
suggested approach is an excellent candidate for noncooperative
target recognition (NCTR). To show the performances of each
algorithm, we use backscattered field data of the ideal point scat-
terers and the simulated MIG-25 to obtain motion compensated
ISAR image, and display the resolution of motion compensated
ISAR images.
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ABSTRACT: This article presents the design of a compact Wilkinson
power divider for dual applications. The design is accomplished by
transforming the length and impedance of the quarter wave sections of
the conventional Wilkinson power divider into dual band �-shaped sec-
tions. Simple design equations for basic design geometry are given. The
dual band power divider geometry is analyzed using EM simulator and
then realized at 1.8 and 4.775 GHz. © 2008 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 50: 1678–1682, 2008; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
23465

Key words: dual band; Wilkinson power divider; �-shaped; microstrip

1. INTRODUCTION

The Wilkinson power divider is one of the most commonly used
components in wireless communication system for power division
and/or combination. The Wilkinson power divider was invented in
1960 [1] and has completely matched output ports with sufficiently
high isolation between them. The power divider consists of two
(�/4) branches of transmission line and a termination resistor of
100 �, where � is the wavelength of the transmission line, Figure
1. The power divider used in different microwave circuit such as
push-pull amplifiers, balanced mixers, and antenna distribution
circuits. Recent years have seen a worldwide effort to develop
dual-band power dividers [2–8] due to the trend of multiband
applications. A conventional Wilkinson power divider operates
only at one design frequency and at its odd harmonics, therefore,
it is not suitable for some dual-band operations. A numerically
nearly exact solution for a Wilkinson power divider operating at a
design frequency and simultaneously at its first even harmonic has
been presented at [2]. Later the authors [3] designed a power
divider that can operate at any two different frequencies by replace
each quarter-wave branch of a conventional Wilkinson power
divider with two sections of transmission line with the character-
istic impedance of z1 and z2 and lengths of l1 and l2, respectively,
while the output ports are shunted with a parallel connection of a
resistor, an inductor, and a capacitor, Figure 2(a). Recently Cheng

Figure 12 Ideal point scatterers ISAR image using the MEM and GWT,
the 200th frame. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

100

/4

oZ2

/4

Zo

Figure 1 Conventional Wilkinson power divider. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com]
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and Wong [4] replaced the lumped elements L and C with SC/OC
shunt stub transmission line in front of the two cascaded sections
of the transmission line that used at [3], Figure 2(b). In fact, the
size of the dual band Wilkinson power dividers that used at [3, 4]
still have a large geometrical dimensions due to the cascaded
transmission lines.

In this article, we present a new design of compact dual-band
Wilkinson power divider. This power divider consists of replacing
each (�/4) section of the conventional Wilkinson power divider,
Figure 1, with its corresponding �-section, Figure 3(b). The ana-
lytical solution for the transition of the quarter wave transmission
line to �-section that operates at two arbitrary frequencies is
demonstrated in Section 2. The analysis and measurements of the
dual band Wilkinson power divider will be given in Section 3.

2. ANALYSIS OF DUAL BAND �-SHAPED TRANSMISSION
LINE

Each quarter wavelength (�/4) section of the conventional Wilkin-
son power divider, Figure 1, will be converted to a dual band
�-shaped transmission line model. The �-shaped transmission
line model shown in Figure 3(b) is consisted of two identical shunt
open stubs and one series transmission line connecting the two
stubs. The equivalence between the (�/4) transmission line sec-
tions of Figure 3(a) and the �-section is investigated utilizing the
ABCD matrices for both sections.

The ABCD matrix for the original transmission line of Figure
3(a), with (�/4) length is given by

M1 � � 0 jz1

jy1 0 � (1)

The ABCD matrix for the �-shaped transmission line section of
Figure 3(b) is

MT � M3M2M3 (2)

where M2 and M3 are defined as:

M2 � � cos�2 jz2sin�2

jy2sin�2 cos�2
� (3a)

M3 � � 1 0
jy3tan�3 1� (3b)

Equating the element A of the ABCD matrix from Eqs. (1) and (2),
the relation between the elements of the � -shape section can be
given as follows:

tan�3 �
Z3

Z2
cot��2� (4)

Equating the element B of the ABCD matrix from Eqs. (1) and (2),
the following equation is obtained

z1 � z2sin�2 (5)

For the purpose of dual band operation, it is necessary to modify
Eq. (5) as follows [9]:

z2sin�2f1 � � z1 (6a)

z2sin�2f2 � � z1 (6b)

where �2f1 and �2f2 are the electrical lengths of the series element of
the �-section at the two operating frequencies f1 and f2 respec-
tively, where (f2 � f1). The solution for Eq. (6) is given by:

�2f2 � n� � �2f1 ,n � 1,2,3. . . (7)

For compact size, choose n � 1. The relation between the electri-
cal lengths and the dual band operating frequencies must be as:

