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A dual-band unequal power divider
with flexible choice of implementation

CONG TANG, YONG FAN AND KAIJUN SONG

In this paper, a new asymmetric structure is proposed for the dual-band unequal application, in which both open- and short-
ended stubs are applied. Closed-form design equations are obtained for the proposed power divider using the modified even-
and odd-mode analysis method. It is observed that the proposed power divider can operate at high frequency ratio from 2.3 to
3.7 and has a wide operating band. Besides, this proposed circuit can offer flexibility in fabrication. For verification, two power
dividers operate at 1/2.5 GHz with different values of line impedance are fabricated and tested. There is good agreement
between simulation and experimental results, validating the proposed design concepts.
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. INTRODUCTION

As a key element used for combining and dividing the power in
the microwave system, many types of power dividers have been
studied in the past decades [1-26]. In these designs, several
waveguide-based power dividers/combiners, such as ring-cavity
power divider [1], substrate integrated waveguide power divi-
ders [2-4], radial waveguide power dividers [5, 6], and coaxial
waveguide power dividers [7, 8] have been studied, and some
good performance is achieved. But the waveguide-based
power dividers are not compact and not easy to be integrated.

Nowadays, the planar power dividers especially the dual-
band power dividers draw many attentions. Although much
progresses have been made on dual-band power dividers
[9-12], but the issue of unequal power divider is not much
concerned, which was first proposed by Parad and Moynihan
in 1965 [13]. The dual-band dividers in [14-16] adopt reactive
components, which mean that the power divider cannot be
fabricated easily and characteristic distortion of reactive
components may not be avoided at high frequency. Several
dual-band unequal power dividers without reactive elements
are proposed [17-24], but these power dividers cannot
operate at high frequency ratios or the operating bandwidths
are narrow. In [12, 17], two resistors are adopted to increase
the capacity of power handling. Two-section cascaded dual-
band impedance transformers introduced by [27] are adopted
in [18] for the impedance matching of the output ports. In
[19-23], dual-band Wilkinson power dividers with other struc-
tures of impedance transformer are proposed. Recently, slow
wave structures or CRLH phase shift lines are used to reduce
the circuit size [24-25], but these circuits are complicated
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and not easy to be fabricated. A power divider presented in
[26] has a very simple layout because the two section transfor-
mers are removed at the output ports.

In this paper, we propose a new configuration using both
open- and short-ended stubs. This arrangement leads to
larger frequency ratios from 2.3 to 3.7, assuming the range of
the transmission-line impedance is 15-130 (). The analytical
equations and scattering parameters are derived based on the
modified even- and odd-mode analysis containing all para-
meters of the novel structure. Since there is one more degree
of freedom in the design equations, it is flexible to choose the
transmission-line impedance of the power divider if we use dif-
ferent impedance ratio n (when n equals to 1, the power divider
becomes equal dividing). That means the proposed design
method can offer flexibility in fabrication. For verification,
two samples operate at 1/2.5 GHz with different values of line
impedance are fabricated and tested. The measured results
show matching, isolation, and amplitude balance are simultan-
eously achievable for the two operating frequency bands.

II. THEORY AND DESIGN
EQUATIONS

The circuit construction of the proposed dual-band unequal
power divider is shown in Fig. 1. All lines have a common
electrical length. The whole structure of the proposed circuit
is asymmetric to achieve unequal power division. f, and f,
(f, = m-f,, assuming the frequency ratio is an arbitrary
rational number larger than 1) are the center frequencies of
the lower- and upper-bands, respectively, and f, is defined
by (1) below, 6, and 6, are the electrical lengths corresponding
to the two frequencies [14].

f=htl (1)
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To obtain the design equations, the concept of the even- and
odd-mode analysis is extended and applied in this asymmetric
circuit. Assuming the power dividing ratio between port 3 and
port 2 is equal to k* (P,/P, = k?), so the impedance R,, R;,
Zinz Zinz should satisfy [18, 19].

Zim_ - kzZiny (361)

R, = K'R,. (3b)
In Fig. 1, the right side of the isolation resistor R is considered
as two-section transformers with the input impedance R, in
the upper half circuit and R, in the lower half circuit. Based
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Fig. 2. Upper half circuit of power divider. (a) Even mode. (b) Odd mode.
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on the Monzon’s theory [27], the characteristic impedances
of the two-section transformers can be expressed as

. k(k — 1) , k(k —1)\*
Zy=2Zo | gt [k +<2tan0) o (40)
kz?
zZ, = Z (4b)
Z
Zs = 7“ (40)
Z
Zs=".
6 k (4d)

A) Even-mode analysis

In this case, appropriate sources which result in no current
flows through the isolation resistor are applied to the port 2
and port 3. In addition, for the convenience of analysis, Z;
is separated into two parts (Z, is equal to a parallel connection
of Z;, and Z,), the impedance ratio between two parts is
equal to k*. So we can obtain the following equation

Za =+ k)Zy. (5)

The upper half circuit and the lower side are distinguished
only by the impedance level, so only the upper half circuit of
even mode is depicted in Fig. 2(a).

