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Abstract

In this paper, two ultra-wide band power dividers are introduced. Compact
equal power divider is considered firstly where an extended transmission lines
and double open stubs are used in order to increase the bandwidth. Secondly,
an unequal UWB power divider is introduced where multi-stage impedance is
used. The proposed power dividers are fabricated and measured. The overall
sizes of the proposed power dividers are 11.37 x 17.87 mm” for the equal one
and 12.13 x 29.03 mm?’ for the unequal power divider. The simulated results
are compared with the measured results and good agreement is obtained.

Keywords
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1. Introduction

Power dividers play an important role in many microwave systems such as
balanced mixers, phase shifters, power amplifiers, and antenna array feed net-
works. Wilkinson power dividers are the most popular dividers which achieve
completely matched output ports with high isolation between them and a frac-
tional bandwidth of 20%. There is a great interest in designing ultra-wideband
(UWB) components due to the rapid growth of the short range broadband
communications, indoor wireless networks, and UWB radar imaging systems.
Different UWB power dividers had been designed [1] [2] [3] [4] in order to
achieve that goal. A tapered slot and a fan-shaped slot were introduced into the
circuit design to improve the performance of the UWB non-coplanar power di-
vider [2]. A compact UWB power divider based on microstrip-to-slotline transi-

tion was introduced in [3].
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In [5], a single open circuited radial stub was introduced at each of the Wil-
kinson power divider output port to broaden the bandwidth. The power divider
presented in [6] was based on signal interference technique where the short
ended symmetrical coupled line and transversal transmission line were intro-
duced at both output ports of the divider. A high isolation was achieved between
output ports due to the microstrip-to-slotline transitions [7]. Also, for band-
width enhancement purpose, a short ended stub was combined with an open
ended microstrip line in the power divider structure, as stated in [8]. In [9] [10],
the proposed UWB power divider with notched band was based on square ring
multiple mode resonator.

In this paper, an UWB equal power divider is analyzed and proposed. The
analysis is based on the idea of double stub matching. It includes an extended
transmission line and double open circuited stubs at each of the output ports in
order to increase the bandwidth of operation. Also, an unequal UWB power di-
vider analysis based on the idea of two section transmission line is proposed. On
contrary to the unequal power dividers presented in [11] [12] [13], the proposed
design is simple and efficient because it can be viewed as two section quarter

wave transformer.

2. Equal Power Divider Analysis and Design

Figure 1 shows the schematic diagram of the proposed UWB power divider. In
order to broaden the bandwidth, extended transmission line and open circuited
stubs have been added [1]. The extended transmission line has the same charac-
teristic impedance as the main line but with different electrical length 6. The
double open stubs (Z;,6,) and (Z,,6,) are used to introduce multiple
transmission poles through the whole UWB frequency range. Adjusting the

Port 1

Figure 1. The proposed UWB power divider using extended transmission line and open
circuited stubs.
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open stubs lengths can shift the suppressed harmonics outside the UWB range
[14]. By tuning the length of the extended line (Z,,6;), a better impedance
matching can be achieved for input and output ports over wide frequency band.

In order to analyze the proposed equal power divider in simple and efficient
manner, it can be represented by a cascade connection of five two-port networks
using ABCD matrices and even-odd mode analyses. In the even mode, Figure 2,
the isolation resistance can be neglected. By substitution of Z, with x/EZO and
considering the /8 distance, the A B C D matrix will be:

1 . 1

= iz 1 0| = iz
A B ~ \/E J 0 § na . \/E J 0
c ol |, L 1| li5>1 L1

22, 2 2 22, 2 1)

1 0] | cosé, jv2Z,sin6,

x| . tang, x| .sing,
Ly

Zl \/EZO

Similarly, for the odd mode case, Figure 3, the symmetry plane is across the

cos 4,

isolation resistance. The admittance of the 6"stage will have a value of 2/R. The

A B C D matrix will be:
1 . 1 .
— Z 1 0 — Z
A B ~ \/5 .I 0 . tana \/5 J 0
c ol 7|, 1 alligr ] 1
22, 2 2 22, 2 @)
1 0] | cosh, jv2z,sin6,| [1 0
. tan g, i
x| fang X .sing, cosd, X1 2 1