�2f2

�2f1

�
f2

f1
� R (8)

Equation (8) can be modified by using Eq. (7) to the following
form:

�2f1 �
n�

R � 1
(9)

�2f2 �
Rn�

R � 1
(10)

Based on Eqs. (4) and (8), the following conditions can be deduced
for (�3):

R

11,θz 22 ,θz

11,θz 22 ,θz

Input
Output

Output

Zo

Zo

Zo

Zsc, 180o

Zoc, 90o
SC/OC

R L C
Oz

Oz

Oz

11,θz 22 ,θz

11,θz 22 ,θzInput Output

Output

(a)

(b)

Figure 2 Dual band Wilkinson power divider. (a) Using cascaded sec-
tions and lumped parameters [3]. (b) Using cascaded and SC/OC sections
and resistor [4]. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

(a) (b)

22,θZ

33,θZ
33,θZ

11,θZ

Figure 3 (a) Transmission line section. (b) �-equivalent section
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�3f2 � m� � �3f1,m � 1,2,3. . . (11)

�3f2

�3f1

�
f2

f1
� R (12)

Equations (11) and (12) can be modified to the following relations:

�3f1 �
m�

R � 1
(13)

�3f2 �
Rm�

R � 1
(14)

For compact design, m � 1 is chosen. From the above equations it
is found that, the electrical lengths of a practical � -shape section
must be bounded in these regions ��/4 	 �2,�3 	 �/2�. The
design procedure for the compact dual band Wilkinson power
divider that operates at dual band can be presented as follows:

-The value of the required frequency ratio R is found from Eq.
(8).

-The electrical length corresponding to series transmission line
is found from Eq. (9), with n � 1 for compact size.

-The electrical length corresponding to shunt stub is found from
Eq. (13), with m � 1 for compact size.

-The values of impedances z2 and z3 can be calculated as
follows:

z2 �
z1

sin��2f1�
(15a)

z3 � z2 � tan��2f1� � tan��3f1� (15b)

Figure 4 illustrates the variations of electrical lengths �2f1 (�3f1 �
�2f1) against the frequency ratio R, while Figure 5 illustrates the
variation of the characteristic impedances z2 and z3 against the
frequency ratio R. For practical realization of microstrip lines, the
characteristic impedance should be bounded in the region �30 �
	 Z 	 150 ��, so the corresponding practical frequency ratio
must be in the range �1.85 	 R 	 5�.

3. SIMULATION AND MEASUREMENTS OF THE DUAL
BAND WILKINSON POWER DIVIDER

The dual band Wilkinson power divider was designed for two
frequencies which are f1 � 1.8 GHz and f2 � 4.775 GHz. With the
design procedure that described in Section 2, while z1 � 70.711 �,
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Figure 4 The electrical length against frequency ratio R
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Figure 5 Impedance variations against frequency ratio R. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com]

1

2 3
100  chip resistor

Figure 6 The realized dual band Wilkinson power divider. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com]

Figure 7 Simulated and measured return loss (S11). [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com]
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the design parameters realized on RT/Duriod5880 Teflon substrate
{
r � 2.2, h � 1.5748 mm} will be (z2 � 93.3 �, z3 � 125.91 �,
�2 � �3 � 49.28°). The dual band power divider was simulated
using IE3D software package [10]. The circuit has been realized
and a chip resistor (100 �) was soldered between output ports,
Figure 6. The scattering parameters were measured and compared
with the simulated results in Figures 7–10. It is clear that, the
measured input return loss (S11) are less than (�18 dB) at f1 (1.8
GHz) and less than (�20 dB) at f2 (4.775 GHz). When we
consider S11 less than (�15 dB), then bandwidth will be 27%
at the first frequency f1, and will be greater 19% at the second
frequency f2. The simulated insertion coefficients (S21) and (S31)
are identical, so only simulated (S21) is shown in Figure 8. The
insertion coefficient (S21) is nearly the same for simulation and
measurements with 0.2-dB deviation at f1 and a 0.55-dB deviation
at f2. The measured insertion coefficient S31 deviates by 0.6 dB at
f1 and 0.65 dB at f2. The output return loss (S22) is less than �18
dB for f1 and less than �25 dB for f2. The output port isolation S32

is less than �18 dB for first frequency and less than �22 dB for
second frequency. The phase response is shown in Figure 11, in
which it is clear that the phase deviation is around 0.5° at first
frequency and less than 0.8° at second frequency. The overall
geometrical dimensions of the realized dual band Wilkinson power
divider is 870.16 mm2 which represent around 0.65% of the
corresponding dimension needed for the dual frequency Wilkinson

power divider presented at [2, 3] which was designed on the same
substrate materials. So, the design of dual band Wilkinson power
divider using the �-section transformation makes the overall geo-
metrical dimensions is small.

