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A Novel Design Method for Unequal Coupled Line Dual-Band
Wilkinson Power Divider

Puria Salami'> *, Mohsen Katebi Jahromi?, and Alireza Khoddam Astaneh Hossein?

Abstract—In this article, a new design approach for an unequal coupled transmission line dual-band
Wilkinson power divider is presented. A parallel short or open circuit stub is considered at the input
port for dual frequency response, and two resistors are connected in order to isolate the outputs. The
method is based on an even-odd mode procedure. The main objective of this paper is to fabricate
a dual band Wilkinson power divider in order to achieve higher dividing ratio, simple structure, and
easier fabrication. First, the desired power divider is divided to two parts known as even and odd mode
equivalent circuits. Then by analyzing the circuits, the characteristic impedances are calculated. Next,
the coupled transmission lines dimensions are extracted. Afterward by using the calculated characteristic
impedances, an error function is formulated, and by minimizing, the isolating resistors are obtained.
To clarify the applicability of this method, several microstrip power dividers which operate at both
1 GHz and 2.3 GHz with dividing ratio equal to 1.2589 are designed and simulated with the assumption
that relative permittivity is equal to 2.56. In order to demonstration the advantage of using coupled
lines tow dividers, one by separated-lines and the other one by coupled-lines are designed and compared
with each other. The results illustrate that while the coupled-line dividers have simpler structure,
they have significantly similar frequency operation to separated-line ones. Then the designed structure
fabricated on an FR4 substrate and S parameters are measured. The results show excellent agreement
with simulation.

1. INTRODUCTION

Wilkinson power dividers (WPDs) are widely used in microwave and millimeter-wave systems such as
antenna arrays, amplifiers, and mixers. Since the invention of WPDs (Wilkinson, 1960) [1], there have
been many efforts to develop them, and each tries to add additional options or introduces the most
simplified approach for designing and fabricating. At first, WPDs had narrow bandwidth [2]. By using
several cascade sections, the bandwidth of WPDs dramatically increased so that some nowadays WPDs
have multi-gigahertz frequency response [3]. Another application was introduced by the emergence of
multi-band systems, and dual-band WPDs (DWPDs) were invented [4, 5] which mostly use one or more
stubs (shorted or opened circuit stubs) to have dual-band frequency operation [1-6]. Dual band coupled-
line based power dividers were firstly introduced in 2009 [7] used for single band and equal dividing
ratio. Since coupled lines have many advantages such as the potentiality of miniaturization, possibility to
achieve higher characteristic impedances while the traces’ width is constant in comparison to separated
lines, and consequently higher dividing ratio, another important factor is widely researched [7—16]. The
structure in [7] is based on two coupled lines with no stubs which are only used for equal operation.
In [8] and [9], the analysis methods are based on two pairs of coupled lines used mainly for broadband
power dividers. In these cases, dual band operation is a special case of these generalized power
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dividers. Another method is introduced in [10] which involves a sophisticated structure only used
for miniaturization purposes. In this case, the unequal operation is not caused by coupled lines. In [11-
14], the methods are introduced only for equal operations. None of the papers from [7] to [14] tries to
use coupled line’s unequal dividing operation potentiality. By investigation, it can be concluded that in
both coupled and separated-line DWPDs the majority of the design approaches focus on miniaturizing
or size reduction [17-23]. In this paper, a novel procedure for DWPD fabrication, based on coupled
transmission lines and even-odd mode analysis [7,24-27], is presented in order to catch 1- unequal
dividing ratio as high as possible, another important factor which widely researched [28-34], 2- easier
designing method, simple structure, and consequently simpler fabrication. At first, the desired structure
is introduced and divided to even and odd mode equivalent circuits [33], illustrated in relevant figures.
By analyzing these circuits, the even and odd mode characteristics impedances are obtained. Finally,
the line characteristic impedances are calculated by using even and odd mode calculations. Second,
to obtain the resistor values, regarded to input impedances from output ports, here port number 2,
an error function is written and minimized. Third, several samples, for various dividing ratios and
coupling coefficients (which indicate the coupling ratio between two coupled transmission lines), are
analyzed, and the calculation results are listed in tables. In section four one sample is chosen. While
its physical properties are recorded in a table, the simulated frequency responses are illustrated in some
figures. Finally, for better understanding two DWPDs, one with separated transmission lines and the
other one with coupled transmission lines, are designed, analyzed, simulated, and their S-parameters
are compared with each other. Due to using coupled lines, it is clear that not only the desired structure
has the miniaturizing potential, but also it can obtain higher dividing ratio than separated DWPDs.