Because Z;,,, and Z,; should be matched to port 1, then we
can get

1+ k*

Zinz = (1 + kZ)Z(n Zin3 - K2

Z. (6)

For convenience, R, and R; are assumed as

Zo

p (7)

R, = kZy, R, =

The ABCD parameters of the block in Fig. 2(a) can be calcu-
lated as

A, B, y o] cos 0 jZgsinf]
= .S1in 0
C, D, Y, 1| cos 0
Za _

oo ®
Lo cos 0 jZp, sin 0
X |:'Y ] .sin 6 cos 0
Jt 1 J Zbl .
where

1

Y, ==Y, tan 6, (9)
2

Y, =—-Y, coth. (10)
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After some algebraic manipulation, the element of the above
matrix equation can be calculated as

Z Z
A, = cos® 0+ =2 cos®  — =2 sin® 6,

(11a)
c1 b1
ZaZ,|
B, =]'<Z;,l + == b + Zal) sin 6 cos 6, (11b)
C1
[ 1 Za 1 1 ) .
C, =jl—+ +—+4+—sinfcos O
! ]<Zd1 chzdl Za1 Zbl
» » (110)
_i L st g — S50
]Zbl d1 anvsm ]Zm tan 6
Zan + 2y Zin  ZanZp\ .
D1:_<aZ+ b Zd +Zqu)51n;_0
d d
1 al C1 1 (lld)

Zhl)
+(1+—=—cos®é.
( ch

Then, the input impedance of the circuit can be derived and
expressed as [28]

AR, + B,
Ziny = )z, =22 %
e = (14 K7, C,R, + D,

(12)
Assuming that the network in Fig. 2 is reciprocal and lossless,
it is obvious that (11b) and (11c¢) are imaginary, whereas (11a)
and (11d) are real. By separating the real and imaginary parts
of (12), the following equations can be obtained

A1 = Lt k D,, (1361)
k
B, = (1 + K)kZ:C,. (13b)

B) Odd-mode analysis

In the case of an odd mode, appropriate signals are applied to
port 2 and port 3 to make the voltage at marker “A” equals to
zero. The whole circuit can be divided into two parts by
grounding the plane at a certain point. The upper half
circuit is shown in Fig. 2(b), R, is part of the isolation resistor
R (the other part is R, R is equal to a series connection of R,
and R,). Considering the matching condition in the right side
of Fig. 2(b), we can obtain

_ Zian (14)
: Zin + Rb ’
where
B,
Zin = " (15)

From (10b), we can obtain that B, is an imaginary number
and A, is real. It is very clear that Z;, is an imaginary
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number, and so that the right side of equation (13) is a
complex number because R, is a real number. But this is
incompatible with the left side of (13). To satisty (14), the fol-
lowing relationship must be satisfied

A, =o, (16)

Ry = kZ,. (17)
Substituting (11a) into (16), the generalized solution can be
given by

Z Z
1+22 2 tan* 6 = o.

(18)
Zc1 Zb1

Because the network is assumed to be reciprocal, the following
expression is satisfied [29]

A,D, — B,C, = 1. (19)

Finally, (13), (16), (18), and (19) are combined and after some

algebraic manipulation, the corresponding design parameters
can, therefore, be expressed by the following formulas

Vk(1 + k?)Z,

“ = Sin Ocos O(1 + tan® 6) (20a)

(1 + tan*0)n
Z e 7 . b
DT ot O)(1—1/n) " (20b)

k(1 + k) Z,
Zc1 = , (206)

sin @cos (1 + tan? O)(ntanz 6 — 1)
where
Zn

"= (21)

In the same manner, the characteristic impedances in the
lower half circuit can be obtained and expressed as

Zp == % \/1+—k2 . (220)
sin O cos 6(1 + tan? 6) k3
Zin = nsin 6 cos 5(01 + tan? 6) \/1_1:?’ (220)
Zar = sin O cos 6(1 + taIZlZ 0) (ntan? 6 — 1) : _I;kz > (220)
Zis = sin 6 cos 6(1 —Zlo/n)(l + cot2 6) \/l_l'c—? (22d)
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Table 1. Values of n under different frequency ratios when k = /2.

flf 2.3 2.5 2.7 2.9 3.1 3.3 3.5 3.7

N 1.7 1.8 2 2.2 2.5 3 3.5 4
Z
R = ? (23)
1+ k*
R=Ry,+R = k Zo- (24)