Z ) \/EZO

The calculated A B C D parameters are converted to S-parameters [15]. The
S-parameters are the scattering parameters that relate between the reflected to
incident or transmitted to incident. The proposed power divider is symmetric in

structure, so it can be analyzed by the even-odd decomposition method. For 3

Figure 2. Even mode equivalent circuit of the proposed power divider.
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Figure 3. Odd mode equivalent circuit of the proposed power divider.

dB equal power divider, the characteristic impedance of the input and output
ports are 50 Q. The isolation resistor R is selected to be 2Z,=100CQ and
the characteristic impedance of the /4 transmission line is chosen to be
Z,=22,=707 Q.

In the case where two signals of the same magnitude and phase (even mode
signals) are applied to ports 2 and 3 of the circuit shown in Figure 1, the plane of
symmetry is a magnetic wall, open circuit case, so the isolation resistor R can be
eliminated. Accordingly, the circuit can be bisected into the one shown in Fig-
ure 2 for even mode analysis. For arbitrary electrical lengths for the extended
transmission line &, and the two open circuited shunt stubs & and 8, in addition

to their impedances Z, and Z,, the A B C D parameters are obtained using Equa-

tion (1) as:
A = \/__Z—ZZOtan 6, cos 6, — ZZO tan g, cos 6,
Zj 1 z ®
+—2—tan ¢, tan 6, cos &, —sin 6, + —>—tan 6, sin 6,
2z, V2z,
 Z¢ _ . 27¢ ,
B, =—JZ—°tan 6, sin 0, — JZ—Otan 6, sin 0,
2 , 1 22 (4)
+ j =20 tan g, tan 6, sin 6, + jN/2Z, cos 6, — jz—"tan&2 cos d,
172 2
.1 .1
C, = J\/E—Zcosé?3 + jEtan 0, cos o,
A g
- j—=—"—tan ¢, tan @, cos, — j——tan é,sin 6,
J\/Ezlz2 1 2 3~ ) 22, 2 3
D, =-siné, —é—"ztan 6,siné,
’ ©)

z% . Z,
+ tan g, tan &, sin g, — tan &, cos 4,

z,Z, J2z,
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In the case where two signals of the same magnitude but out of phase (180°
phase shift), such case is known as an odd mode, when such two signals are ap-
plied to ports 2 and 3 of the circuit shown in Figure 1, the plane of symmetry is
an electric wall, which is known as short circuit case. Accordingly, the circuit can
be bisected to the one shown in Figure 3 for odd mode analysis. For arbitrary
electrical lengths for the extended transmission line &, and the two open cir-
cuited shunt stubs &, and &, in addition to their impedances Z and Z,, the A BC
D parameters are obtained using Equation (2) as:

_ 2
A =tané, cose{\/zzzo - ;? }_\/EZ
2 2

2
0

% tan 6, cos G,
1

+ tan €, tan 6, cos 6, —sin 6,

17=2

(7)

: z 27¢ | . 4z¢
+tam925|n¢93[ 0 — 0}—

% tan @, sin @
\/EZZ J R22 Z 1 3

1

222} 2422,
R

tan g tan 6, sin G, + j

+] Ccos b,

12
72 _ 272 _
B, =—jz—°tanc925|n93— JZ—Otanelsm 0,
2 1
(8)
223 N i ) ZZ
V22 tan 6, tan 6, sin 6, + j~/2Z,, cos 6, — JZ—"tan 6,cos 6,

172 2

+]

1 1 2z
C, = cosé, +tan g, cosb,| j— — 0
J\/EZO 3 2 3{] 27, \/ERZZ}

. Z,
-]
V22,2,
1 2z, } 272

+tang,sing,| —j—-—
2 { J2z2 J2Rz, | RZ,Z,

tan @, tan 6, cos 6, —%sin 6, 9

tan g, tan 6, sin 6,

D, =-siné, —é—oztan 6,sin 6,
2

2 ~ (10)
tan ¢, tan 6, sin 6, ——=2—tan 6, cos &,

z,Z, 2z,

Low cost FR4 material with dielectric constant ¢, =4.3, thickness A = 0.8

+

mm, and loss tangent & =0.025 is used as substrate for the proposed equal
power divider. The overall size of the proposed power divider is 11.37 x 17.87
mm’. The flowchart for illustrating the analysis and simulation trials until the
optimized parameters are obtained is shown in Figure 4. The optimized pa-
rameters of the proposed power divider are listed in Table 1.

