPD has adopted many tech-
niques [2—12] to miniaturize the circuit size of the power
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divider, nevertheless, these techniques suffered serious
degradation of the return-loss bandwidth compared with
the conventional structure. For instance, in [9], the WPD
was proposed using two-section asymmetrical 7-structures
to achieve a significant size reduction. The asymmetrical
T-structures were represented by two series of high-imped-
ance lines but the phase delay was not 90°. Due to this
reason, the isolation circuit should consist of not only re-
sistance but also capacitance/inductance [23]. Step imped-
ance transmission lines (SITL) was used to reduce the size
of microstrip components as in [7], [8], [10]. In [7], they
proposed a new idea based on SITL to compact the quarter
wave length transmission lines in the WPD. According to
[11], [12], folding stepped-impedance transmission line
(FSITL) can provide a more compact circuit size. Even
though, these approaches can provide up to 60-80% circuit
size reductions, they have limited bandwidths.

Recent efforts [13], [14] have shown that the Wilkin-
son's design can be modified to achieve a wider bandwidth.
Multilayer PCB technology was used by [13], to enhance
the operating bandwidth of the power divider. Some re-
searchers [15] enhanced the bandwidth of the power di-
vider via coupled microstrip lines and shunt open-ended
stubs resulting in a good power splitting performance. On
the other hand, it increases the size and the complexity of
circuit fabrication. De Lima Coimbra [16], [17] was the
first to propose the single delta-stub which provides wider
bandwidth. In [18], they incorporated delta-stub in both
WPD arms to achieve ultra-wide band (UWB) characteris-
tics; however they did not reduce the size although high
center frequency of 6.85 GHz was used. All these proposed
techniques may increase the circuit size and insertion loss
[10].

Some of the methods also make the structure com-
plex, costly to manufacture and incompatible with micro-
strip circuits [20], [21]. In this study, a series delta-stubs
(SDS) is implemented to shift the high operating frequency
to low frequency while maintaining short branch lines. In
addition, by adjusting the dimensions of the delta-stub, the
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operating bandwidth can be widened. The quarter-wave
line section was replaced by folded stepped-impedance
transmission line (FSITL). The series stub, which is
a combination of four-series delta-stub, is applied in each
branch to achieve a more compact size and wideband. In
this work, wideband and compact Wilkinson power divider
of center frequency 2.4 GHz was developed.

2. Proposed Design

The designed Wilkinson power divider is shown in
Fig. 1 for a desired center frequency of 2.4 GHz. Two parts
of the modified power divider are going to be discussed
separately: series delta-stub (SDS) and folded stepped-
impedance transmission line (FSITL).

The SDS is modified based on a single delta open-
stub shown in Fig. 2. By considering the single delta-stub,
it can be divided into n discrete segments of microstrip
transmission line of length 6. The length J should obey the
condition J <<4,, where 4, is the electrical wavelength.
The narrow width segment of the stub which has higher
characteristic impedance is merged with the microstrip
transmission line of the power divider. The last widest
segment of the stub with low impedance plays a role as
an open ended discontinuity as shown in Fig. 2(b). The
analytical design procedures of the delta-stub are demon-
strated by several steps:

Step 1:

First, the desired size of the designed power divider
circuit is fixed to be (13 x 6.5) mm”. However, the smaller
size of the power divider circuit was given 3.2 GHz of the
operating center frequency, f,, which is higher than ex-
pected center frequency, f.'= 2.4 GHz. Here, the modifica-
tion of the pre-designed circuit was done in order to shift f;
from 3.2 GHz to 2.4 GHz without increasing the physical
transmission length.

The empirical equations (1) to (5) were obtained by
polynomial regression fitting based on the CST simulation
data. Up to 15 fitting coefficients (ay,...,as; bi,...,bs;
c1,...,cs) are chosen to provide a greater degree of freedom
for the regression fitting.

f=f-of ()
where the shifted frequency, Af'is given as:
Af =ax nszeries + ﬂ x nseries + V- (2)

Symbols a, f and yin (2) are expressed as:

a=a0+a,0’ +a,0°+ a,0+a;, (3)
B=00"+b,0° +b,0° +b,0+b, , “)
y=c0'+c,0" +c,0°+c,0+c; )

where 6 (in degree) is the vertex angle of the delta-stub and
Neeries 18 the number of delta-stub connected in series form
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Fig. 1. The proposed design layout.
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Fig. 2. (a) Four-series delta stubs and the (b) geometry of the
delta stub [18].

as shown in Fig. 2(a). Symbols a,, b,, and ¢, (n=1,2,...,5)
are the polynomial coefficients and their values are listed
in Appendix (in Tab. A). First of all, the required shifting
frequency, Af (in GHz) from high to low needs to be de-
termined. The number of series delta-stub, ngi.s in each
branch is chosen and it must be a positive integer > 1.
Then, the angle, 8 of the delta-stub is chosen within the
range of 10° < § < 65°, and substituted into (3) to (5). Once
the values of a, 5, and y are obtained, they are substituted
along with 7 into (2) to make sure that Af’is the same as
the determined shifting frequency. If Af is less than the
determined shifting frequency, the value of 6 or e
should be slightly increased and vice versa.

