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CIRCULARLY POLARIZED ARRAY ANTENNA DESIGN WITH
EMPHASIS TO ENHANCE THE ANTENNA PERFORMANCE FOR C-
BAND APPLICATIONS

SUMMARY

The C band is a name given to certain portions of the electromagnetic spectrum,
including wavelengths of microwaves that are used for long-distance radio
telecommunications. The IEEE C-band (4 to 8 GHz) and its slight variations contain
frequency ranges that are used for many satellite communications transmissions, some
Wi-Fi devices, some cordless telephones, and some weather radar systems. For
satellite communications, the microwave frequencies of the C-band perform better
under adverse weather conditions in comparison with the Ku band (11.2 GHz to 14.5
GHz) microwave frequencies used by other communication satellites.

The increasing demands for more capacity and higher data rate in wireless systems
have led to the development of broadband CP antennas. During recent decades, a
variety of broadband CP antennas have been proposed for applications in mobile
satellite communications, WLAN, DBS, RFID, GNSS, space communications and
wireless power transmission systems.

The CP antenna is very effective in combating multi-path interferences or fading . The
reflected radio signal from the ground or other objects will result in a reversal of
polarization, that is, right-hand circular polarization (RHCP) reflections show left-
hand circular polarization (LHCP). A RHCP antenna will have a rejection of a
reflected signal which is LHCP, thus reducing the multi-path interferences from the
reflected signals. The second advantage is that CP antenna is able to reduce the
‘Faraday rotation’ effect due to the ionosphere. The Faraday rotation effect causes a
significant signal loss (about 3 dB or more) if linearly polarized signals are employed.
The CP antenna is immune to this problem, thus the CP antenna is widely used for
space telemetry applications of satellites, space probes and ballistic missiles to transmit
or receive signals that have undergone Faraday rotation by travelling through the
ionosphere.

Another advantage of using CP antennas is that no strict orientation between
transmitting and receiving antennas is required. This is different from linearly
polarized antennas which are subject to polarization mismatch losses if arbitrary
polarization misalignment occurs between transmitting and receiving antennas. This
is useful for mobile satellite communications where it is difficult to maintain a constant
antenna orientation. With CP, the strength of the received signals is fairly constant
regardless of the antenna orientation. These advantages make CP antennas very
attractive for many wireless systems.

For a circularly polarized microstrip antenna, both axial ratio and impedance
bandwidths need considerations. Use the array antenna is a recognized methods to
increase axial ratio bandwidth and gain of circularly polarized antenna. for better result
in increase the impedance bandwidth and decrease the array mutual coupling prepare
feed network have to design too.
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In this thesis, with attention to advantage of CP antenna and C-band application as
mentioned above, will be tried to generate a CP array antenna by broadband feed
network and antenna element. In order to achieve mentioned CP array antenna, three
aspects will be considered. In first step (aspect 1), will be focused on feed network.
For this purpose, will be employed broadband microwave components such as
broadband power divider, broadband hybrid coupler and broadband phase shifter
instead of equal narrowband component that hitherto, have been utilized. Use of
broadband CP antenna element with high gain will be the second priority. To achieve
broadband CP element, use of slot antenna and in order to attain high gain element,
use of cavity back structure are recommended. In this case, the single element must be
changed polarization diversity because the feed network will be able to change
polarization diversity and for this purpose, polarization of element and feed network
should be coordinated. In third step (aspect 3), method of location element in array
such as distance between element, mutual coupling between them and feed network
will be significant. Also, communicate between feeding in array feed network and
antenna elements, in order to impedance matching and power transfer, have important
role.

Thus, In order to achieve the above mentioned goals antennas were created as
follows:a 3 dB axial-ratio of the CPSSA extends to approximately 2 GHz. The CPSSA
was designed to operate over the frequency range between 3 and 11.1 GHz
corresponding to an impedance bandwidth of 115% for VSWR<2. Acceptable
agreement between the simulation and measured results validates the proposed design
(section 2.1). And then a compact size of 20x20 mm? CPSSA in section 2.2 is
reported. The measured impedance bandwidth is as large as 11050 MHz (2950-14000
MHZz) or about 130.38% with respect to the center frequency. The measured 3-dB AR
Is 3373 MHz (35.7%) from 3729 to 7102 MHz and the average measured gain of
CPSSA is almost 3.5 dBi in the operating band.In oder to attain array antenna by
broadband CP antenna elements in section 2.3 and 2.4 two type of antenna with novel
methodes in designing feed network are reported. In first case a array antenna which
feed by sequentially rotated feed network is mentioned. the 3 dB axial-ratio bandwidth
of the this array antenna extends to approximately 1.3 GHz and was designed to
operate over the frequency range between 4.5 and 6.4 GHz corresponding to an
impedance bandwidth of 34.86% for VSWR<2 (section 2.3). in section 2.4 by
modified feed network and array elements the characteristics of array was improved.
The reported array consists of 2x2 CPSSA elements and is fed by a novel feeding
network consisting of the circuit strip-line couplers and delay lines. The feeding
technique is applied to the 2x2 antenna array to increasing the axial ratio (AR)
bandwidth. The measured impedance bandwidth for VSWR < 2 is around 78.5% (3.4
— 7.8 GHz) and 3dB axial-ratio bandwidth is about 35.7% (4.6-6.6 GHz) and average
14.2 dBic gain over the 3 dB ARBW. In final, in order to investigate of broadband
feeding network and elements on array antenna, two type of array with capable to
change polarization and pattern diversity are reported (sections 2.5-2.7). for example
in sectin 2.5, a array antenna by changing to polarization diversity by broadband
vivaldi antenna is reported and in section 2.6, a beam steering array antenna composed
of a broadband circularly polarized square slot antenna and a novel Butler matrix feed
network designed with a broadband branch line coupler is introduced. The Results
show that a compact and its improvements are discussed. In this work a broadband
double box coupler with impedance bandwidth over 5 - 7.4 GHz frequency and the
phase error less than 3 degree is employed. Also the measured impedance bandwidth
of the proposed beam steering array antenna is 39% (from 4.7GHz to 7 GHz).
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C-BANDI UYGULAMALARI ICIN ANTEN PERFORMASINI GELISTIREN
DAIRESEL POLARIZASYONLU DiZi ANTEN TASARIMI

OZET

Giliniimiizde alic1, verici sistemlerinde iletisimin kaliteli olmasi igin anten tasarimi ¢ok
Oonem tagimaktadir. Antenin bir devrimi sayilan Mikroserit antenler bir¢ok 6zelliklere
sahip olduklari i¢in kablosuz haberlesme, radar ve uydu haberlesmesinde kullanim
alan1 bulmustur. Kolay {retilebilmesi, boyut olarak az yer kaplamasi bu
Ozelliklerdendir. Bunlarin yani sira, dar bantli olmasi ve yiiksek kazanca sahip
olmamast bu antenin dezavantajlarindandir. Bu sorunlarin ¢6ziimii olarak, dizi
antenler Onerilir. Dizi antenler tasarima bagli olarak, daha fazla bant genigligine ve
kazanca sahiptirler. Birden fazla antenin yan yana veya farkli kombinasyonlarla bir
araya gelmesi birkag yan etkiye de sebep olacaktir. Antenlerin birbiriyle etkilesimleri
ve daha biiyilk boyuta sahip olmalari, dizilerin dezavantajlarindadir. Tasarim
acisindan, antenlerin dizilisinin yanisira, besleme tipleri de Onem tasimaktadir.
Kaynaktan gelen giicii dogru paylastirmak ve istenilen zaman ve faz gecikmesini
yaratmak besleme sebekesinin gorevlerindendir. Dolayisiyla, iyi tasarlanmis besleme
sebekesi dizi anteniyle birlikte iyi bir performans doguracaktir. Dizi antenler yiiksek
kazanca sahip olduklari i¢in, uydu haberlesmesi, DSB (Direct Broadcasting Service),
WLAN (Wireless Local Area Networks) ve uzay haberlesmesi gibi birgok uygulamada
kullanilmaktadir.