In conclusion, the parameters of this proposed unequal power
divider can be calculated by (4), (20), (22), and (24). It is worth
mentioning that although all the characteristic impedances of
the proposed power divider are odd in 6, they have the same
values of A, B, C, D at dual frequencies f, and f,, respectively.
That’s why this proposed circuit can operate at both design
frequencies.
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C) Analysis of impedance values

To ensure that the resistance values of (22d) are real and posi-
tive, n > 1 is a necessary condition. From the solutions of (4),
(20), and (22), all the transmission-line impedances vary with
the different frequency ratio if the value of n is fixed. However,
the impedance of the transmission lines is always limited to a
certain range by the restriction of printed circuit board (PCB)
fabrication technology. So if we choose appropriate values of
n, practical line impedance can be achieved.

The characteristic impedances of the power divider calcu-
lated as a function of f,/f, under different values of n when
k = /2 are shown in Fig. 3, where the values of # at different
frequency ratios are listed in Table 1. It is observed that the
proposed dual-band power divider can be constructed to
operate over a wide range of frequency ratio (2.3-3.7) if the
available transmission-line impedance values are limited to
15-130 (). Furthermore, the curves shown in Fig. 3 can also
be used for the design charts of the proposed power divider
when k = /2.

Figure 4 shows the line impedances of the power divider
versus power division ratio when the frequency ratio f,/f, is
fixed at 2.5, the value of # is 1.8. A power division ratio up
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Fig. 3. Line impedance of the power divider versus frequency ratio with fixed power division ratio. (a) The upper part of the divider and isolation resistor, (b) the

lower part and the part of two-section transformers.
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Fig. 4. Line impedance of the power divider versus power division ratio with a fixed frequency ratio (f,/f, = 2.5) and n = 1.8. (a) The upper part of the divider and

isolation resistor, (b) the lower part and the part of two-section transformers.
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Table 2. Line impedances under different values of n when k = /2
(in the case of f;=1 GHz and f, = 2.5 GHz).

1.6 J3 1.9 2 2.1

zZQ) Z,,=823 Z,=8213 Z,=82.13 Z,=82.13 Z,=82.13
Zp=513 Zp=4742 Zp=43.23 Zp,=41.07 Z,=39.11
Zo=548 Z,=47.65 Z,=41.32 Z,=3829 Z,=35.68
Zax=41.7  Zp=41.07  Z4;=41.07 Z;,=41.07  Z;,=41.07
Zp,=25.7  Zp,=23.71  Zp,=21.61 Z3,=20.53 Z3,=19.55
Ze=27.1  Z,=23.83  Z,=20.66 Z.,=19.15 Z.,=17.84
Zy=114.9 Zz=101.85 Z;=90.88 Z;=86.1 Z;=82.18

Z,=61.2,2,=57.77
Zs= 40.85, Zs = 43.27

to 1:4.2 can be achieved using this proposed circuit if the line
impedances are limited less than 130.5 ).

Table 2 shows the line impedances under different values of
nin the case of f, = 1 GHz and f, = 2.5 GHz when k = /2. It
can be obtained that there are many groups of values which
can be chosen to achieve the same frequency response. By
choosing the value of n properly, we can tune the impedance
value of the transmission line for convenient implementation.
That means the proposed design method can offer flexibility
in fabrication. Furthermore, there is one more transmission
line of freedom to share the power and the input impedance
in Fig. 2, which is the reason why this proposed circuit can
operate at higher frequency ratios and power ratios.

. EXPERIMENTAL RESULTS

To validate the design and derived formulas, power divider A
(n=2) and power divider B (n= ,/3) with the power ratio
k* = 2, designed to operate at 1 and 2.5 GHz were fabricated
on a RF-35 substrate. The data of the substrate are g, = 3.5,
tand = 0.0018, thickness of the dielectric layer is 0.508 mm,
and the conductor thickness is 0.018 mm. The theoretical
values of the transmission-line are listed in Table 3, R = 106

Q) (for the actual implementation, the isolation resistor used
in this power divider is 110 Q).