2. ANALYSIS AND DESIGN METHOD

The desired DWPD structure is shown in Fig. 1 which consists of two impedance matching units, two
coupled transmission lines, a parallel shorted or opened stub at the input port for dual operations,
and two isolating resistors to isolate the outputs. In order to compute the coupled lines characteristic
impedances, the mentioned DWPD must be analyzed in two modes, namely even and odd [3]. In
this analysis method, the structure in Fig. 1 is divided to two parts known as even and odd mode
structures [33], Figs. 2(a) and 2(b), respectively. The even mode structure, illustrated in Fig. 2(a), is a
dual-band Wilkinson power divider itself [29]. As the resistors current in this mode is equal to zero, in
ideal assumption, they can be omitted. In this case, the characteristic impedances of the section lines
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Figure 1. Dual-band coupled line Wilkinson power divider with opened stub.
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Figure 2. (a) Even mode. (b) Odd mode of the upper side of the desired DWPD.

can be obtained as follows [29]. The index e refers to even mode.
V(L + K2)kZ,
tan(6)

(1+ K?)kZ

k2 tan(6)
Zp1e = /(1 + K2) kZy tan(f)
V(1 + K2) kZy tan(6)

2

where 0 is the electrical length, k the dividing ratio, and Z; the port impedance.
For short and open stubs, the equations are as follows respectively.

ZAle =

ZAQe =

ZBZe =

Fer — VEZy cos?(6)
STz cos(260)+/(1 + K?)Zy tan(6)
Zo — VEkZy cos?(6) tan(26)

cos(20)/(1 + K?)

Note that the electrical length of the open stub is only doubled in comparison to other lines.

177

(6)

In odd mode equivalent circuit, Fig. 2(b), the characteristic impedances should satisfy the

followings [33].

ZAle — ZAlo . ZA2¢ — ZA20
ZAle + ZAlo B ZA2e + ZA20
Zple — ZB10 _ ZB2e — ZB2o
Zpie+ ZBlo  Zpoe + ZB2o

ki =

ki =

(7)
(8)

where ki is the coupling coefficient which is chosen in a way that the gaps between the coupled lines
can be easily fabricated [3]. Thus, the even and odd mode impedances follow the relations bellow. The
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index o refers to odd mode.

Za0 = Zate (1 J_r Zi) (9)
Zplo = ZBie <1 4__ :1) (10)
Za2o = ZA2e <1 ;_ Zi) (11)
ZB20o = ZB2e (;Z) (12)

By knowing the even-odd mode impedances, the line characteristic impedances can be calculated by

following equations
Za1 = vV ZaAte X ZAlo (13)
ZB1 = VZB1e X ZB1o (14)
Za2 = \/ Zaze X ZA20 (15)
ZB2 = \/ZB2e X ZB2o (16)

For outputs impedance matching transmission lines, two impedance transformers are considered. To
calculate their characteristic impedances, the following equations are used [29].

—
=~

2
Z3 = 2o %;;2(0)(1_1{;)—'—\/[2‘0&];2(9)(1_]{)] + kK (17)
2
Zo %;;%(k—l)ﬂ/[%aﬁz(e)(l—k)] + k3
4 = v (18)
(k—1) (L-k) ]
20 2‘0&112(9)—‘_\/{%3&12(6)] +k
Zs — ; (19)
(1—k) (1—k) ]°
Z — 7 (20)

It is obvious that since the impedance matching transmission lines are separated, Equations (17) to
(20) are independent from coupling coefficient. Thus, the impedance matching transmission lines’
characteristic impedances are constant while k is constant.

As the final step, the isolation resistors should be obtained. For this purpose, the odd mode
equivalent circuit, Fig. 2(b), is used [33]. Here the input impedance form port 2 is considered as error
function, and its calculation procedure is declared as follows.