In this study, the reason behind choosing exactly
four-series delta-stubs in each branch with 6 =26° is to
meet the required performance parameters at 2.4 GHz, such
as:

e Return loss, |S] at input port <—10 dB.

e Return loss, |S5,], [S33] at two output ports <—10 dB.

e Insertion loss, |y, |S31] from input to output ports
~-3 dB.

e Isolation, |S;3,| between the two output ports <20 dB.
e Fractional bandwidth up to 110%.

Figure 3(a) depicts the relationship between the num-
ber of delta-stubs, center frequency, f. and angle, 6. From
Fig. 3(a), it can be noticed that the center frequency, f. is
shifted to a lower frequency, f.' by increasing the number
of delta-stubs, n;s and the angle, 6. It should be taken
into account that adding more series of delta-stub improves
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Fig. 3. (a) 2D plot, the relationship between number of series

delta-stubs, angle and the resonant frequency, (b) 2D
plot.

the return loss, |S1;|, on the other hand, that will influence
the bandwidth as shown in Fig. 3(b).

Step 2:

Secondly, the transmission line widths, W,; of the
segment are calculated by [18]

W.,=(2n8)-tan(6/2), n=0,1,.,N 6)
where subscript # is the number of the segments in the
delta-stub. It is worth to mention that 8 =26° was chosen
based on studying different angles for four-series delta-
stubs in order to get the desired center frequency of
2.4 GHz as shown in Fig. 3(a).

The input impedance, Z;,, of each n-segment is ob-
tained by (7) with the exception of the final section (Ziy))
since it has the open ended discontinuity. For W,s/h>1,
the Ziy) of each n-segment is calculated as [1]:

i Zo(n) + jZin(n) tan(ﬁé)
M Z i + 124y 1a0( BS)

in(n)

Z @)

in(n+l) —

where the characteristic impedance, Z, of each n-segment
is expressed as:
1207

Zotm = e {(W,5/h)+1.393+0.667In[ (W, /h)+1.444 |
®)

and the effective dielectric constant, &, in (8) is given as:

g +1

PR LI Sl S ©
2
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The input impedance of the delta-stub can be found
from the computation of the input impedance, Z;,,, of each
cascaded transmission line with incremental distance o.
According to (6) to (9), n was chosen to be 42 to enable
calculating the impedance of the delta-stub, Z;,;,= 57.94 Q
and Zi,,= 83 Q. The electrical parameters for the delta-
stub were computed as: W,=0.5mm, L=1.88 mm, r; =
1.14 mm, 0=26°, W,s=0.95mm, ¢ =0.048 mm, ¢.= 2.2
and thickness, # =0.38 mm. When adding the four-series
delta-stubs, the center frequency was successfully shifted
to 2.4 GHz. This resulted in a size reduction of 44% com-
pared to the conventional Wilkinson power divider at the
same center frequency; however, fractional bandwidth
(FBW) is reduced by 8%. Therefore, in order to improve
the reduction of bandwidth and get more size reduction,
stepped-impedance transmission line is used [7], [8], [24],
[28].

Step 3:

Figure 4 shows the second step in the design process
which is to replace the uniform branch line with non-uni-
form SITLs while maintaining the impedances of input and
output ports at 50 Q. The stepped-impedance-stub lines
design equations provide two degrees of freedom for cir-
cuit dimensions determination. These degrees of freedom
can be used to reduce the circuit size [7].

The SITL possesses two different characteristic
impedance lines and both appeared to be symmetrical.
A stepped-impedance transmission line consisting of a low
impedance line section and two identical high impedance
line sections is depicted in Fig. 4. The low impedance line
section (Z; line) is in the middle with electrical length 6,
and the two identical high impedance line sections with
characteristic impedance Z, and electrical length, 6,/2 are
on both sides. The desired total electrical length,
6,= 6, + 0, is less than 45° at center frequency of 2.4 GHz
[7]. The impedance ratio, Z,/Z, = K of SITL can reduce the
length when K > 1 [7], [24]. The equations from (1) to (6) in

Zo\2

—

!
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“—0,/2> ! By /2>
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Fig. 4. Replacing the uniform transmission line with non-
uniform SITLs transmission line [7].
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Fig. 5. Folded SITL transmission line.

