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Abstract

The ultra-wideband bandpass-response power divider with high-frequency selectivity is pre-
sented in this paper. This power divider consists of an impedance transformer, a filter network,
and two isolation resistors. In order to realize the ultra-wideband filtering performance,
parallel coupling lines and parallel open-circuit branches are applied to the second imped-
ance converter. A resistor is added to the ends of the coupling lines to achieve good isola-
tion and output return loss. The equivalent-circuit method is employed to analyze the
presented power divider. The power divider, working at 3.45-8.29 GHz, is designed and
fabricated. Two transmission zeros are generated at 2.8 and 9 GHz, respectively, and
the out-of-band suppression is >13 dB. The measured results are in good agreement
with the simulation ones.

Introduction

Recent advances in wireless communication systems have increased the demand for micro-
wave passive [1-13] circuits with compact size to propose ultra-wideband [2, 5, 9, 14-17].
As one of the key devices, power divider is widely studied by scholars. More compact circuit
size with wider bandwidth has become an important research direction. Wilkinson divider
as the most widely used power divider has good isolation performance [18], but its band-
width cannot meet the demand of ultra-wideband. In order to achieve ultra-wideband,
some ultra-wideband power dividers have been developed [1, 2, 14, 16]. In [19], a design
formula of multi-section power divider is derived to obtain wide isolation performance.
However, this method requires a larger circuit size and more resistance, which are not con-
ducive to integration. Recently, a few ultra-wideband power dividers [14, 20] based on the
coupling structure were developed in order to achieve a high-frequency selectivity
characteristics.

In this paper, a compact power divider is presented with ultra-wideband bandpass
response. The nested structure makes the circuit more compact. Open-circuit microstrip
lines are loaded at the ends of parallel-coupled lines to achieve ultra-wideband and high-
frequency selectivity. Two resistors are designed to improve the isolation within the pass-
band. Through the even-odd mode analysis, the relationship between the two isolation
resistances is demonstrated. To verify the validity of the proposed design concept, an ultra-
wideband power divider is fabricated and measured. Measured results agree well with the
simulated ones.

Structure, analysis, and design

The layout of the proposed power divider is depicted in Fig. 1. The circuit structure can be
divided into three parts: impedance converter, filter network, and isolation resistance.
Impedance converters are designed in a nested form. The circuit structure is more compact
than conventional multi-section impedance converters, achieving similar dimensions as
single-node impedance converters. In order to achieve out-of-band rejection of the power div-
ider, the distal impedance converter is replaced by a filter-type network. Parallel coupled lines
and parallel open lines are designed to achieve ultra-wideband filtering performance. The end
of the coupling line is connected by isolation resistor R,, thus achieving good isolation and
output return loss in the passband.

Since the circuit is symmetrical, the method of analyzing odd and even modes is applied to
the design of the ultra-wideband bandpass-response power divider. Figure 2 shows the equiva-
lent circuit model of the presented power divider, and the electrical length of each section
satisfies the relationship: 8, =6,/2 and (0, + 6,)/2 =6, =n/2. The equivalent circuit under
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Fig. 1. Configuration of ultra-wideband power divider.

even-mode excitation is shown in Fig. 3(a), the transfer matrix of

[A] is :

[A] = [Ala[Al: =

[ az/Za+Cl1 a :||: 1 0] B
ay/Z2 4 (ay +ad)/Zo + a5 ay)/Zo+as ][ 1/24 1]

|: a/Zo + a2/ Zgy + @ a; ]
a2/Z§ + a2/Zont + (al + a4)/Zo + a4/Zst + a3 aZ/Zo + a4 '
(1)

where ay, a,, as, Z,, Zy can be expressed as:
ay =a4 = (Zce + Zco) Cos GA/(ZCE - Zco)a (2)
a; = _j/2[4ZceZcoC032 GA/(ZCE - Zm) 3)

sin OA - (Zce - Zco) sin 0A]7
asz = j2 sin GA/(Zce - ZCO)7 (4)
Z, :2/(1/Zce+ 1/Zco)7 ©)
Zst = stl(Zsl tan 051 - ZsZ cot 651)/(Z51 + ZSZ)' (6)