Uydu haberlesmesi, WLAN, DBS, GNSS (Global Navigation Satellite Systems),
RFID (Radio Frequency lIdentification), WPAN (Wireless Personal Area Networks)
GNSS, WIMAX (Worldwide Interoperability for Microwave Access) ve kablosuz
haberlesme gibi uygulamalarda dogrusal polarizasyon yerine dairesel polarizasyonlu
antenler tercih edilir. Bunun sebebi, dairesel polarizasyonunun sagladigi avantajlardir.
Bu avantajlarin birkag tanesi asagidaki gibidir. Alici ve verici antenler dairesel
polarizasyonlu oldugu takdirde dogrusal polarizasyonlu antenler gibi ilk ayarlara
ihtiya¢ duymayacaktir. Dairesel polarizasyonlu anten kullanarak polarizasyon
uyumsuzluk kayiplar1 da 6nlenmis olur. Dairesel polarizasyonlu antenler kullanarak
cok yollu etkilesimler ve kayiplar da onlenebilir. Sag dairesel polarizasyonlu isaret
(Right-Hand Circular Polarization (RHCP)) vericiden gonderiliyorsa, ortamdan
alictya dogru yansiyan isaret sol polarizasyonlu oldugu igin (left-hand circular
polarization (LHCP)) girisim Onlenecektir. Ayrica uydu haberlesmesinde
karsilastigimiz Faraday rotasyonu kaybini da giderme kabiliyetine sahiptir.

Uydu haberlesmesi, mikrodalga radyo haberlesmesi ve radar gibi uygulamalar C
bandinda ¢alistiklar1 i¢in tasarlamak istedigimiz antenin C bandinda olmasi
planlanmaktadir. C bandi IEEE tarafindan 4 GHz’den den 8 GHz araligina kadar
tanimlanmistir. Bu bantta ¢alismanin avantajlari, bir¢ok alana uygun olmasidir.
Ornegin hava tahmini uydularinda Ku band1 yerine C band: kullandigimiz da yagmur
zayiflatmasi (Rain Fade) denilen kayiplar1 oldukg¢a azaltabiliriz.

Bu calismada C bandi i¢in uygun dairesel polarizasyonlu dizi antenler tasarlanip
performansini artirmak i¢in yontemler sunulacaktir. Tasarim esnasinda ilk olarak, dizi
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antenin bant genisligi ve kazanci iizerinde calisilacaktir. Bunun i¢in 6nce dairesel
anten elamaninin tasarim metotlari tartisilip performansi artirtlacaktir. Uygun bir anten
tasarlandiktan sonra, antenin dizilisi ve besleme sebekesi lizerinde calisilip Butler
matrisi gibi yeni besleme sebekeleri sunulacaktir.

Bu amaglara ulagsma yolunda, izlnilenecek adimlar asagidaki gibidir. CPSSA
tasariminin 3 dB axial-ratio, 2 GHz e kadar ytikseltilmistir. CPSSA 3 le 11.1 GHz
araliginda c¢alisacak sekilde tasarlanip empedans bant genisligi 115 % e ulasmustir.
Simulasyon ve gergek model sonuglari yeterince uyumlu oldugu tespit edilmistir (2.1
boliim). 2.2. boliimdeyse, anten elemaninin boyutu 20x20 mm2 olarak tasarlanmustir.
Bu anten i¢in 6lgiilen empedans bant genisligi 11050 MHz (2950-14000 MHz) 3-dB
AR igse 3373 MHz (35.7%) 3729 den 7102 MHz ve ortalama kazang 3.5 dBi elde
edilmistir. 2.3 ve 2.4 boliimlerinde dizi antenler icin yeni besleme sebekeleri
tasarlanmistir. 2.3 de olan dizi antenin 3 dB axial-ratio bant genisligi 1.3 GHz e
ulagsmistir. 2.4 te ise, dizi antenin besleme sebekesi gelistirilmistir. 2x2 dizi anteninin
empedans bant genisligi 78.5% ve 3dB axial-ratio bant genisligi 35.7% e ulagmustir.
Ortalama 14.2 dBic kazang saglanmistir. Son bdliimlerde (2.5 — 2.7) genis banth
performans almak Uzere, iki yeni dizi anten tasarlanmistir. Bu yapilar, polarizasyon
cevir me Ozelliklerine de sahiptir. 2.5 de bu 6zellik bir Vivaldi anteni kullanarak
saglanmistir.  2.6.  bolimle  o6zglin  Butler = matrisiyle  dizi  anten
tasrlanmigtir.Caligmalarin tiim detaylar1 ve sonuglari sunulacaktir.
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1. INTRODUCTION

Circularly polarized (CP) antennas are a type of antenna with circular polarization.
Due to the features of circular polarization, CP antennas have several important
advantages compared to antennas using linear polarizations, and are becoming a key
technology for various wireless systems including satellite communications, mobile
communications, global navigation satellite systems (GNSS), wireless sensors, radio
frequency identification (RFID), wireless power transmission, wireless local area
networks (WLAN), wireless personal area networks (WPAN),Worldwide
Interoperability for Microwave Access (WiMAX) and Direct Broadcasting Service
(DBS) television reception systems. Lots of progress in research and development
have been made during recent years. The CP antenna is very effective in combating
multi-path interferences or fading [1, 2]. The reflected radio signal from the ground or
other objects will result in a reversal of polarization, that is, right-hand circular
polarization (RHCP) reflections show left-hand circular polarization (LHCP). A
RHCP antenna will have a rejection of a reflected signal which is LHCP, thus reducing
the multi-path interferences from the reflected signals. The second advantage is that
CP antenna is able to reduce the ‘Faraday rotation’ effect due to the ionosphere [3, 4].
The Faraday rotation effect causes a significant signal loss (about 3 dB or more) if
linearly polarized signals are employed. The CP antenna is immune to this problem,
thus the CP antenna is widely used for space telemetry applications of satellites, space
probes and ballistic missiles to transmit or receive signals that have undergone Faraday
rotation by travelling through the ionosphere. Another advantage of using CP antennas
is that no strict orientation between transmitting and receiving antennas is required.
This is different from linearly polarized antennas, which are subject to polarization
mismatch losses if arbitrary polarization misalignment occurs between transmitting
and receiving antennas. This is useful for mobile satellite communications where it is
difficult to maintain a constant antenna orientation. With CP, the strength of the
received signals is constant regardless of the antenna orientation. These advantages

make CP antennas very attractive for many wireless systems.



1.1 Antenna Parameters

An antenna is a device which can receive or/and transmit radio signals As a receiving
device, it can collect the radio signals from free space and convert them from
electromagnetic waves (in the free space) into guided waves in transmission lines; as
a transmitting device, it can transmit radio signals to free space by converting the
guided waves in transmission lines into the electromagnetic waves in the free space.
In some cases, an antenna can serve both functions of receive and transmit. Figure
1.1 depicts the basic operation of a transmit antenna. As shown, the information

(voice, image or data) is processed in a radio transmitter and then the output signal
from the transmitter propagates along the transmission lines before finally being
radiated by the antenna. The antenna converts the guided-wave signals in the
transmission lines into electromagnetic waves in the free space. The operation of a
receive antenna follows a reverse process, that is, collecting the radio signals by
converting the electromagnetic waves in free space into guided-wave signals in the

transmission lines, which are then fed into radio receivers.

Transmission Electromagnetic
lines wave in free space

Radio
transmitter Antenna

l

v
L

Figure 1.1: Basic operations of a transmit antenna.
1.1.1 Input impedance

The input impedance Zin is defined as the impedance presented by an antenna at its
feed point, or the ratio of the voltage to current at the feed point [5]. The input
impedance is usually a complex number which is also frequency dependent. It can be

expressed as:



Zin= Rin+ jXin (1.2)

The real part of the impedance, Rin, includes the radiation resistance Ry of the antenna
and the loss resistance RL. Ry relates to the power radiated by the antenna, and Rp
relates to the power dissipated in the antenna due to losses in dielectric materials,

antenna conductor losses, and so on.
1.1.2 Reflection Coefficient, Return Loss and Voltage Standing Wave Ratio

The antenna input impedance needs to be matched with the characteristic impedance
of the transmission line connected to the feed point of the antenna. Usually a 50 Q
cable is used to feed the antenna. Thus the antenna input impedance needs to be equal
to 50 Q, otherwise there will be an impedance mismatch at the antenna feed point. In
the case of impedance mismatch, there will be signal reflections, that is, some of

signals fed to the antenna will be reflected back to the signal sources.

The reflection coefficient I denotes the ratio of the reflected wave voltage to the
incident wave voltage [5]. The reflection coefficient at the feed point of the antenna
can be related to the antenna input impedance by the following equation:

— Zin—Zo
ZintZy

(1.2)

Here, Zin and Zo denote the input impedance of the antenna, and the characteristic
impedance of the transmission line connected to the antenna feed point, respectively.