Parameters Values Parameters Values
K 1.25 L 1.0 mm
7, 102 Q Ls 0.2 mm
91 26.2° Lﬁy L7 0.5 mm
6,2 13.8° W, 0.5 mm
Ly, L, 1.5 mm W, 0.3 mm

Tab. 1. Values of design parameters.

[7] are used to determine the optimum values of Z,, Z; and
K when 01 = 92: Ht /2.

Selecting a very high impedance ratio, K is necessary to
achieve compactness in the lines length; however, the
limitations for achieving very high impedance lines
(W/h<<1) and very low impedance lines (W/h>>1)
should be taken into account. Furthermore, high impedance
ratio, K leads to high discontinuity effects. This means that
high value of Z, is required, but this will result in a very
narrow bandwidth. In addition, if Z; is extremely low, this
will result in a wider microstrip line. Due to this reason, it
will be difficult to fabricate. In this work, the desired total
electrical length of the structure is 6, = 6, + 6, and 6, should
be less than 40° at center frequency of 2.4 GHz. By folding
the stepped-impedance line [7], the total physical size was
reduced by 84% as shown in Fig. 5. The dimensions and
parameters of FSITL are tabulated in Tab. 1.

3. Results

The proposed Wilkinson power divider is designed to
operate for equal power division across the band 1 GHz to
3.5 GHz. Figure 6 shows the actual circuit of the proposed
power divider using four-SDS and FSITL structures. This
modified power divider has 84% reduction size compared
to the conventional power divider at the same center fre-
quency of 2.4 GHz. The simulated and measured S-param-
eters results of the modified power divider are presented in
Figs. 7 and 8(a), respectively. In spite of the fact that the
simulation and measurement results show significant
agreement, there is a minor difference due to the tolerance
in fabrications. The measurements were taken by using
an Agilent ES071C network analyzer.

The imbalance between insertion loss |Sy;| and |S34| is
less than £2 dB from 1.5 GHz to 3 GHz indicating that the
proposed power divider can split an incoming signal into
two parts successfully. The measured phase difference of
the developed device, Ag between |S,;| and |S5] is 1.1° with

tolerance +0.7° over the operating bandwidth as shown in
Fig. 8 (b). The return loss, |[S| at input port of the designed
power divider, is better than —15 dB across the frequency

Fig. 6. Photograph circuit of the proposed.
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Fig. 8. S-parameters for measurement results.
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Ref. Center Freq (GHz) | FBW (%) S11 (dB) S2; (dB) Width x Length (mm?) Area (mm?)
[14] 2-5 69 <-10 <-13 0.65, % 0.651, 0.420 A,
[15] 2.0 100 <-10 <-10 0.844, x 0.484, 0.400 A,
[18] 6.85 - <-10 <-10 0.75M4 x 0.544, 0.410 A,
[21] 4.0 112 <-10 <-20 0.774 % 0.75A, 0.580 A,
[22] 2.4 - <-10 <-10 0.431, x 0.364, 0.155 A,
[24] 2.5 80 <-9 <-10 0.441, % 0.194, 0.084 A,
[25] 1.4 9.5 <-10 <-16 0.131, x 0.194, 0.025 A,
[26] 6.85 - <-10 <-13.56 0.73M4 % 0.504, 0.370 A,
[27] 6.65 - <-10 - 0.804, x 0.504, 0.400 A,

This work 2.4 116 <-10 <-13 0.1744 % 0.104, 0.017 4,

69 <-15

Tab. 2. Comparison with previous work.

interval from 1.65 GHz to 3.3 GHz. This is equivalent to
69% fractional bandwidth and the isolation, |S,;| between
two output ports is better than —13 dB from 1.5 GHz to
3.1 GHz. It is obvious from Tab. 2 that the results achieved
by this study are superior compared to the previous studies.

4. Conclusion

A compact Wilkinson power divider has been suc-
cessfully designed and fabricated using four-series delta
stubs with a stepped-impedance transmission line (FSITL)
on each branch in order to obtain a compact size and
a wider bandwidth. The modified power divider achieves
a significant size reduction of 84% compared to a conven-
tional power divider at 2.4 GHz. The measured results of
the modified power divider showed a 116% fractional
bandwidth. It also achieved good impedance matching,
equal power splitting, and high isolation performance over
the range shown by simulation and measurement results.
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Appendix

-67.29325075530255 (G/)

63.10265220824374 (G )

-313.3932265329918

)

8614.177776198560 (G )

-625.4295580827476 (G )

-1773156.863270692

)

374486.1161421590 (G )

6594974.628843251 GH7 )

-352222.1266641890 (G )

14844947.94203831 GH7 )

41403.63899495215 (G )

30995848.35864644 GHy )

-49725156.68841339 (GHZ)

59093631.40386294 (GHZ)

-255185051.0130994 (GHZ)

Tab. A.

Values for equations (2) - (5).




