
Gain and antenna efficiency versus frequency of proposed

antenna are shown in Figures 5 and 6, respectively.

MPTFSMPA provides more than 88% antenna efficiency and

gain varies from 1.7 to 5 dB over the UWB range.

3. FABRIACATION AND MEASURED RESULTS

The antenna structure is fabricated and tested. The photograph

of fabricated antenna is shown in Figure 7. The measured return

loss plot of proposed antenna is shown in Figure 2. The meas-

ured results are in agreement with simulated results. The varia-

tion in measured return loss can be attributed to inaccuracy in

dimensions of radiating patch and ground plane as metal-plated

antenna has to be mechanically fabricated, impedance mismatch

due to feed tip of SMA connector and increase in ground plane

dimensions due to SMA connector.

4. CONCLUSIONS

A novel metal-plated tuning fork-shaped monopole antenna is pro-

posed. The proposed antenna offers less than �15 dB cross-polar-

ization, more than 88% antenna efficiency, and its gain varies

from 1.7 to 5 dB over the UWB range. The gain difference along

two transverse axis is <3 dB for frequencies less than 9.1 GHz

and it increases to 5.5 dB at 10.6 GHz. Omnidirectional radiation

bandwidth is increased by using rectangular strips on both sides of

a semiannular ring monopole antenna and a thin foam dielectric

between radiating structure and ground. The radiation patterns are

nearly omnidirectional over UWB frequency range. One drawback

of this antenna is mechanical fabrication, which may cause inac-

curacy in dimensions and performance degradation.
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ABSTRACT: This article first presents a compact circularly polarized

single patch antenna. The radiating structure consists of a square patch

Figure 7 Fabricated MPTFMPA structure. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com]
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with embedding four bent slots to reduce the overall dimensions.
Circular polarization is obtained by feeding the patch with 90� phase

shift between two pins placed symmetrically on the two main axes.
Wilkinson power divider is used to produce the k/4 phase difference
between the two feeding points and placed on the opposite side of the

patch’s ground plane. Then, a compact circularly polarized microstrip
array antenna with four square patches is presented. The four patches
are fed in phase quadrature such that a phase shift of 90� exists

between each neighboring patches, thus providing circularly polarized
pattern. The array feeding network is placed on the opposite side of the

patches’ ground plane and is designed using three Wilkinson power
dividers having different output lengths that achieve the required phase
shift between patches. VC 2011 Wiley Periodicals, Inc. Microwave Opt

Technol Lett 53:604–609, 2011; View this article at

wileyonlinelibrary.com. DOI 10.1002/mop.25772

Key words: compact microstrip antenna; circularly polarized microstrip

antenna; microstrip array

1. INTRODUCTION

Microstrip patch antennas are widely used because of its low

profile, light weight, simple construction, and conformity. Com-

pact microstrip antennas have recently received much attention

because of the increasing demand of small antennas for personal

communications equipment. To reduce the antenna size at a

fixed operating frequency, high-permittivity substrate is used,

and embedding suitable slots in the radiating patch are also used

[1]. This kind of slotted patch causes meandering of the patch

surface current path. For gain enhancement, a 2 � 2 array ele-

ment is used.

Figure 1 Geometry of the compact circularly polarized square patch

microstrip antenna with bent slots in parallel with the patch’s central

line and Wilkinson feeding network configuration, placed under the

ground plane

Figure 2 Compact circularly polarized square patch microstrip real-

ized antenna (a) top side (antenna patch) and (b) bottom side (feed).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 3 Phase shift between the single element antenna feed. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]
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This article presents a design of a compact circularly polar-

ized square patch microstrip antenna. Antenna size reduction is

used through the use of a four bent embedded slots in the square

patch. Effects of these bent slots length on both antenna gain

and patch size are studied, while Wilkinson power divider as

90� phase shifter is presented. A high permittivity substrate is

used to improve antenna size reduction.

To increase the antenna gain and directivity, a design of

array element with four square patches is presented. The array

feed network that achieves the required quadrature phase

between the patches using three Wilkinson power dividers is

presented. The high permittivity substrate is used to improve

array size reduction. The simulations were performed using both

Ansoft High Frequency Structure Simulator (HFSS) [2] and the

FDTD software based on [3].

2. SINGLE ELEMENT ANTENNA STRUCTURE

Figure 1 shows the geometry of the compact circularly polar-

ized square patch microstrip antenna with four bent slots par-

allel to the patch’s central lines. The four bent slots are of

the same dimensions. The two arms of each bent slot have

the same length and are perpendicular to each other. The

patch’s two feeding points are located along the x and y
axes, respectively, at a distance from the patch center for im-

pedance matching, and fed with 90� out of phase which

allows exciting two orthogonal TM01 modes on the square

patch [4]. It must be noticed that, to get circular polarization,

the slot length and the width should be identical and symmet-

ric with respect to orthogonal axes. Slight asymmetry can

produce strong degradation of the polarization purity because

the two principle axes modes can resonate at different fre-

quencies [4].