As shown in equation (1.2), the reflection coefficient is zero if Zin is equal to Zo.
Return loss (in dB) is defined as:
RL =—20log || (1.3)

For a well-designed antenna, the required return loss should usually be at least 10 dB,
though some antennas on small mobile terminals can only achieve about 6 dB. VVoltage
Standing Wave Ratio (VSWR) is the ratio of the maximum voltage Vmax to the

minimum voltage Vmin on the transmission line. It is defined as:

VSWR = —:Z’;z: = (1.4)



1.1.3 Radiation Patterns

The radiation pattern of the antenna illustrates the distribution of radiated power in the
space [6-9]. It can be plotted in a spherical coordinate system as the radiated power
versus the elevation angle (0) or the azimuth angle (¢). Figure 1.2 shows a radiation
pattern plotted as the radiated power versus the elevation angle (8). As shown, the
radiation pattern has a few lobes. The main lobe is the lobe containing the majority of
radiated power. The lobe radiating towards the backward direction is the back lobe.
Usually there will also be a few other small lobes called the side lobes. The 3-dB
beamwidth indicated in the Figure refers to the angular range between two points
where the radiated power is half the maximum radiated power. Figure 1.2 shows the
radiation pattern in the elevation plane. There is also the radiation pattern in the
azimuth plane, which can be plotted as the radiated power versus the azimuth angle
(). The antenna pattern can be isotropic, directional or omni-directional. An isotropic
pattern is uniform in all directions, which does not exist in reality. The pattern in Figure
1.2 is directional. As shown in Figure 1.2, the majority of radiated power is focused at
one direction and the maximum radiation is along the z axis. An omni-directional

pattern is donut-shaped, as shown in Figure 1.3.

3-dB beamwidth

Major lobe

/ Side lobe

%

Back lobe

Figure 1.2: A directional radiation pattern in the elevation plane.



Figure 1.3: Omni-directional pattern.

1.1.4 Directivity, Gain and Efficiency

A practical antenna usually radiates in certain directions. The directivity, D(8, @), is
defined as the radiated power per unit solid angle compared to what would be

received by an isotropic radiator [6-9]. It could be calculated by
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D(6,¢) = (1.5)

where E, H, r and Praq denote the peak value of electric field, the peak value of magnetic
field, the distance between the source and test point, and the radiated power from the

antenna, respectively. It is also assumed that the test point is in the far field region of

2
the antenna, which means the distance r>%[6—9]. Here D is the maximum

dimension of the antenna and A is the wavelength. The gain of the antenna is similar
as the directivity though it includes the efficiency n of the antenna, since some power

will be lost in the antenna.

G(8,9) =n.D(8,9) (1.6)

Both directivity and gain are normally expressed in dB. It is common practice to write

the antenna gain in dBi, which means that it is defined relative to an isotropic radiator.
1.1.5 Linear Polarization, Circular Polarization and Axial Ratio

Polarization of an antenna is related to the orientations of electric fields radiated by the
antenna. Assuming a half-wavelength dipole is vertically oriented above the Earth, it



will produce radiated fields in the far field and the radiated electric fields will be
dominated by E(6, ¢). In this case, the polarization of the dipole is called vertical
polarization. On the other hand, if a half-wavelength dipole is horizontally oriented
above the Earth, the radiated electric fields of the antenna will be dominated by E(8,¢)
in the far field. The polarization of the antenna is then called horizontal polarization.
Both vertical and horizontal polarizations are linear polarizations. Linearly polarized
antennas are commonly used in terrestrial wireless communications. To produce
circular polarization, two orthogonal components of electric fields in the far field
region are required [6-10]. The electrical field radiated by an antenna can be written

as
E(8,9) = 6E¢(6, p)e/®t + BE, (0, p)e/?> (1.7)

Here Eteta(@, ¢) and E«(8,¢) denote the magnitudes of electric field components in
the far field of the antenna. ¢1and ¢2denote the phase shift of each field component.
Circular polarization can be achieved only if the total electric field has two orthogonal
components which have the same magnitudes and a 90 phase difference between the
two components. That is

Eteta(8,¢) = Ex(6,¢)
b2 — 1 = /2 (1.8)

For a circularly polarized wave, the electric field vector at a given point in space traced
as a function of time is a circle. The sense of rotation can be determined by observing
the direction of the field’s temporal rotation as the wave is viewed along the direction
of wave propagation: if the field rotation is clockwise, the wave is RHCP; if the field
rotation is anti-clockwise, the wave is LHCP. In reality, it is impossible to achieve a
perfect circular polarization, thus the curve traced at a given position as a function of
time is usually an ellipse, as shown in Figure 1.4. Lines a and b denote the major axis
and the minor axis of polarization ellipse, respectively. The ratio of the major axis to
the minor axis of the ellipse is termed as the axial ratio (AR) [6-10].



a: MAajor axis
b: minor axis
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Figure 1.4: Polarization ellipse traced at a certain position as a function of

time.
AR = a/b (1.9

AR is a key parameter for measuring the circular polarization. Usually AR is required

to be below 3 dB for a CP antenna.
1.1.6 Bandwidth and Resonant Frequency

Usually an antenna is designed to operate within a specified frequency range. The
bandwidth of an antenna is usually determined by the frequency range within which
the key parameter of the antenna satisfies a certain requirement, for example, minimum
return loss of 10 dB. At the resonant frequency of an antenna, the antenna input
impedance is purely resistive. Often the resonant frequency is chosen as the centre of
the frequency bandwidth of an antenna. The bandwidth of an antenna can be calculated
by using the upper and lower edges of the achieved frequency range:

BW = fzf;fl x 100 (1.10)
0

where f1 is the lower edge of the achieved frequency range,
f2 is the upper edge of the achieved frequency range, and
fo is the center frequency of the range.

Note that this definition is for antennas with a bandwidth below 100%. For antenna

bandwidths over 100%, the bandwidth can be calculated using the ratio between the



upper and lower edge of frequencies. For a linearly polarized antenna, the input
impedance is usually the most sensitive parameter compared to other antenna
parameters such as radiation patterns, gain and polarization. Thus the bandwidth of a
linearly polarized antenna is often referred to as the ‘impedance bandwidth’, but it can
also be to do with other parameters such as radiation patterns, gain and polarization.
When evaluating the bandwidth of CP antennas, one must check both the impedance
bandwidth and the bandwidth of AR, that is, the frequency range within which the AR
is below 3dB. A good impedance matching does not necessarily lead to a good gain or
a low AR value. The impedance bandwidth of an antenna can be broadened using
suitable impedance matching networks, while the AR bandwidth can be broadened by

using a broadband phase shifter network [5].
1.1.7 Methods of Design CP antenna

CP waves can be generated by exciting two spatially orthogonal LP waves that are in
phase quadrature and have equal amplitudes. Hence, the designs may require dual
feeding or power divider, which increases the size and complexity. For example, a
square patch can generate a CP wave by feeding two edges of the square as shown in
Figure 1.5. Alternatively, a 90° hybrid can be used in a conjunction with a single
feeding for a circular patch at two orthogonal points as illustrated in Figure 1.6. For
wide band CP radiation, four feeding ports may be used with 0, 90, 180 and 270 phase
differences.

Figure 1.5: Dual-Feed CP square patch antenna.



Figure 1.6: Singly fed CP circular patch antenna with a 90° hybrid.

Another method to generate CP waves is by introducing perturbation in the antenna.
The small perturbation has to be with the right amount at the desired frequency to
produce two orthogonally polarized components with the same amplitude and a 90°
phase difference. An example of such method is the truncated square patch shown in
Figure 1.7(a) or a circular patch with two opposing edges with notches as can be seen
in Figure 1.7(b) [10].