The impedances seen from node T are further obtained as:

el (a2/Zo + a2/ Zg + a1)Z + a2 @
" [aZ/ZLZ, + a2/ZOZst + (al + 614)/20 + a4/Zst + (13] ’
Zo+ ar/Z, + ay
‘?2 _ Zien +_]Zg tan 62 (8)

n T )+ 78 tan 6,

where Z; can be expressed as Z; = Z,(2Z, + jZ, tan 6,)/
(Zy +j2Zptan 6;). In order to achieve good matching of the
power divider under even-mode excitation, it must be satisfied
Z¢' = 72, Therefore, the coupling between the odd-even
mode impedance of the microstrip line and the impedance of
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the conversion line can be described by the following formula:

(Zce + Zco)ZO +24 2ZO
ZceZco Zst
(Zce + Zco)220 8ZO (Zce + Zco) ZO(Zce + Zco)
ZZczeZgo (Zce - co)2 ZceZco ZstheZco

(222120 + jV3BZ} + 62270 — /321 2,)
\ L2y + j24/32,Z0 — j24/32,Z0 + 322

)
The condition Re(Z¢') = Re(Z#*) can be obtained. When 6;; is

close to 7/2 at center frequency, the relationship between Z,,
Z5, Zeer and Z,, is simplified as

Z, Z0)Zi
( ce + co) 0 +2
ZceZco ~
(Zce + Zco)2Z0 8ZO (Zce + Zw)
2Zczezgo (Zce - co)2 ZCeZco (10)
322237}

(2122 +320) +1220(22 — 2
In the odd-mode excitation, the equivalent circuit model is shown
in Fig. 3(b). From the impedance matching conditions

Z2' = Z2*, it can be deduced that:

(Zce + Zco)ZO 4ZO 27

ZoZen +R—2+2+ 7
(Zeo+Zeo)* Zo . 87, 2ZeeAZe)20 | ZeetZeo | gaziiz
27272 (Zee—Zeo)? ZeeZ o Ry ZeeZoo ZaZeelco
(2% (62,2, +jv/3ZiRy — j8/3Z,R,)
\ BZIR+ LR +2V3212, )
(11

The condition Re(Z¢!) = Re(Z2*) can be obtained. When 6, is
close to 7/2 at center frequency, the relationship between R;
and R, is simplified as

(Zce + ZCO)ZO

47,
Tl R T2
(ZeetZe) 20 879 2(Zee +Z) 2o Zee + Zeo
22278 T 2 ZeoZ, ZeoZ, 12)
ce““co (Zce - co) ce c0R2 cetco
247272R,

- (3Z\Ry + Z,R,)* +12(Z,2,)*

In order to achieve ultra-wideband filtering, a sufficiently large
coupling coefficient is required. The coupling gap is given as
g=01mm; Z,=171 Q andZ, =53 Q are obtained by selecting
and optimizing the appropriate coupling line width. Noted that
according to (1) and multi-section ultra-wideband Wilkinson
power divider circuit theory described in [19, 21], it is obtained
from the calculation: Z, =69 Q, Z, =42 Q. According to (10),
the relationship between R, and R, is given by:

3.27R, +200  2015.62R,
0.07R, +2.47  0.62R? 4 1007.81°

(13)
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Fig. 2. Equivalent circuit for the proposed power divider.

Port]

Fig. 3. (a) Even-mode equivalent circuit and (b) odd-mode
equivalent circuit.
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Fig. 5. The lower and upper TZ regions varied Ls and Wi,,

In Fig. 4, the effect of R, resistance on output return loss and iso-  frequencies. R, effectively increases the isolation bandwidth and
lation is demonstrated. When the isolation resistance is loaded at ~ output return loss.

the end of the coupled microstrip line, the isolation curve pro- Based on the structure present in this paper, two transmis-
duces two poles IP1 and IP2 at 3.58 and 5.77 GHz, respectively.  sion zeros (TZ) are generated at lower and upper regions, and
At the same time, the output return loss is optimized at similar  the position is determined by the paralleled step impedance line
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Fig. 6. Photograph of the power divider.