A microstrip Wilkinson power divider having k/4 difference

in length between its outputs is integrated on the back side of

the antenna ground plane. An FR4 substrate of thickness h ¼
1.5 mm, relative permittivity of er ¼ 4.35, and loss tangent of

tan d ¼ 0.02 is used, and the resonant frequency is adjusted at

1575 MHz. Figure 2 shows the realized prototype antenna top

side (patch) and bottom side (feed).

Figure 3 shows the phase shift between the output feed

points, and Figure 4 shows the reflection coefficient of the

antenna.

It is worth noting that a high degree of polarization

purity is maintained also for low incidence angles, and the

sensitivity to nearby scattering structures is highly reduced

because the two exciting quadrature TM01 modes are strongly

decoupled [4].

Based on the above design concept, Table 1 confirms that

by increasing the bent slots length, antenna patch size

decreases due to meandering of the current path, at the

expenses of both antenna gain and impedance bandwidth, the

antenna efficiency is small as 37% because of the high loss of

the FR4 substrate.

For achieving more reduction in antenna patch size at a fixed

operating frequency, the use of a high permittivity substrate is an

Figure 4 Reflection Coefficient of the compact circularly polarized

microstrip antenna. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]

Figure 5 RHCP and LHCP radiation pattern gain of the compact cir-

cularly polarized square patch microstrip antenna using RT/Duroid 6010

LM substrate. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]

TABLE 1 Performance of the Compact Circularly Polarized Microstrip Antenna versus Slot Length

Slot

Length

(mm)

Patch

Length

(mm)

Feeding

Position

from

origin (mm)

Patch Length

Reduction

Ratio (%)

Gain

(dB)

Directivity

(dB)

Bandwidth

(MHz)

Bandwidth

Ratio

(%)

HPBW

(degree)

0 44.7 11.2 0 �1.76 2.56 38 2.41 110

4 44.2 10.6 1.12 �1.88 2.51 38 2.41 110

6 43.3 9.7 3.13 �2.08 2.5 36 2.29 110

8 41.8 9 6.49 �2.75 2.42 35 2.22 110

10 39.3 8.2 12.08 �2.88 2.40 29 1.84 110
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effective method [1], and to improve antenna efficiency, a low loss

material should be used [4]. A new design has been realized using

RT/Duroid 6010 LM substrate (er ¼ 10.8, tan d ¼ 0.0023, thickness

¼ 1.9 mm), achieving patch length of 26.6mm, a reduction in patch

length of about 38.6% compared to the mentioned above FR4 sub-

strate at the expenses of impedance bandwidth reduction to 19 MHz.

Figure 5 depicts the left and right hand circular polarized far field

patterns gain of the antenna using the high permittivity substrate.

The antenna directivity is equal to �0.73 dB with gain of �1.55 dB,

hence the efficiency is enhanced to be 82.8%.

3. ARRAY ANTENNA STRUCTURE

To design a circularly polarized array based on the above men-

tioned single element patch antenna (dual-feed with phase shift

of 90� for each patch), the array feed network is to feed eight

inputs of the four patches such that four inputs are in the same

phase and the other four inputs shift by 90�.

Figure 6 shows the geometry of the compact circularly

polarized square patches microstrip array antenna with the four

bent slots of length 10 mm in each patch, each patch is fed

by only one feed point. The feed point of each patch is in or-

thogonal direction to the feed point of the nearest two patches

and is in opposite direction to the feed point of the forth

patch.

The feed network is integrated on the back side of the

antenna ground plane, such that a common ground plane sep-

arates the array and the feeding network layers [4]. Three

Wilkinson power dividers having different output lengths are

used to achieve the required phase shift difference between

the patches. The outputs of the middle Wilkinson power di-

vider are the inputs to the other Wilkinson power dividers

but with k/2 difference in length to have 180� phase shift

between them. The other two Wilkinson power dividers are

similar but in opposite directions, each has outputs with k/4
difference in length with 90� out of phase to be connected to

the corresponding patches feeding points. Accordingly, the

Figure 7 Realized array prototype (a) top side (array patches) and (b)

bottom side (feed network). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]

Figure 6 Geometry of the compact circularly polarized square patches

microstrip antenna array with bent slots embedded in the patches and

feeding network configuration, placed under the ground plane with four

outputs (a, b, c, and d) connected to the corresponding patches at the

designated feeding points
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patches are fed in quadrature (i.e., with a phase shift of 90�

each) and hence achieving the array circular polarization. The

feeding points of the patches were connected through via

holes to the corresponding feed network outputs. Figure 7

shows the realized prototype array top side (array patches)

and bottom side (array feed), respectively. The FR4 substrate

is used, and the resonant frequency is adjusted for operation

at 1575 MHz.