Figure 1.7: CP single feed square and circular patches.
1.2 Broadband Circularly Polarized Antennas
1.2.1 Slot Loading

The broadband CP antennas utilizing a thick air substrate are bulky and thus not
suitable for compact-size electronic systems. An alternative method for achieving a
single-feed broadband CP patch antenna is the use of slot loading. Figure 1.8 presents
the configuration of a slot-loaded patch antenna. The probe-fed patch with a width of



W and a length of L is printed on a substrate with a thickness of h. Two connected
slots are inserted in the square patch. The physical dimensions of the slots are L1, W1,
Lo, W2 and T, as illustrated in Figure 1.8. When connected to each other, the two slots
translate into two distinct resonant frequencies close to each other, leading to a wide
frequency band. Circular polarization can be obtained when selecting proper values of
the parameters for the slots. Two cases with different substrates (Rohacell foam and
Duroid 5880) have been studied in this design [11]. The optimized parameters in the
case of using Rohacell with a relative permittivity of &r = 1 are: L =21 mm, W = 21.2
mm, s1 =4.5mm, s = 5.6 mm, s3 = 3.5 mm, s = 4.5 mm, ss = 5.6 mm, d = 3.6 mm,
Se = 3 mm, Sz = 6.5mm and h = 3.0 mm. The simulated and measured impedance
bandwidths (|S11]<—10 dB) are 11.9% (5.14-5.79 GHz) and 11.8% (5.17-5.82 GHz),
respectively, which are much broader than the impedance bandwidth of the same
antenna without slot loading (4.2%). When the Duroid 5880 substrate (&r = 2.2) is
applied in the design, the optimized parameters of the antenna are: L = 14.8 mm, W =
14.8 mm, s; = 2.95 mm, sz = 3.65 mm, s3 = 2.45 mm, s4 = 2.95 mm, ss = 3.65 mm, d
=2.84 mm, s¢ = 2.1 mm, s7 = 5.0mm and h = 3.175 mm. It is noticed that, the antenna
size is significantly reduced when Duroid 5880 substrate is used. The measured
operating frequency of the antenna is decreased by about 90MHz compared to the
simulated result, which is probably owing to the tolerance limitation of the dielectric
material. The measured impedance bandwidth (|S11| < —10 dB) is 11.6%. It is also
noted that, when using Rohacell foam, the AR is less than 3 dB only within a small
frequency range, while the 3-dB AR bandwidth can reach 8% when the Duroid 5880

substrate is utilized.
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Figure 1.8: Geometry of a slot-loaded patch antenna [11].
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1.2.2 Broadband Coupler

The bandwidth of CP patch antennas can be further increased by using a broadband
coupler. Figure 1.9 presents the configuration of such an aperture-coupled CP patch
antenna fed by a three-stub hybrid coupler [12]. Compared to a two-stub branch-line
coupler which has a bandwidth of around 25%, the bandwidth of a three-stub branch-
line coupler can go up to 40%. The hybrid coupler is printed on one side of the lower
0.813-mm-thick RO4003 substrate (er = 3.38, tan & = 0.002). The characteristic
impedance of the two wider parallel strips and the inner shunt strip is Z> =35.4 Q. The
outer shunt strip has a characteristic impedance of Zs= 120.8 Q and the characteristic
impedance of all other lines is Z; = Z3 = Z4 = 50Q. Port 2 is terminated with a 50 Q
resistor to absorb the reflected power. Two rectangular slots with a width of 1.88mm
are embedded in the square ground plane with a side length of I, on the opposite side

and separately perpendicular to the feed strip of the hybrid coupler.

Coupling slot

Air
RO4'D'03:: 5} Radiating patch  —— +—, — Ground
©—— Branch line coupler

Figure 1.9: Geometry of the aperture-coupled CP patch antenna using a

three-stub branch-line coupler [12].
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The square radiating patch is printed on the bottom side of the upper substrate. The
energy is coupled to the square radiating patch through the slots. Two dielectric
substrates are connected by some plastic posts. The optimized values of the dimensions
are: Ly =31.4 mm, Ls = 10 mm, L4 = 26.5 mm, Ls = 30.38 mm, s; = 12.15 mm, |, =
156 mm, I, = 83mm and Iz = 50 mm. The obtained impedance bandwidth (VSWR < 2)
and 3-dB AR bandwidth are 32.3% (1.3-1.8 GHz) and 42.6% (1.22-1.88 GHz),
respectively. The maximum antenna gain is found to be 8.8 dBic at 1.55 GHz. In
addition, a broadband dual L-probe fed CP antenna with a broadband balun is
demonstrated in [13], as shown in Figure 1.10. The circular patch with a diameter of
D is supported by an air substrate of thickness H above a grounded Rogers RO4003
dielectric substrate. The feed network is printed on the top layer of the substrate. Two
L-shaped probes formed by its vertical and horizontal portions are orthogonally
oriented and positioned at a distance of S away from the circumference of the patch.
The L-probe feeds are soldered to the output lines of the feed network and excite the
radiating patch by proximity coupling. The broadband feed network consists of a
cascade of a 3-dB Wilkinson power divider for wideband impedance matching and
balanced power splitting, and a novel broadband 900 Schiffman phase shifter for
wideband consistent 900 phase shifting. The measured 10-dB return loss and 3-dB AR
bandwidths of the dual L-probe fed CP antenna can reach 60.24% and 37.7%,
respectively.
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Figure 1.10: Geometry of the dual L-probe fed circular patch antenna [13].

12



G

F Y
v

L4

Dielectric
substrate

Alr
substrate

Feed

| network

-|-.L-probe

feed

Ground
plane

Figure 1.11: Geometry of the quadruple L-probe fed circular patch antenna [13].

It is reported in [13] that the antenna bandwidth can be further increased by using four
feeds instead of two feeds, as shown in Figure 1.11. The quadruple L-probe antenna
has the same antenna parameters with the dual L-probe antenna. The feed network
consists of a pair of the aforementioned 900 broadband baluns connected by a 180°
transformer. The length difference of the microstrip branches is selected to be 1¢/2 (Ag
is the guided wavelength at the center operating frequency) for providing a 180° phase
shift. The input transmission line is connected to the two microstrip branches through
a quarter-wavelength transformer. In the case of four feeds, the 10-dB return loss and
3-dB AR bandwidths can reach 71.28% and 81.6%, respectively. However, the multi-
feed CP antenna requires a complicated feed network which also occupies more space.
For example, the four-feed CP antenna requires a complicated feed network to provide
0°, 90°, 180° and 270° phase shift at four feeds, respectively.

1.2.3 Ring Slot with a Broadband Coupler

The hybrid coupler which is used in the broadband CP patch antenna can also help the
CP ring slot antenna increase the bandwidth. Figure 1.12 presents the geometry of a
ring slot antenna with a hybrid coupler. A square ring slot is embedded in the ground

which is printed on the bottom layer of an FR4 substrate. Two adjacent sides of the
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slot loop are excited by a three-stub hybrid coupler which is printed on the other side
of the substrate. It is noted that two stubs are added to improve impedance matching.
The characteristic impedances of the stubs are: Z; =50 Q, Z, =354 Q, Z3 = 120.8 Q,
Z4=67.6 Qand Z5=92.8 Q. The antenna in [ 14] can achieve an impedance bandwidth
(VSWR < 2) of 55.6% (3.9-6.9 GHz). The measured 3-dB AR bandwidth reaches
around 22.2% (4.8-6.0 GHz). The antenna gain ranges from —0.5 to 1.4 dBic across

the operating frequency range.

Slot loop

ZS Z4
Matching stub
Z3
4 Z, Ground
Input 7z Z3 50Q
1
port 1 port 2
Substrate __—Hybrid coupler
\’
Ground

Figure 1.12: Geometry of a ring slot antenna with a hybrid coupler [14].
1.2.4 Circular/Square Slot with an L-Shaped Feed

Compared to microstrip antennas, the printed slot antennas, especially wide slot
antennas, can have broader impedance bandwidths. Several approaches have been
taken to achieve good CP performance over a wide frequency range. These include the
L-shaped feedline [15, 16] or grounded strip [17-20]. In addition, circular polarization
of the slot antenna can be obtained by applying modifications on the feedline with

grounded strips [21-24].
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Substrate

. Feed line

Grounci
Figure 1.13: Geometry of a microstrip-fed CP slot antenna. Antenna dimensions:

ri =18.8 mm, Is=17.7 mm, ws=5.5 mm, lc = 11.7 mm, | =7.2 mm, w=0.5 mm,
L=100mm [1].