shown in Fig. 1. According to equation (6), when
Z tan 6 = Zg, cot O, is satisfied, transmission zeros are gener-
ated at both ends. In order to simplify circuit parameters, always
let 6;; = 0;,. So we can get:

6y = 6 = O, = arctan/R;, (14)
where R, = Z/Z,. The relationship between lower TZ frequency
/1 and upper TZ frequency f, can be expressed as

f2 _ 02 _ T — 00 _ v 1
" arctan VR,

h o 6 6

According to equations (4)-(6), the position of the TZs at the
lower and upper regions can be controlled by adjusting L;, W,
and W, as shown in Fig. 1. Figure 5 shows the position of the
lower TZ and the upper TZ with varied L; and W,. It can be
seen that the upper TZ shifts to the high end when the W,
increases, while the lower TZ is opposite. When adjusting Lg,
the two transmission zeros move in the same direction.
According to such characteristics, the TZ’s region can be adjusted
appropriately.

15)

Results and discussion

To verify the principle of the above design approach, an ultra-
wideband bandpass power divider is designed and optimized by
using full-wave simulation software HESS 15.0. The layout is fab-
ricated on the substrate Taconic RF-35 with a thickness of
0.508 mm and a loss tangent of 0.0018. In the simulation process,
air bridge isolation resistance needs to be used, and the height of
the solder at both ends is set to 0.6 mm. Through this modeling
method, the simulation results are closer to the measured result.
After simulation and optimization, the dimensions of the fabricated
power divider are chosen as follows: Wy =1.15 mm, L; =5.93 mm,
L,=1452 mm, Lg=7.86 mm, W;=0.66 mm, W,=1.38 mm,
Wu=012mm, W,=038mm, W,=0.14mm, g=0.1 mm,
L,=7.76 mm, R;=82Q, R,=240Q. The real photograph of
the ultra-wideband bandpass-response power divider is shown
in Fig. 6. The final circuit size is 15.1 mm x 16 mm (0.504, x

0.53A,), which is the wavelength of the waveguide corresponding
to the center frequency. Figure 7 shows the simulation and the
measured results of the ultra-wideband bandpass-response
power divider. As shown in Fig. 7(a), the designed power divider
operates at 3.45-8.55 GHz with a relative bandwidth of 85%. The
measured input return loss is better than 11 dB, and insertion loss
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Fig. 7. Calculated, simulated, and measured frequency responses of the fabricated
power divider: (a) insertion loss and input return loss, (b) output return loss, (c) mag-
nitude imbalance and phase imbalance.

is better than 1.68 dB in the entire operating band range. Two
transmission zeros are generated at 2.8 and 9 GHz and the
out-of-band suppression is >13 dB. As shown in Fig. 7(b), output
return loss is >13.2dB in the band. The measured isolation
between the output ports is >12.3 dB in the 2.45-8.29 GHz
range. As shown in Fig. 7(c), the amplitude imbalance is within
£0.2 dB in the passband. The measured and the simulation results
agree well with no frequency offset. The increase of insertion loss,
especially in the high-frequency band, is mainly due to the
increase of the distribution parameters of the isolation resistance
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Table 1. Comparisons between the proposed power divider and the reported
ones

Frequency 10 dB (S11) Size High
(GHz) RBW (%) (g xAg) selectivity
[19] 1-6 142 >0.5% 1 No
[17] 3.5-9.8 94 0.33x0.37 No
[9] 1.27-2.8 75.2 0.52 x 0.69 Yes
This work 3.45-8.55 85 0.50 X 0.53 Yes

in the high-frequency band. Comparisons between the proposed
and the previous ones are listed in Table 1. It can be found that
the presented ultra-wideband power divider has the advantages
of high-frequency selectivity. At the same time, assembly error
of the SMA connector and substrate dielectric loss also increase
insertion loss.

Conclusion

An ultra-wideband bandpass-response power divider is proposed
and validated in this paper. The equivalent circuit of the pre-
sented power divider has been developed based on the even-
odd mode analysis and has been used to design the presented
power divider. The circuit is fabricated and measured. The mea-
sured results are in good agreement with the calculated and the
simulation results. The power divider is easy to be fabricated
and suitable for modern wireless systems.
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