4. CONCLUSION

This article presents analysis and design of a compact dual band
Wilkinson power divider. The basic design uses dual band �
-section transformation of the quarter wavelength sections of the
power divider with no short circuit stubs or via holes. Practical and
simple design equations are presented. A compact dual band
Wilkinson power divider is designed and examined using a full
wave EM software simulator and then realized on RT/Duroid 5880
substrate {
r � 2.2, h � 1.5748 mm}. The measurements of the
realized dual-band Wilkinson power divider are in good agreement
with the simulated results. For the dual band Wilkinson power
divider, the coupling is (�3 dB) with a little variation less than
0.65 dB for both of the operating bands and the phase difference
between output ports not exceed 0.8°. The realized dual band
Wilkinson power divider is compact because it represents around
0.65% of the dual band Wilkinson power divider using cascaded
two transmission line sections and lumped parameters R, L, and C.

Figure 8 Simulated and measured insertion loss (S21, S31). [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com]

Figure 9 Simulated and measured output return loss (S22). [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com]

Figure 10 Simulated and measured output port isolation (S32). [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com]

Figure 11 Simulated and measured phase response. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com]
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ABSTRACT: This article presents a wide locking-range divide-by-3
injection-locked frequency divider (ILFD) employing tunable active
inductors (TAIs), which are used to extend the locking range and to
reduce die area. The CMOS ILFD is based on a voltage-controlled
oscillator (VCO) with cross-coupled switching pairs and TAI-C
tanks, and was fabricated in the 0.18-�m 1P6M CMOS technology.
The divide-by-3 function is performed by injecting differential signal
to the gates of two injection MOSFETs with the drains connected to
the VCO outputs and with grounded sources. Measurement results
show that at the supply voltage of 1.8 V, the divider free-running
frequency is tunable from 1.20 to 1.284 GHz, and at the incident
power of 4 dBm the locking range is about 1.9 GHz (45.2%), from
the incident frequency 3.3 to 5.2 GHz. The core power consumption
is 12.96 mW. The die area is 0.45 � 0.513 mm2. © 2008 Wiley Peri-
odicals, Inc. Microwave Opt Technol Lett 50: 1682–1685, 2008;
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/mop.23458

Key words: CMOS; divide-by-3 injection-locked frequency divider;
locking range; tunable active inductor

1. INTRODUCTION

Frequency divider (FD) has received a greater attention in the past
for application in frequency synthesizers and signal generators.

FDs can take a periodic input signal and generate a periodic output
signal at a frequency that is a fraction of the input signal. The LC
resonator-based injection-locked frequency divider (ILFD) is often
used because the operating frequency can be very high and the
divider consumes low power. The divide-by-2 ILFD [1, 2] has
been well studied because of binary function leading to easy
design and application; however, the divide-by-3 ILFD [3-5] has
received much less attention.

At low GHz range, using passive inductor results in large chip
area and increases the cost of production. To lower the product
cost, the passive inductor can be replaced by active inductor.
Recently, active inductors have been used to design wide-band
voltage controlled oscillators (VCOs) [6-9], which are the core
used to design an ILFD. However, the design of divide-by 3 ILFD
with active inductor has not been studied in literature. This article
presents a divide-by-3 ILFD with active inductors to lower the
chip area. The proposed divide-by-3 ILFD has a wide locking
range. In conjunction with a master VCO, the ILFD can be used as
a frequency conversion scheme in a transceiver.

2. CIRCUIT DESIGN

The operating principle of a tunable active inductor (TAI) divide-
by-3 ILFD is shown in Figure 1(a). This figure shows the basic
small-signal circuit for a TAI oscillator, where the LC-tank is
composed of a TAI and a capacitor. The oscillation frequency is
determined by the inductance of TAI and the capacitance of
capacitor. The negative conductance is used to compensate for the
tank loss, not shown in Figure 1(a) for simplicity. The TAI
divide-by-3 ILFD shown in Figure 1(b) is basically an oscillator,
where transistors (M1–M6) are used to emulate a differential TAI,
which in conjunction with a pair of varactors forms the resonator.
The cross-coupled transistors M7 and M8 are used to generate
negative conductance to compensate for the loss from the LC-tank.
The inductance of TAI and capacitance of varactor plus the para-
sitic capacitors in parallel with the varactors determine the oscil-
lation frequency. Two-injection MOSFETs M9 and M10 with the
drain connected to the two ports of the differential TAI are used to
couple an external differential injection signal to the resonator. The
bias Vinj of M9 and M10 also can be used to control the operation
frequency because it affects the dc bias of TAI transistors and the
small signal of TAI varies with dc bias point. An external balun T1
is used to convert a single-ended input from a signal source to a
differential signal. Two passive inductors are shown and they can

Figure 1 (a) Equivalent circuit of TAI oscillator. (b) Schematic of the
proposed TAI divide-by-3 ILFD
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