Figure 1.13 presents the geometry of a microstrip-fed CP slot antenna. A circular slot
with a radius of 18.8mm is embedded in the ground plane which is printed on one layer
of an FR4 substrate with a thickness of 1.6mm and a relative permittivity of 4.4. An
L-shaped strip with a taper end is fabricated on the other side of the substrate to excite
two orthogonal fields in phase quadrature. CP operation is obtained due to the L-
shaped strip. A narrow line with a length of | and a width of w behaves as an impedance
transformer between the taper end of the L-shaped strip and the 50Q microstrip line.
The length of the tapered portion is Ic. The simulated and measured results of return
loss and AR are illustrated in Figures 1.14 and 1.15. The measured 10-dB return loss
bandwidth is 1.42 GHz or 37.97% at 3.74 GHz. The measured result exhibits a 3-dB
AR bandwidth of 1.65 GHz or 44.1% at 3.74 GHz. The slot antenna radiates towards
both sides, and the patterns at both sides have different senses of circular polarization.
The measured antenna gain varies from 4 to 5 dBi across the operating frequency band.
In addition, a CPW-fed slot antenna with an embedded square slot and an L-shaped
strip connected to the edge of the slot is studied in [16]. The width of the L-strip is
larger than that of the signal line. The obtained 10-dB return loss and 3-dB AR
bandwidths of the CPW-fed slot antenna are 43% and 17%, respectively.
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Figure 1.14: Simulated and measured return loss for the slot antenna [15].
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Figure 1.15: Simulated and measured AR for the slot antenna [15].

1.2.5 Grounded Strip

Figure 1.16 presents the geometry of a CPW-fed CP slot antenna which is printed on
asingle layer of an FR4 substrate with a thickness of 1.6mm and a relative permittivity
of 4.4. A square slot with a side length of L = 40mm is embedded in a square ground
with a side length of 70 mm. A T-shaped strip with a width of w> = w3 = 1mm is

protruded toward the slot center at the center of one slot edge. The horizontal and
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vertical portions of the T-shaped strip have the lengths of 14 and 13, respectively. A
narrow strip with a width of wl and a length of l1+1> is protruded from the end of the
signal line with a width of s=6.4 mm. The gap between the signal strip and the ground
plane has a length of g = 0.5 mm. Good CP performance over a wide frequency range
can be achieved by tuning the dimensions of Iy, Iz, I3, 4 and wa. It is also worthwhile
to mention that the design in Figure 1.16 gives LHCP radiation. The obtained
impedance bandwidth defined by VSWR < 2 is 874MHz or 44.5% at 1.965 GHz. The
measured 3-dB and 1-dB AR bandwidths are 18.8% and 12.7%, respectively. The slot
antenna without a reflector has bi-directional radiation patterns. The gain variation is
less than 1 dB with a peak gain of around 3.7 dBi. Similarly, the circular CPW-fed slot
antenna with a circular slot and having a broader CP bandwidth is proposed in [18].
Circular polarization is obtained by protruding a metallic mono-strip from the circular

ground plane towards the slot center.

5
Figure 1.16: Geometry of a CPW-fed CP slot antenna with a T-shaped strip

protruding the ground [19] (IL =15 mm, 12=9.7 mm, 1I3=9.2 mm, 14 =

15mmand wl = 1 mm).

The circular slot antenna in [4] has an impedance bandwidth (|]S11| <—10 dB) and a 3-
dB AR bandwidth of 50% and 36%, respectively. Instead of using CPW feed, the

microstrip-fed slot antenna in [19] consists of a microstrip T-junction, a rectangular
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wide-slot and a T-shaped stub protruded at the slot edge. A portion of microstrip line
with a high characteristic impedance is arranged between the T junction and the 50- Q
feedline for improving the impedance matching. The microstrip-fed slot antenna in
[19] can achieve a 10-dB return loss bandwidth of 58% and a 3-dB AR bandwidth of
22.2%. Furthermore, a CPW-fed square slot antenna with two grounded inverted-L
metallic strips is studied in [20]. A square slot is embedded in the square ground plane
and excited by a 50 Q CPW. A strip with a larger width protrudes from the signal line
of the CPW into the slot. The CP operation is mainly attributed to the two grounded
inverted-L metallic strips located around two opposite corners of the square slot. The
obtained impedance bandwidth (VSWR < 2) and 3-dB AR bandwidth are 52% and
25%, respectively. The impedance and AR bandwidths of the slot antennas can be
further increased by using grounded strips and modifying the feedline, which has been
investigated in [20-25]. Figure 1.17 presents the geometry of a CPW-fed square slot
antenna [20]. The design has two main features: one for increasing the AR bandwidth
and the other mainly for enhancing the impedance bandwidth. The AR bandwidth is
enlarged due to the combination of the lightening-shaped feedline and two inverted-L
grounded strips on the opposite corners of the square slot. The lightening-shaped
feedline is realized by extending the signal line of the CPW to the lower left corner of
the slot and then protruding into the slot at an inclined 45°. In order to increase the
impedance bandwidth, two tuning stubs are embedded in the feedline. The vertical
tuning stub is formed by shrinking a section of the CPW’s signal line while the
horizontal one is realized by extending the horizontal feed section. The second
resonant mode will be shifted to a lower frequency band and combined with the first
resonant mode to achieve a wider impedance band, when choosing proper dimensions
for the tuning stubs. The antenna in [20] can achieve a 10-dB return loss and 3-dB AR
bandwidths of 50.9% and 48.8%, respectively.
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Figure 1.17: Geometry of a square slot antenna with a lightening-shaped
feedline and inverted-L grounded strips [20].

More recently, a CPW-fed regular-hexagonal slot antenna is proposed in [21]. The
ground plane is formed by a hexagonal ring and two L-shaped strips. An L-shaped
monopole patch is connected to the signal line of the CPW. Wide impedance and AR
bandwidths can be obtained by employing an L-shaped monopole patch protruding
into the slot and two inverted-L grounded strips. Moreover, the impedance and AR
bandwidths can be further enlarged by inserting a rectangular notch in the ground
plane. The antenna in [21] can achieve a 10-dB return loss and 3-dB AR bandwidths
of 86% and 50%, respectively.

Compared to adding two equal-size inverted-L strips, the square slot antenna in [22]
has a square ground plane with a wide square slot and two unequal-sized inverted-L
shaped strips at two opposite corners. Two orthogonal fields in quadrature can be
generated by the grounded strips. A rectangular patch is connected to the signal line of
the CPW. Also, a tuning slit is inserted in the feedline and a tuning vertical stub is
attached to the signal line. The impedance bandwidth is significantly enlarged owing
to these modifications. The slot antenna in [22] can operate over a wide frequency
range with an impedance bandwidth (VSWR < 2) of 132% and a 3-dB AR bandwidth
of 32.2%.
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1.3 Array design

Previous section have already discussed the basics of CP antennas as well as various
techniques for designing small CP antennas and broadband CP antennas. Array
antennas are useful for applications where a high gain, low sidelobe beam
reconfigurability are required, such as satellite communications, DBS, WLAN and
space communications. CP arrays are important for applications that need a high gain
to overcome the free-space loss due to the long distance between radio transmitter and

receiver.
1.3.1 Sequential Rotation

Microstrip patch arrays are widely used in wireless communications due to their
advantages of low profile, light weight, easy fabrication, low cost and conformability
to curved structures [26]. CP arrays can be formed by using a number of CP or LP
radiating elements. Each antenna element can be single-feed or dual-feed in phase
quadrature. Better polarization purity can be achieved if four feeds are employed for
each patch element as the undesired modes in the patch can be suppressed. However,
the four-feed patch requires a more complicated feed network to provide four ports
with 0°, 90°, 180° and 270° phase differences. For large CP arrays, these feed networks
will occupy lots of space, leading to increased complexity and high cost. A technique
that uses single-feed LP patches to design CP arrays is proposed in [27]. Figure 1.18
shows a CP array formed by using four linearly polarized elements. As shown, four
elements are sequentially rotated and have a phase distribution of 0°, 90°, 180 and
270°. This technique enables a significant reduction in the size, complexity, weight
and RF loss of the array feed networks, and is particularly attractive for applications
in large arrays. Using this technique to design wide bandwidth CP microstrip patch
arrays is also studied in [28], where the radiation performance of a CP microstrip patch
array with an antenna element of either linear polarization or circular polarization is
investigated. In [28], the radiation performance of the sequentially rotated array is
analyzed by using its corresponding transmission line equivalent circuit model. In this
analysis model, the equivalent circuit model of a LP patch antenna is described as a
parallel circuit consisting of one inductor, one capacitor and one resistor. For the CP

patch antenna, it is modelled as a series connection of two LP patches.
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Details of CP arrays analysis using sequentially rotated LP elements and CP elements
are presented in [28]. It is shown that clusters of three sequentially-rotated CP patch
elements, in which case a triangular lattice configuration is employed, achieve broader
bandwidth compared to that of clusters of two or four elements. Also the gain of
sequentially-rotated arrays can benefit from using the CP elements. This implies that
a wideband CP antenna array can be achieved by having a low-Q antenna as the
radiating element and with a sequential rotation technique. One concern of using a LP
antenna to design CP antenna arrays is the increased cross polarization level. After
investigating a 2 x 2 sequential rotated CP microstrip antenna, the author in [29] points
out that even using the LP antenna as the radiation element for a CP antenna array, low
cross-polarization within the bandwidth can still be reached if there is a high-
performing feed network that can provide accurate phase and amplitude for the array.
Meanwhile, the mutual coupling between antenna elements also plays an important
role in increasing the cross-polarization of the array. In the case where the antenna
element is spaced with 0.6-0.74, the contribution from the radiators to the cross-
polarization is at least 10-12 dB [29].