The layout of the proposed UWB power divider is presented in Figure 5,
where it is done by using extended transmission lines and two open stubs with
cascaded impedances. The s-parameters of the proposed UWB power divider
calculated from the analysis mentioned above has been verified using CST full

wave analysis simulator and a good agreement is obtained. The S-parameters
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» EnterZ,,Z,8,,
8,.6,

v

Divide structure to cascaded
two port netwoks & calculate
ABCD for each section

v

Total ABCD are calculated by
multiplying individual ABCD
parameters

v

Convert ABCD to s-parameters

Desired s-
parameters
are obtained

No

[ Verify by CST ]

Figure 4. The flowchart for the S-parameters optimization process.

Table 1. Optimized dimensions of the proposed power divider.

W, (mm) W, (mm) W, (mm) W, (mm)
1.37 0.34 0.78 1.37
L, (mm) L, (mm) L,,, (mm) L, (mm)
5 7 2 0.5

results are illustrated in Figure 6. The CST includes modules based on numer-
ous different methods including finite element method (FEM), method of mo-
ments (MoM), multilevel fast multipole method (MLFMM) and shooting
boundary ray (SBR), each offering distinct advantages in their own domains.
CST is basically a full wave equation numerical solution based on iterations;

while the analytical solution is based on quasi transverse electromagnetic (TEM)

14
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V|

g (2)
:4 Ls ‘g L3ext
L, :
A ¥ W, Ls #
(1
W, =
<+——>
WS
(3)

Figure 5. Layout of the proposed UWB divider with equal power division by using ex-
tended transmission lines and two open stubs with cascaded impedances.
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Figure 6. Proposed power divider s-parameters, analytically and by CST.

solution of the full wave equation, so some discrepancy must be appearing be-

tween analytical and simulation results. The dimensions of the proposed power

divider were optimized to obtain good return loss and good isolation between

output ports over the UWB frequency range.

3. Unequal Power Divider Analysis and Design

Figure 7 shows the schematic diagram of the proposed unequal UWB power

divider. This design incorporates an input quarter wave transformer with
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Zzzc
ZC
Port 1 R
z., N4 % R%
ZC
ZC
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3

Figure 7. Schematic diagram for the proposed unequal UWB power divider.

characteristic impedance (Z;) in order to adjust the input reflection coeffi-
cient. The unequal division ratio is achieved by adjusting the impedance ratio of
the output arms (Z, and Z;). The output quarter wave transformers with charac-
teristic impedances (\/i and ZSZC) are added to transform Z, and Z;
into the impedance Z_

This design can be viewed as a two section quarter wave transformer. By this
way, this design will achieve a significant increase in the performance. Accord-
ing to [16], the characteristic impedance of each transmission line can be calcu-

lated as follows:

1
kK
Z!' = Z 11
(el o
3 1
Z, :k4(1+k2)4 Z, (12)
1
(1+k2)4
Z, =127, (13)
k4
2
R:1+kk Z, (14)

where k® denotes the power dividing ratio of port 3 to 2, and Z, is the character-
istic port impedance which is equal to 50 Q. The layout of the proposed unequal
UWB power divider is shown in Figure 8. Same low cost FR4 substrate has been
used. The overall size of the proposed unequal UWB power divider is 12.13 x
29.03 mm’. For example, if it is required to design unequal power divider with di-
vision ratio, 8;; = 0.7962 or —1.98 dB and S,, = 0.6046 or —4.37 dB, then the power
dividing ratio (&) is equal to 1.3168. By substituting into Equations (11)-(14), the
values of the characteristic impedances for the power divider are as follows,
Z;=4164Q , Z,=7952Q , Z,=4534Q , Z,Z, =63.06Q and
\/i =47.61Q). After extensive simulation trials, the optimized parameters of
the proposed power divider are as follows: Z; =40Q, Z, =75 Q, Z, = 35 Q,
JZ,Z, =6124Q, \[7,Z, =4183Q, I, = 5 mm, I, = 7.88 mm, Z, = 6.19 mm, ,

=5.83 mm, [, = 6.09 mm, and Z; = 5.91 mm. The calculated S-parameters from

16
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the above discussion have been presented in Figure 9. The simulated transmission
values are S, = 0.7691 or —2.28 dB and S,; = 0.5158 or —5.75 dB.