Figure 8 shows the reflection coefficient of the antenna array,

whereas Figure 9 shows the RHCP and LHCP radiation pattern

gain, and Figure 10 depicts the phase shift between one of the

output ports (port a) with the other three output ports (b, c, and

d), which confirms the quadrature phasing. The array directivity

is equal to 4.7 dB with gain of 0.42 dB which is larger by about

3 dB than that of the single patch antenna element (the array ef-

ficiency is small as 37.3% because of the high loss of the FR4

substrate). The array antenna half power beam width is equal to

65�. The array antenna axial ratio ranges from 0.31 to 1.56 dB

in the 65� of the directed beam.

For achieving more reduction in antenna patch size at a fixed

operating frequency and to improve antenna efficiency, the high

permittivity RT/Duroid 6010 LM substrate is used (er ¼ 10.2,

tan d ¼ 0.0023, thickness ¼ 1.9 mm), which achieves array

patches length of 27.48 mm, a reduction of 30.08% compared to

the FR4 substrate, the array directivity is equal to 2.44 dB with

gain of 1.62 dB, the array efficiency is equal to 82.8%, the array

antenna half power beam width is equal to 88�, and the array

antenna axial ratio ranges from 0.65 to 2.51 dB in the 88� of

the directed beam.

4. CONCLUSIONS

This article presents compact operations for microstrip antennas.

Size reduction is achieved by meandering current path through

four bent slots embedded in the patch antenna and by increasing

substrate’s permittivity. Compact circularly polarized microstrip

square single element patch and 2 � 2 array antennas are

depicted, and the effect of increasing the slot length on both

antenna length and gain are studied.

Figure 10 Phase shift between (port a) with the other three ports (b,

c, and d) of the array feed network. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com]

Figure 8 Reflection coefficient of the circularly polarized antenna

array. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com]

Figure 9 RHCP and LHCP radiation pattern gain of the circularly

polarized antenna array. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]
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ABSTRACT: A wide-band �3 injection locked frequency divider
(ILFD) has been proposed, and it is based on a single-stage voltage-

controlled oscillator with active-inductor and HBT diodes, and was
fabricated in the 0.35 lm silicon-germanium 3P3M BiCMOS

technology. The ILFD has wide operation range and was performed by
injecting a differential signal to the bases of the injection HBTs. At the
supply voltage VDD ¼ 1.8 V, the oscillation frequency of the ILFD with

two tuning voltages is tunable from 4.17 to 2.12 GHz, and at the
incident power of 0 dBm, the �3 operation range is 5.93 GHz, from the
incident frequency 6.3 to 12.23 GHz. The die area is 0.59 � 0.63 mm2.
VC 2011 Wiley Periodicals, Inc. Microwave Opt Technol

Lett 53:609–611, 2011; View this article at wileyonlinelibrary.com.
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Key words: SiGe HBT; 43 injection-locked frequency divider; tuning
range; locking range; active inductor; dual-band resonator

1. INTRODUCTION

As wireless applications proliferate, demands for radio-fre-

quency transceivers, which can support multiple bands, are rap-

idly increasing. One of the major issues in a dual-band trans-

ceiver is the implementation of a dual-band voltage controlled

oscillator (VCO) [1, 2]. In conjunction with a dual-band VCO,

dual-band frequency dividers (FDs) can form signal sources at

different frequencies; the dual-band signal sources have wide

application in frequency synthesizers and transceivers. Up to

now, only a few SiGe ILFDs have been published [3–6], and

none of the existing SiGe ILFDs is equipped the wide-band

function. This letter proposes a wide-band differential �3 SiGe

BiCMOS injection-locked frequency divider (ILFD), which cov-

ers dual band operation.

Two conventional CMOS �3 ILFDs [7, 8] have been devel-

oped. The tail injection method [7] uses two injection MOS-

FETs in series with cross-coupled transistors; this approach is

die-area consuming because inductor load is used for the injec-

tion MOSFETs. The direct injection method [8] is unsuitable for

our ILFD because the gain of MOSFET in the 0.35 lm SiGe

BiCMOS technology is small. The proposed �3 ILFD uses the

HBTs as the tail injection devices because HBT has higher gain

than MOSFET. The inductor load for injection device is elimi-

nated, the active inductor resonator is used, and a small die area

ILFD can be implemented.

2. CIRCUIT DESIGN

The proposed SiGe HBT �3 ILFD with the tunable-active-in-

ductor (TAI) is shown in Figure 1. The TAI consisted of transis-

tors (Q1–Q4) and resistors (R1–R2) is used to emulate one differ-

ential TAI, which in conjunction with the base-collector

capacitor CBC and base-emitter capacitor CBE of Q9 (Q10) and

other parasitic capacitors forms the parallel LC resonator. The

cross-coupled transistors (Q5–Q6) are used to generate negative

conductance to compensate for the loss from the resonator. The

transistors (Q7–Q8) are used as injection mixers, and they are

dc-biased at the voltage Vinj. The tuning voltage Vtune is used to

change the base bias of Q1–Q4. When Vtune increases, the net

resonator’s parasitic capacitance due to the forward-biased

Figure 2 Micrograph of the fabricated chip

Figure 1 Schematic of the proposed SiGe HBT �3 ILFD
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