1.3.2 Single-Feed Patch

The sequentially rotated technique is an effective method to improve the bandwidth of

the CP antenna array. If there is a need to further increase both the impedance and AR
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bandwidth of the CP antenna array, it can be realized by introducing the parasitic
radiators to a sequentially rotated antenna array, like the one proposed in [30]. The
layout of this array is presented in Figure 1.19. This CP array is designed to resonate
at 10.2 GHz. Circular patches, which are printed on RT/Duroid 5880 (e = 2.2) with a
thickness of 0.79 mm, are placed at a height of 0.1140.. GHz above the quasi-elliptical
patches as the parasitic radiator. The four sequentially rotated square patch antennas
are printed on 0.63-mm thick RO3006 (¢ = 6.15) and are fed with 0°, 90°, 180° and
270° phase differences by employing a microstrip feed network, as shown in Figure
1.19. Two corners of each square patch are truncated to generate the required CP
operation and the 50-Q microstrip line is located 45° clockwise relative to the major
axis of the square patch, which results a RHCP radiation. To reach the LHCP, the
feeding line can be changed to 45° counterclockwise relative to the major axis of the
square patch. The measurement results of the single antenna element (square patch
with the parasitic element) and a 2 x 2 subarray with sequential rotation is summarized
in Table 1.1. As can be seen from this table, the single antenna element exhibits 10-
dB return loss bandwidth of 18.5% and 3-B axial ratio bandwidth of 7.5% with central
frequency of 10.2 GHz. Compared to the conventional microstrip antennas, which
normally only have a bandwidth of only a few percent [31], there is a significant
improvement on the antenna operation bandwidth by using the parasitic radiator. After
employing the sequential rotation techniques to the 2x2 subarray, the 10-dB return loss
bandwidth further increases to 27.7% whereas the axial ratio bandwidth improves to
23.5%. The measurement results also show that the gain of the CP array is 12.5 dBi at
10.2 GHz.

Parasitic circular patch

RT/Duroid 5880

Roger 3006

Sequentially rotated —~ T~
square patch array )

Figure. 1.19: Geometry of the wideband stacked CP antenna array [30].
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Table 1.1: Comparison of the radiation performance between single antenna element

Single antenna element 2%2 subarray (with
(square patch with a sequential rotation and
parasitic element) parasitic elements)
10-db return loss bandwidth
(with central frequency at 18.5% 27.7 %
10.2 ghz)
Ar bandwidth(with central 0 0
frequency at 10.2 ghz) 1.5% 235%
Gain 7.5 dbi 12.5 dbi

From the measurement results given in Table 1.1, it can be concluded that after
employing the sequential rotation technique and introducing parasitic radiators, the CP
patch array can have both 10-dB return loss and 3-dB AR bandwidth larger than 20%,

which is several times larger than a conventional microstrip patch array.
1.3.3 Dual-Feed Patch

As well known, CP patch antennas can be designed using a single-feed or multi-feed
technique. Using a single-feed technique to design CP patch antenna leads to a simpler
feed network; however, without using any bandwidth enhancement techniques, it has
the inherent disadvantages of narrow impedance and AR bandwidth. The use of a dual-
feed antenna can solve this issue at the expense of increased system complexity,
especially when a large number of antenna elements are used. Investigations have been
done in order to apply the dual-feed technique to the CP antenna array design with
reduced system complexity. One such design is proposed in [32], where the dual-feed
slot-coupling feeding technique is used in the design of a wideband CP patch array.
Figure 1.20 shows the configuration of the antenna element proposed in [32]. This
antenna array is designed for the operation at WiMAX frequency band (3.3-3.8 GHz).
A square patch is printed on the bottom side of a 1.58-mm thick FR4 (¢ = 4.4) substrate.
One slot ring and two orthogonal microstrip feed lines are printed on each side of a
1.53-mm thick Roger 4003 (e = 3.55) substrate.
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Square patch Feed port 2
\'\\ 5 3 FR4 substrate

v-’/ /.»‘/
//_',,- N Roger 4063

Feed port 1 Metallic
reflector

Couplingislol
Figure 1.20: Configuration of the dual-feed slot-coupling CP patch. The
Figure in the left shows the detailed view of the patch with two feed lines and

the Figure on the right presents the overall structure of this CP patch [32].

Square patch Coupling slot

Feeding port

Feed network

Figure 1.21 the layout of the 2x2 sequentially rotated CP array [32].

There is an 11 mm air gap between the FR4 and Roger 4003 substrate. One metallic
ground plane is added below the feed line to reduce the back radiation. By using the
slot coupled feeding technique, the feed line can be printed on different layers and in
this way more space for the feed network can be allocated compared to the microstrip-
fed antenna arrays that have antennas and the feed network printed on the same layer.
To further increase the bandwidth of the array, a sequential rotation technique is used.
The sequential rotation technique is a well-known method that can be used to improve
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the CP purity, radiation pattern symmetry and impedance as well as AR bandwidth.
Therefore, combining both techniques, dual-feed slot coupling and sequential rotation
feeding, wideband operation of the CP antenna array can be achieved. Figure 1.21
shows the feed network of the resulting 2x2 array. This antenna is designed to have an
RHCP radiation and the measurement results show that this antenna array has 3-dB
AR bandwidth of 30% with central frequency of 3.55 GHz and a 10-dB return loss
bandwidth of 50% (from 2.6-4.4 GHz), which is much larger compared to the
conventional CP patch antenna arrays and even larger than the sequentially rotated
antenna array with parasitic radiators. The measurement results also indicate that the
cross polarization is 20 dB less than the co-polarization within the HPBW. The
maximum measured gain is about 12.8 dBi. As can be seen from this design, the use
of dual-feed or multi-feed radiating elements in sequentially rotated CP arrays can
increase the bandwidth of CP arrays at the expense of increased system complexity,
size and losses of the array feed networks. Such arrays are rather difficult to implement
on a single layer due to the space problem. The space problem can become more
serious if RF and microwave active circuits are required to be integrated with antenna
elements and feed networks. It is possible to alleviate this space problem of CP arrays
by using a slot-coupled multi-layer structure that is, the patch antenna and feed

network are placed at different layers, such as the one shown in Figure 1.21.
1.3.4 Multi-Band CP Patch Antenna Arrays

The multi-band CP antenna array gains its application in the field of satellite
communications, where the transmitting and receiving bands are allocated with
different frequencies [8,9], and RFID applications, where one high gain RFID reader
is required to operate at different RFID bands [33]. The difficulty in designing a multi-
band CP patch array lies in the fact that at different resonant frequencies, the
corresponding mode must have two orthogonal components with equal amplitude and
phase quadrature, conditions which are not easy to meet simultaneously.
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Figure 1.22: Side, top and back view of the dual band CP antenna array for
RFID reader application [33].

A high-gain CP dual-band antenna array for RFID reader applications is recently
proposed by [33]. Different from the two approaches presented previously, a single
layer dual-band dual-ring radiator is employed as the array element. Figure 1.22 shows
the side, top and back view of this dual band CP antenna array. The antenna element
consists of two rings, each of which can resonate at different frequencies: 900 MHz
and 2.4 GHz. The dual-band antenna is excited with 90° phase offset through apertures.
Wilkinson power dividers are used to distribute the excitation from the input to the
individual elements. Since the frequency ratio for the dual band antenna is close to 3:1,

it is possible to maintain the phase offset at both band to the desired value.
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Figure 1.23 Measured and simulated Si1, axial ratio of the dual band CP

antenna array for RFID reader application [33].
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To improve the CP performance, the antenna elements are sequentially rotated. This
antenna is fabricated on a 0.508-mm thick FR4 substrate. Figure 1.23 presents the
measured and simulated Si1, axial ratio of this dual band CP antenna array. There is a
good impedance matching at both bands and the axial ratio at the desired frequency
bands is always below 2dB. At the lower band, 8 dBi peak gain is reached while at the
higher band, the peak gain is about 10 dBi.