Zinl = jZAl tan(@) (21)
R1 X jZAl tan(@)
Ry + jZ 41 tan(6)
Zin2 + jZp1 tan(0) _z JR1Z 41 tan(0) + jZp1 tan(f) (R1 + jZ a1 tan(0))
Zp1 + jZin2 tan() Bz (R1+ jZaitan(8)) — R1Z ;1 tan(0) tan(6)

Zina = (22)

Zin3 = ZB1

(23)
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Ty = Ry X Zins _ RoZp (lezAl tan(@) +jZBl tan(@) (R1 —|—jZA1 tan(ﬂ))) (24)
" Ry + Zins Ry (Zp1 (R1 + jZ a1 tan(0)) — R1Z a1 tan(€) tan(6))
+7Zp1 (jR12A1 tan(@) +77p1 tan(@) (R1 4+ 521 tan(@)))
Zina + 7723 tan(&)

3 73+ ) Zina tan(@)

Zins =

RoZp1 (jR1Z a1 tan(0) + jZp1 tan(0) (R1 + jZ a1 tan(6)))
Ry (ZBI (Rl + 2 tan(@)) — RiZa1 tan(@) tan(@))
+7Zp (jR1ZA1 tan(H) + jZBl tan(@) (Rl + jZAl tan(@)))
= 74 (25)
RoZp (jR1ZA1 tan(9) +7ZpB1 tan(@) (Rl 4+ jZ a1 tan(@)))
RQ(ZBl(Rl 4+ jZ 41 tan(ﬁ)) — RiZa1 tan(@) tan(H))
+7Zp (lezAl tan(&) + jZBl tan(@) (R1 + jZAl tan(@)))
Zins + jZy tan(0)
Y21+ Zins tan(0)
RoZp1 (jR1Z a1 tan(0) + jZp1 tan(0) (R1 + jZ a1 tan(6)))
Ry (Zp1 (R1 + jZa1tan(0)) — R1Z a1 tan(6) tan(6))
+Zp1 (jR1ZA1 tan(@) + jZBl tan(@) (Rl + jZAl tan(@)))
Zs + j RoZp (lezAl tan(@) + jZpB1 tan(@) (R1 + 5241 tan(H)))
Ry (Zp1 (R1 + jZ a1 tan(0)) — R1Z a1 tan(€) tan(6))
+Zp1 (leZAl tan(@) —l—jZBl tan(@) (Rl +jZA1 tan(&)))
RoZp (lezAl tan(@) + jZBl tan(@) (Rl + jZA1 tan(@)))
Ry (Zp1 (R1 + jZ a1 tan(0)) — R1Z 4, tan(0) tan(0))
+Zp1 (jR1Za1 tan(0) + jZp1 tan(0) (R1 + jZ a1 tan(6)))
7 . RoZp (jR1ZA1 tan(&) 4+ jZpB1 tan(&) (Rl +7ZMm tan(&)))
3+J -
Ry (ZBl (Rl 4+ jZ a1 tan(&)) — RiZa tan(@) tan(&))
+Zp1 (JR1Za1 tan(0) + jZp1 tan(f) (R1 + jZ a1 tan(0)))

+ jZ3 tan(0)

Z3+j

tan(0)

+ jZ3 tan(0)

Z3

+7Z4 tan(0)

tan(0)

+ jZstan(0)

Zy+ 7273 tan(0)

tan(0)

(26)

The final formula is considered as an error function. As seen, the error function, (Z;,), is a function of
R1 and Ry. On the other hand, the only uncalculated variables are these mentioned resistors. Hence by
minimizing this function, the resistor values will be calculated. Note that Z;, must be equal to port 2
impedance (here 50 Q).