4. Fabrication and Measurement

Finally, the proposed UWB equal power divider is fabricated and measured with
a vector network analyzer. Figure 10 shows the photos of the fabricated UWB
equal power divider, where their sizes are compact. Figure 11 and Figure 12
demonstrate the comparison between the simulated and measured results. From
Figure 11, it can be seen that the input reflection coefficient is below —10 dB
from 1 GHz up to 12 GHz; which cover the entire region for The UWB range
(3.1 - 10.6 GHz). Form Figure 12, the coupling coefficient S,, and S, are around
(=3 dB £ 1) overall the UWB range.

On the same manner, the designed UWB unequal power divider is fabricated
and its photo is shown in Figure 13; while the divider has a small size. The
S-parameters for the simulated and measured power divider are shown in

Figure 14 and Figure 15. The return loss S, for simulation and measurement

S-Parameters (dB)

-40 T T T T T T T T T T 1
1 2 3 4 5 6 7 8 9 10 11 12
Frequency (GHz)

Figure 9. Simulated results of the proposed unequal UWB power divider.
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(a) (b)

Figure 10. Photograph of the fabricated equal UWB power divider.

0 -
—i— S, (Simulated)
—@®— S, (Measured)
=10+
)
z
&
L
Q
£
©
iy
& 20
-30 T T T T T T T

T T 1
10 11 12

© -

1 2 3 4 5 6 7 8
Frequency (GHz)

Figure 11. Simulated and measured return loss of the proposed UWB equal power divid-
er.

is less than —10 dB over the band 2.5 GHz to 10.8 GHz; that cover the UWB
rang. The insertion loss S,, is around —3.0 + 0.8 dB over the bandwidth 3.0 GHz
to 9 GHz which cover most of the UWB range. The insertion loss S, is around
—5.0 £ 1.5 dB over the bandwidth 3.0 GHz to 8 GHz which cover also most of
the UWB range.

The deviations of the measurements from the simulations came from toler-
ance in fabrications; mismatch due to soldering of launchers and due to the

losses of FR4 substrate material especially at higher frequency above 6 GHz.

18
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—&— S, (Simulated)
—®—S,, (Measured)
—a&—S_ (Simulated)
S,, (Measured)

S-Parameters (dB)
o
1

-12

1 I 1 1 1 1 1 T 1
6 7 8 9 10 M 12
Frequency (GHz)

N—
w.
.
O

Figure 12. Simulated and measured insertion loss (S,,, S,,) of the proposed UWB equal
power divider.

(a) (b)
Figure 13. Photograph of the fabricated unequal UWB power divider.

0- el S (Simulated)

—@— S, (Measured)

S-Parameters (dB)

Frequency (GHz)

Figure 14. Simulated and measured return loss of the proposed UWB unequal power di-
vider.
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—a— S, (Simulated)
0+ —@— S,, (Measured)
—a&— S_, (Simulated)

—S,, (Measured)

S-Parameters (dB)
1
»
1

_12 T T T T T T T T T T 1
1 2 3 4 5 6 7 8 9 10 11 12

Frequency (GHz)

Figure 15. Simulated and measured insertion loss of the proposed UWB unequal power
divider.

5. Conclusion

In this work, an UWB equal power divider based on double stub matching was
proposed. The UWB performance was achieved by introducing an extended
transmission line and double open circuited stubs to each of the output ports of
the Wilkinson power divider. The proposed divider was investigated by using
even and odd mode analysis. In addition, the UWB power divider with unequal
power ratio was presented. There was a good agreement between simulated and
measured results. Simple structure and compact size characteristics of the pro-
posed dividers make them very useful in UWB applications and antenna array

feed networks.
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