1.3.5 High-Efficiency CP Patch Arrays at the Ku Band and Above

When designing a microstrip antenna array consisting of a large number of elements
with the microstrip feeding lines printed on the same layer, the loss and undesired
radiation from the feed network are problematic, especially for the application at
millimeter-wave frequencies. To reduce these unwanted effects from the feed lines,
besides using the aperture coupled feeding like the one already presented, several other
approaches have also been proposed. One effective method is the double use of
sequential rotation technique in large arrays. A 64-element wideband CP microstrip
antenna array that can operate in the frequency band of 27-31 GHz is presented in
[34]. The antenna element is a square-shaped patch with two truncated corners and the
four-element subarray is arranged with sequential rotation to achieve better CP
bandwidth, as shown in Figure 1.24. Then, the subarray is used to form a full array
containing a total number of 64 elements, which is shown in Figure 1.25. As can be
seen from this Figure, different to the conventional array configuration where the
subarrays are arranged symmetrically, the 4 x 4 subarray is arranged in a clockwise
rotation sequence. According to [34], this double sequential rotation can cancel the
undesired radiation from the feed network and thus contributes to the polarization

purity and radiation pattern symmetry.
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Figure 1.24: Geometry of the single radiation element and configuration of
the subarray [34].

The 1st sequential rotation

L
(I~ ¢ =

The 2nd sequential rotation

Figure 1.25: Configuration of the full array using the double sequential
rotation technique [34].
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This microstrip antenna array is printed on a 0.254-mm thick RT/Duroid 5880 (& =
2.2) and the distance between each antenna element is 0.77Ag-20 gHz. LOW permittivity
dielectric material is chosen to obtain good AR and impedance bandwidth. Figure 1.26
shows the measured Si1 and axial ratio of this 64-element antenna array. The
measurement results show that both the 10-dB return loss and 3-dB axial ratio
bandwidth cover the frequency band of 27-31 GHz, which corresponds to a wide
bandwidth of more than 13.8% with central frequency of 29 GHz. Moreover, the
measured radiation patterns indicate that this antenna array exhibits a high polarization
purity and good radiation performance, which means that the unwanted radiation from
the feed lines has been largely reduced. The peak gain of this array is around 20 dBi

and the efficiency is about 70%.
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Figure 1.26: Measured S11 and AR bandwidth of the array using the double
sequential rotation technique [34].
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Purity and good radiation performance, which means that the unwanted radiation from
the feed lines has been largely reduced. The peak gain of this array is around 20 dBi

and the efficiency is about 70%.
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Figure 1.27:The switch feed network for the switch-beam antenna array [35].
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1.3.6 CP Array with Reconfigurable Beams

It is known that the total radiation field of the antenna array is determined by the vector
addition of the far-fields radiated from the radiating elements. As the result, the
radiation pattern of the antenna array can be controlled by adjusting the excitation
amplitude and phase of the individual elements. The design of the CP antenna array
has already been presented in the previous sections. In order to give the CP antenna
array the ability to do the beam switching or beam-steering, it is critical to design a
suitable feed network that is able to control the phase as well as the amplitude of the
excitation signal for each antenna element. One method that can be employed to design
a beam-switching CP antenna array is to use a reconfigurable switch feed network,

such as the one presented in [35].
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Figure 1.28 Measured radiation patterns and AR bandwidth of the antenna
array with different sets of excitation phase [35].

The advantages of this technique are low cost and easy fabrication. Figure 1.27 shows
the layout of the switch feed network proposed by [35] and the side view of the overall
antenna array structure. To switch the main beam to different angles, a single-pole
multi-throw (SPMT) microwave P-I-N switch is used, which can switch between
different feed lines with varied length and can result a CP array with different
excitation phase. The function of the ports labeled in the Figure 1.27 is explained in
Table 1.2. The antenna element used in this design is a simple square patch with a
feeding probe on the diagonal line of the patch. By connecting the Port 8 to a different
input port of the feed line (Port 9 to Port 12), several sets of phase distribution for the
radiating element can be created. For instance, by connecting Port 8 to Port 10, the
excitation phase of the antenna array is (0°, 0°, 140°, 140°, 275°, 275°).

31



Table 1.2: Meaning of the ports shown in Figure 1.24

Function
Port 1 Input port
Port 2 to port 7 Output port for antenna feeding
Port 8 Input port connected to the SPMT
Port 9 to port 12 Input port for feeding lines with different phase

The antenna array is designed to operate at 1.8 GHz and is printed on a 3.8-mm thick
substrate with a relative dielectric constant of 4.316. The feed network is printed on a
0.787-mm thick PCB board with relative dielectric constant of 2.55. Figure 1.28 shows
the measured radiation patterns and AR bandwidth of this array. With different sets of
excitation phase. It is found that this antenna array can have its main beam switched

up to 40° with good CP radiation performance.
1.3.7 Beam-Switching CP Array using Butler Matrix Network

Another approach can be employed to design beam-switching CP antenna array is to
use the Butler Matrix network. Butler matrix is a 2"x2" network with 2n input, 2"
output, 2"log22" hybrid junctions and some phase shifters. As the single layer
microstrip printed circuit technique is used for the implementation of the matrix, there
are several presences of cross lines in the planar layout, several crossovers are needed
to isolate the signal. In this study, 4x4 Butler matrix has been designed because four
beams are needed to produce by the system. The matrix has four inputs and four
outputs, and it is implemented to excite an array of four patch radiating elements to
produce four beams in desired directions.
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Figure 1.29: Circuit model of the branchline coupler.

32



Output  Output Output  Output

Port 1 Port 2 Port3  Port4

Ty T
\\( yd AN //
// AN //K\

v \\ L~ BN
L =
P
C I
A /] \ /!
™ >< . /
VAN /\ ™

N L N
Input Input Input Input
Port 1 Port 2 Port3  Port4
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Figure 1.31: Layout of the feed network [36].

The Butler Matrix can be realized by a branchline quadrature coupler. The equivalent
circuit model of the branchline coupler is depicted in Figure 1.29. In this model, each
section of the transmission line has a length of quarter wavelength at the desired
frequency. To produce more beams, several two-beam Butler Matrixes can be
connected by introducing the crossover structure. Figure 1.30 shows a generic version
of a four-beam Butler Matrix. Table 1.3 summarizes the phase of output signals when

different ports are excited.

Table 1.3: the phase of output signal when different ports are excited

Output port 1 | Output port 2 | Output port 3 | Output port 4
Input port 1 -45 -90 -135 180
Input port 2 -135 0 135 -90
Input port 3 -90 135 0 -135
Input port 4 180 -135 -90 -45
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Several beam-switching CP antenna arrays using the Butler Matrix as the feed network
have been reported in the literature [36, 37, and 38]. In [36], a planar microstrip
antenna array with a Butler Matrix is designed to operate at 2.4 GHz for indoor
wireless dynamic environments. The microstrip antenna array consists of four
sequentially rotated inset-fed rectangular patch antennas to achieve CP radiation.
Figure 1.31 shows the layout of the feed network used in this design. The 4x4 Butler
Matrix consists of four branchline couplers and a crossover to isolate the cross-lines.
By selecting a different input port, different sets of the output phase can be produced
and either RHCP or LHCP waves can be excited. Figure 1.32 shows the measured
normalized radiation patterns of this microstrip antenna array at 2.4 GHz when
different input port is excited. As can be seen from the measured results, RHCP can
be obtained when port 1 or port 2 is selected while LHCP can be generated when port
3 or port 4 is excited. Moreover, beam-switching can also be reached when port 1/port

3 or port 2/port 4 is selected.
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Figure 1.32: Measured normalized radiation patterns of the microstrip
antenna array with different excitation port [36].