3. EXAMPLES AND SIMULATION

In this section, several examples of a DWPD whit open stub, based on an FR4 layout (e, = 4.47) for
various dividing ratios, ideal transmission lines, f1 = 1, fi = 2.3, and port impedances equal to 50 {2
are analyzed. The calculated parameters are listed in Tables 1 and 2. It is obvious from Table 2 that
the more increase is in coupling factor, k1, the more decrease is in lines characteristic impedances. For
simulation, case number 8 is chosen, and the frequency responses are illustrated in Figs. 3 to 5. In this
case, a program based on equations in [34] has been written in MATLAB to calculate the even-odd
mode characteristic impedances for wide range of trace widths and various coupling factors in order to
build a physical matrix. Then by using another MATLAB program, the final physical dimensions are
extracted, using interpolation within the mentioned matrix. The physical dimensions, in millimeters,
are listed in Table 3 where Wy, is the trace width corresponding to Z4,, etc. The final structure is
shown in Figs. 6 and 7. It can be observed that this structure not only is very simple but also has good
division and isolation within output ports and excellent matching in all ports through desired frequency
bands.

Figure 3 shows Si2 and Si3, the delivered power to port 2 and port 3, respectively. As can be
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case k 1 [ ¢ Z 1. Zg1, Z 12 Zpe Z 410 Zg1, Z 420 Zg20
1 1:1 1 23 0 50.35 99.29 5035 99.29 50.35 99.29 5035 99.29
2 1:1.2589 1 23 0 64.22 126.66  40.52  79.92 64.22 126.66  40.52  79.92
3 1:1.7 1 23 0 112.59  222.03 28.14 55.51 91.56 180.56  31.68  62.47
4 1:1 1 23 0.16 50.35 99.29 5035  99.29 36.46 71.9 36.46 71.9
5 1:1.2589 1 23 0.16 64.22 126.66  40.52  79.92 46.5 91.72 29.34  57.87
6 1:1.7 1 23 0.16 11259 222.03 28.14 5551 66.3 130.75 2294  40.19
7 1:1 1 23 0.27 50.35 99.29 5035  99.29 28.94 57.07 28.94  57.07
8 1:1.2589 1 23 0.27 64.22 126.66  40.52  79.92 36.91 72.8 23.29 4593
9 1:1.7 1 23 027 11259 222.03 28.14 55.51 52.62 103.78  18.21 3591
Table 2. The Lines’ Characteristic Impedances.
case k c Z, Z Zp, Zy, Zp, VA Z, Zs Z Z,
1 1:1 0 50 50.35 99.29 5035 99.29 50 50 50 50 105.08
2 1:1.2589 0 50 6422 126.66 40.52 7992 57771 5453 4331 4584 103.71
3 1:1.7 0 50 91.56 180.56 31.68 6247 69.55 61.1 3594 4091 98.24
4 1:1 0.16 50 42.84 84.5 42.84 845 50 50 50 50 105.08
5 1:1.2589 0.16 50 54.65 107.78 3448 68.0 57.71 5453 4331 4584 103.71
6 1:1.7 0.16 50 7791 153.65 2696 53.16 69.55 61.1 3594 4091 98.24
7 1:1 0.27 50 38.17 7528  37.17 75.28 50 50 50 50 105.08
8 1:1.2589  0.27 50 48.69 96.028 30.72 60.59 57.71 54,53 43.31 45.84 103.71
9 1:1.7 0.27 50 69.41 136.89 2401 4736 69.55 61.1 3594 4091 98.24
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Table 3. Physical Dimensions for Case Number 8.

€, =447 h=1.6 mm fi1=1GHz f,=23GHz
coupled factor (k) =0.16  port impedances = 50 Q
WAI VVB1 WAZ VVB2 W3 W4 WS W6 Woc gl(mm) gz(mm) R] Q R2 Q
2.66 0.626  5.56 1.9 2.2 2.5 3.7 3.3 0.57 0.6 1.3 81 160

10

-20

S parameters(dB)

—%— S11
—=—s12
—6—s13

O s23 ]
—A&— 522
—%— S33

. . . . \ . . . .
0.6 0.8 1 1.2 1.4 16 18 2 2.2 2.4 26
frequency(GHz)

Figure 5. S-parameters.