The pictures of the two fabricated power dividers are
shown in Fig. 5. The two power dividers are measured by
Agilent 8757D network analyser. The simulated and measured
results are presented in Fig. 6. It can be observed that there is
good agreement between the simulated and measured results.
Seen from Figs 6(a), 6(d) and 6(f), the measured values of
ports matching are larger than 20 dB at both 1 and 2.5 GHz,
indicating that there are good return losses. The isolation
values are better than 28 dB for both 1 and 2.5 GHz, as
shown in Fig. 6(e). In Fig. 6(b), the insertion losses of power
divider A are 4.93 and 5.21 dB at 1 and 2.5 GHz, and the inser-
tion losses of power divider B are 4.97 and 5.14 dB at 1 and
2.5 GHz. In Fig. 6(c), the insertion losses of power divider A
are 2.02 and 2.28 dB at 1 and 2.5 GHz, and the insertion
losses of power divider B are 1.95 and 2.23 dB at 1 and
2.5 GHz. According to the measured results, with a pass
band ripple of 0.5 dB, power divider A has an operating band-
width over 405 MHz in S,, and 515 MHz in S;,, power divider
B has an operating bandwidth of 425 MHz in S,, and
575 MHz in §;,.

Comparison between this proposed work and the previous-
ly ones are shown in Table 3. Assuming the line impedances is
range from 15 to 130 (. In [15, 16, 20, 21, 23], the measured
Si (i=1, 2, 3) or S,; is larger than —15dB at f, and f,.
Compared with [9-11, 16-24], this circuit can operate at
wider bandwidth. Compared with [9-10, 16-22], this circuit
can work at higher frequency ratios. Compared with [24],
the proposed circuit has better performance in insertion loss
and bandwidth. It can be observed that the circuit in [25]
has bigger insertion loss compared with the proposed circuit.

V. CONCLUSION

In this paper, a new topology of dual-band unequal power
divider has been presented. Closed-form design equations

Table 3. Measured performance comparison between the proposed and the reported ones.

Equalor  f, f, (GHz)  Frequency S..(dB) at f,/f,  S,;,(dB)atf,/f, RBW (%) atf,/f; Lumped
unequal ratio range element

[9] Equal 1/2 1.91-2.58 (short stubs) —3.17/ — 3.27 —3.17/ — 3.27 20.5/6.1 R

[10] Equal 1/2.65 2.12-2.74 (short stubs) —3.1/ — 3.1 —3.3/ — 3.3 25/10.7 R

[11] Equal 1/2 1.13-4.7 —3.9/ — 3.8 —3.8/ — 3.7 6.2/3 R

[12] Equal 1/2.4 1.9-3.75 (Z;=25 Q) —3.5/ — 3.8 —3.5/ — 3.8 10/4.2 Two resistors

[15] Unequal 1/2.5 - —2/—2 -5/ =5 34/Null® RLC

[16] Unequal 1/2 2 —2.3/ — 2.4 —5.8/ — 6.2 32/Null® RLC

[17]® Unequal 1/2 1.42-2.41 —1.9/ — 1.95 —4.8/ — 5.1 7.9/2.6 Two resistors

[18] Unequal 1/1.8 1.8-2.44 —2/—2 —5/ — 6.5 10/5.6 R

[19] Unequal 1/2 1.8-2.56 —1.9/ — 1.85 —4.75/ — 5.1 32/13 R

[20] Unequal 1/2.5 2.2-2.6 (open stubs) —1.93/ — 1.94 —4.35/ — 4.99 Null® R

[21] Unequal 1/2.5 2.48-2.65 (short stubs) —2.15/ — 2.29 —4.72] — 4.78 Null® R

[22] Unequal 1/2 1.85-3 —1.92/ — 2.23 —4.93/ — 4.85 10/5.3 R

[23] Unequal 0.9/2 2.12-4.5 (Z,=32 Q) —2.12/ — 2.3 5.13/ — 5.45 Null® R

[24] Unequal 0.9/2.4 - —2.8/ — 2.8 —5.8/ — 5.8 18/5 R

[25] Unequal 1/2.4 - —2.37/ — 2.66 —4.91/ — 5.44 45/13 RLC

Power divider A Unequal 1/2.5 2.3-3.7 —2.02/ — 2.28 —4.93/ — 5.21 31.7/15.5 R

Power divider B Unequal 1/2.5 2.3-3.7 —1.95/ — 2.23 —4.97/ — 5.14 33.4/17.5 R

“RBW: relative bandwidth, S;; and S,;<15 dB.
"Power divider A.
“Null: S;; (i = 1, 2, 3) or S,, is larger than —15 dB.
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(a)

(b)

Fig. 5. Photos of the two fabricated power divider. (a) Power divider A and (b) power divider B.
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Fig. 6. Measured, and simulated S-parameters of the proposed power divider. (a) S,,, (b) S,,, (¢) S;,, (d) S,,, () S,3, and (f) S;;.
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have been obtained using the modified even- and odd-mode
analysis technique. The range of lower and upper band fre-
quency ratio discussed in the paper was from 2.3 to 3.7. The
proposed power divider can offer sufficient flexibility in
fabrication and wide operating bandwidth. In addition, two
experimental power dividers have been implemented. Good
agreement between the simulated and measured results has
been achieved, validating this proposed methodology.
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