Figure 6. 3D physical structure. Figure 7. Physical structure.

seen, the division between two output ports within desired frequencies is reasonably constant, —5.3 dB
and —5.9dB for S12, —2.8dB and —3.5dB for Si3 in frequencies 1 and 2.3 GHz, respectively. At the
same time, the reflection at all ports (S11, S22, and Ss3) and the isolation between two outputs (Sa3)
are far below —10dB which indicate excellent port matching and output isolation, Fig. 4. For better
understanding the Si2, Si3, ports matching and isolation are shown against each other in Fig. 5.

4. COMPARISON

In this section, by some comparisons, we are going to describe how this design approach helps to achieve
two desired purposes. Looking at Figs. 6, 7, and 8(a), it is obvious that the coupled transmission lines are
straight and have the same length, while the separated transmission lines have different lengths and have
to be fabricated separately, Fig. 8(b). Thus, there are many uses of curves and bends. Consequently, the
separated structure has some limitations that constrain the fabrication which are dramatically decreased
by replacing separated lines with couple lines. On the other hand, while the dividing ratio increases, the
transmission lines’ width decreases in a way that from a certain dividing ratio, depending on substrate,
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Figure 8. Comparison between two structures: (a) coupled-line DWPD structure, (b) separated-line
DWPD structure.
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Figure 9. Frequency responses of separated line DWPD shown in Fig. 8(a): (a) divided parameters
against ports’ impedance matching and output isolation, (b) ports’ impedance matching and output
isolation, (c) divided parameters.

some lines become too narrow so that the fabrication will be impossible physically. For describing the
second purpose, achieving the higher dividing ratio, there are two DWPDs, coupled-line and separated-
line DWPDs, with & = 1.2589 [29] designed and simulated on an F4B substrate with 0.8 mm thickness
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Figure 10. Frequency responses of coupled line DWPD shown in Fig. 8(b), (a) divided parameters
against ports’ impedance matching and output isolation, (b) ports’ impedance matching and output
isolation, (c) divided parameters.

Table 4. Physical dimensions for separated-line DWPD fabricated on F4B.

€, =2.65 h =0.8 mm f1=1GHz f,=23GHz
coupled factor (k1) =0 port impedances = 50 Q
WA1 le;1 WA2 VVB'2 W3 W4 W5 W6 Woc gl(mm) g2 (mm) R 1 Q
separated 1.41 0.28 2.9 0.93 1.7 1.9 2.7 2.5 0.57 >3 >3 68

Table 5. Physical dimensions for coupled-line DWPD fabricated on F4B.

€, =2.65 h=0.8 mm fi1=1GHz f,=23GHz
coupled factor (k;) =0.16 port impedances = 50 Q
WA] VVB1 WAZ VVB2 W3 W4 Ws W6 W,,,; gl(mm) g2 (mm) R 1 Q R 2 Q
coupled 19 1 3.8 1.9 1.7 1.9 2.7 2.5 0.57 0.6 0.6 68 120

and 2.65 relative permittivity in HF'SS software, and their dimensions are listed in Tables 4 and 5. By
comparing them respectively, it is derived that while the operations of these two dividers are reasonably
similar, using coupled lines reduces physical fabrication limitations since all traces in coupled lines are
wider than the other transmission lines respectively. The main important dimension more responsible
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for physical limitation is Wp, which is 0.28 mm in separated-line DWPD, Fig. 8(b), while the same value
in Fig. 8(a) is 1 mm, more than tripled. This fact reduces the fundamental DWPDs physical limitation.
To clarify the operation similarity, both designed DWDPs are simulated, and their frequency responses
are demonstrated in Figs. 9 and 10 and compared in Fig. 11.

Fig. 9(a) represents the separated line DWPD S parameters while its corresponding S parameters
for coupled line DWPD is in Fig. 10(a). For better understanding we separated impedance matching
and isolating parameters from dividing ones and prepared Figs. 9(b) and 9(c) and also Figs. 10(b)
and 10(c). By an overview, it can be concluded that coupled-line and separated-line DWPDs have the
same S parameters. Figs. 9(b) and 10(b) illustrate reflection loss and matching at all ports. As it is
seen, these parameters are reasonably similar, far below —10dB, at desired frequencies. In Fig. 9(c)
at frequency 1 GHz, the delivered powers to ports 2 and 3 in separate-line DWDP are —4.07dB and
—2.41 dB while these values are —4.27dB and —2.41 dB at 2.3 GHz, respectively. On the other hand, in
Fig. 10(c) at frequency 1 GHz, the delivered powers to port 2 and 3 in coupled-line DWDP are —4.03 dB
and —2.58 dB while these values are —4.29dB and —2.61dB at 2.3 GHz, respectively. It is clear that
the delivered powers to outputs are not only significantly equal, but also in desired frequencies, and
the coupled-line WDPW operates the same as the separated-line WDPW but with wider transmission
lines.

The separate S parameter comparisons are illustrated in Fig. 11. In Figs. 11(a), (d), (f), impedance
matching in ports 1, 2, and 3 is presented respectively. These parameters have the same behavior due
to having the value far below —10dB in both 1 and 2.3 GHz frequencies. At the same time, Figs. 9(b)
and (c) demonstrate So; and S3; comparison. It is clear that both mentioned parameters have exactly
the same value in 1 and 2.3 GHz frequencies. Consequently, the separated and coupled DWPDs have
excellent agreement in desired frequencies.

Now we are going to explain that how much higher dividing ratio can be achieved after using
coupled transmission lines while the Wp, width is constant and equal to what is listed in Table 4. As
Table 6 demonstrates, although Wg, in both separated and coupled line DWPDs are equal, the dividing
ratio in coupled structure is higher than that in separated one about 0.5. In conclusion, it means that

Table 6. Physical dimensions for coupled-line DWPD fabricated on F4B.

€, =2.65 h =0.8 mm f1=1GHz f,=23GHz
coupled factor (k) is 0.16 for coupled and is 0 for separated one
k Wa, Wg, Wy,  Wg W3 Wy Ws W W,e gymm) g,(mm) R, QO R,Q
separated 1.2 1.41 0.28 2.9 0.93 1.7 1.9 2.7 2.5 0.5 >3 >3 68 -
coupled 1.7 1.30 0.28  5.46 2.26 1.7 1.9 2.7 2.5 0.5 0.6 0.6 68 120

Figure 12. The fabricated circuit on FR4 substrate.
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the coupled line DWPDs with higher dividing ratio can be designed and fabricated easier than separated
line DWPDs.

5. RESULTS AND DISCUSSION

Figures 12 shows the fabricated circuit on an FR4 substrate with ¢ equal to 4.4 and thickness of 1.6 mm.
The scattering parameters of the designed power divider have been measured. Fig. 13 to Fig. 16 show the
simulated and measured scattering parameters of the fabricated power divider simultaneously. Fig. 13
shows the magnitude of the reflection coefficient at port 1. As the figure shows, the magnitude of the
measured reflection coefficient has excellent agreement with simulated one and has its lowest values in
1 and 2.2 GHz frequencies. Figs. 14 and 15 show the magnitude of the reflection coefficient at port 2
and port 3, respectively. As it is seen, measured and simulated parameters follow each other excellently.
There is some ripple on the measured curves due to laboratory situation. Fig. 16 illustrates the measured
and simulated isolation comparison between the output ports. The two curves have the same look with
a slight deference which is negligible.
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6. CONCLUSION

In this article, a new structure for a dual-band Wilkinson power divider, based on coupled microstrip
transmission lines is introduced. The mentioned Wilkinson power divider is divided to even and odd
mode equivalent circuits, then their relevant characteristics are calculated. Due to matching purpose,
two matching units are considered and calculated. By using odd mode circuit, an error function is
written, and by minimization the resistor values are obtained. For analysis, several samples are analyzed,
and the corresponding calculated parameters are listed in two tables. To clarify the applicability, an
example is chosen, fabricated on an FR4 substrate and simulated in microwave office software. The
measured and simulated S-parameters show excellent frequency response within desired band. Note
that his method can be used for separated transmission lines when coupling factor is equal to zero, so in
final section two DWPDs, one by separated transmission lines while the other by coupled transmission
lines, are analyzed and compared. Consequently, the comparison reveals that the desired DWPDs have
the potential to operate reasonably the same as the separated DWPDs while they have wider traces.
This fact means significant reduction of the fabricating limitation in higher dividing ratios.
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