Similar design approaches are demonstrated in [37, 38], except that these CP arrays

are designed to operate at different frequencies and different antenna elements are

used.
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Satellite technology is developing fast, and the applications for satellite technology are
increasing all the time. Not only can satellites be used for radio communications, but
they are also used for astronomy, weather forecasting, broadcasting, mapping and
many more applications. With the variety of satellite frequency bands that can be used,
designations have been developed so that they can be referred to easily. The higher
frequency bands typically give access to wider bandwidths, but are also more
susceptible to signal degradation due to ‘rain fade’ (the absorption of radio signals by
atmospheric rain, snow or ice). Because of satellites’ increased use, number and size,
congestion has become a serious issue in the lower frequency bands. New technologies
are being investigated so that higher bands can be used. C-Band Primarily used for
satellite communications, for full-time satellite TV networks or raw satellite feeds.
Commonly used in areas that are subject to tropical rainfall, since it is less susceptible
to rainfade than Ku band (the original Telstar satellite had a transponder operating in
this band, used to relay the first live transatlantic TV signal in 1962).

One of most important problem in satellite communication is employed of broadband
and high gain CP antenna. In order to investigate its, in followe chapter step by step to
design of CP antenna is mentioned. In two first section designing an antenna element
with broadband impedance BW and CP BW is considered. Then, by utilizing and
improving feed network is tried to enhance gain with save BW. Details and techniques

of designing are mentioned in followe section.
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2. PUBLISHED WORK

2.1 Circularly Polarized Square Slot Antenna Using Crooked T-Shape

Technique

Source: Applied Computational Electromagnetics Society Journal. Mar2015, Vol. 30 Issue
3, p327-331. 5p.

2.1.1 Abstract

This paper presents the investigation results on a novel circularly polarized square slot
antenna (CPSSA) designed to operate at a frequency of 5.5 GHz. In order to realize
the proposed antenna, miniature circular polarized square slot antenna is used with L-
shape and crooked T-shape grounded strips located at the slots opposite corners to
reduce cross-polarization. The antenna is fed by coplanar waveguide. The 3 dB axial-
ratio of the CPSSA extends to approximately 2 GHz. The CPSSA was designed to
operate over the frequency range between 3 and 11.1 GHz corresponding to an
impedance bandwidth of 115% for VSWR<2. Acceptable agreement between the

simulation and measured results validates the proposed design.

Index Terms — Circularly polarized, coplanar waveguide feed, planar antenna, slot

antenna.
2.1.2 Introduction

Recently, circularly polarized planar patch antennas have gain more attention in the
field of wireless communication. CPW-fed print slot antennas have many advantages,
such as low profile, lightweight, ease of integration and wider impedance bandwidth;
moreover, circularly polarized is much superior to linearly polarized duo to its agility
of choosing polarization at the receiving locations and have good performance of anti-
interference in bad weather [1-15]. For generating circular polarization (CP) radiation

using a single feed, many microstrip antenna designs have been reported [1-9]. The
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obtained CP bandwidth (3-dB axial-ratio bandwidth), however, is usually narrow and
less than 2%. When the same microwave substrate is used, corresponding printed slot
antennas usually have a much wider CP bandwidth than single-feed circularly
polarized microstrip antennas [2]. To benefit from broadband and low profiles, various
shapes and designs of broadband circularly polarized slot antennas have been
developed to overcome both the narrow impedance and axial-ratio bandwidths
(ARBWSs) by applying different techniques on patch and ground structures [2-4]. In
[9], by embedding two inverted-L-shaped grounded strips around two opposite corners
of slot, circular polarization is obtained. The idea of embedding a T-shaped grounded
metallic strip that is perpendicular to the axial direction of the CPW feed line is used
in [4], and a corrugated slot antenna with a meander line is presented in [10]. In [11],
a square slot antenna with a lightning-shaped feed line and inverted-L grounded strips
is presented. To produce the circular polarization, the arc-shaped grounded metallic
strip is utilized in [12-13]. In this letter, a novel design of a CPW-fed circularly
polarized square slot antenna composed of a square ground plane, an inverted-L-shape
strips, two crooked T-strips and a vertical stub is presented. In this design, 3-dB AR
bandwidth can reach as large as 2000 MHz (5-7 GHz) which is about 33.3%, to cover
the WLAN/WiMAX band. The proposed design also has the VSWR<2 impedance
bandwidth of 8100 MHz (3-11.1 GHz) which is about 115%. Details of the proposed
antenna design and experimental results of the broadband operation are presented. The
proposed of this article is designed an ultra-wide band antenna with utilizing of novel
methodology which can be provided broadband circular polarization. The
simultaneous use of the crooked T-shape and L-shape techniques has readied the

above conditions.

oWy
T Y R
Figure 1: Configuration of the proposed CPSSA structure. Dimensions of the

structure’s parameters are: Ws=3.1, L+=8, g=0.3, h=0.8, W=1.25, Wp1=6,
W2=7.6, Ls=3.5, Ws=3.5, 01=0.4, Ls=4, W1=1, W>=1.2, Li=2.5, Ix=5, ly=4,
Le=4.5 (units in mm).
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2.1.3 Antenna Configuration

The geometrical layout and photograph of the proposed CPW-fed broadband CPSS
antenna is shown in Figure 1. The proposed antenna is printed on a square microwave
substrate FR4, with a side length of 25 mm, a thickness of 0.8 mm and a dielectric
constant of relative permittivity e=4.4. The antenna is fed by a 50 Q CPW feeding
line, where the signal strip and gaps have widths of 3.1 and 0.3 mm, respectively.

.
l
ﬁ .l E .l

Figure 2: Five improved prototypes of the antenna

2.1.4 Experimental Results and Discussion

The simulated CPSSA structures have been fabricated using conventional printed
circuit board (PCB) techniques. In each step of the design procedure, the full-wave
analyses of the proposed antenna were performed using Ansoft HFSS (ver.11) based
on the finite element method (FEM) to find optimized parameters of the antenna
structure [13].

As indicated in Figure 2, five improved designs of the proposed CPSS antenna are
presented. The antenna design is started by applying a simple strip feed line (step 1)
and then improved through adding the vertical tuning stub formed by extending the
feed section to the right (+y-direction) by a width of Ws=3.5mm and a length of
Ls=3.5mm (step 2). Our simulations show that width (Ws) of the tuning stub has great
effect on improving the impedance matching in the 3 dB AR band. A further
improvement is achieved by adding two embedded rectangular strip patches with W,
Wp2, W1 and W dimensions (step 3). -10 dB impedance matching curves of the

antenna are presented in Figure 3. As it is observed from Figure 3, by employing a
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simple strip as the feed line, a great impedance mismatch is experienced (step 1) and
consequently, any bandwidth of the antenna under -10 dB is available.
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Figure 3: Improved Si: of the antenna (step 1~5)

By adding the vertical tuning stub and two embedded rectangular strip patches on the
feed line, antenna operates between 4~6.3 GHz. The simulation results show that
embedding rectangular strip patches on the feed line (step 1 - step 5) and adjusting the
parameters, an improvement on the impedance bandwidth as well as CP characteristic
can be accomplished for the proposed antenna. To obtain CP operation by exciting two
orthogonal polarizations, the design is improved by adding an inverted-L strip to the
right bottom corner of the structure. This structure is presented as step 4 in Figure 2.
According to simulation results for step 4, we have found that choosing ly and Ix of
the inverted-L strips equal to 5 mm (0.275L), not only increases the ARBW but also
improves impedance bandwidth. Si; variations of step 4 is presented in Figure 3.
Considering the CP characteristic of the antenna, the changing regulation of the right
hand side feed is similar to that of left hand side one. Through Figure 4, it can be
observed that by adding an inverted-L strip to the antenna structure, a small
improvement in the axial ratio of the antenna is created and antenna operates CP about
2.6% (7.4~7.6 GHz). To further improve the CP characteristic of the antenna, two
crooked T-shape strips are sequentially added to the structure (step 5). As it is seen
from Figure 3, adding two crooked T-shape strips to step 5 make the antenna operate
UWAB; and it can be seen in Figure 4, that the ARBW of the antenna is increased to
5~7 GHz for step 5.
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Figure 4: Improved axial ratio of the antenna (step 4~5)
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Figure 5: Axial ratio for different value of L4

Through extensive simulations, it was found that length of the crooked T-shape strips
(Ls) should be selected as 0.25L, and the distance between them (L4) should be 0.22L,
to attain the 33.3% ARBW. Changing the length or distance between these strips will
degrade the axial ratio and subsequently CP characteristic of the antenna seriously.
Considering Figure 5, it is understood that increasing the distance of L4 will decrease
axial ratio bandwidth. The simulation results of surface current distribution for antenna
in step 5 are shown in Figure 6. As indicated in Figure 6, the current distribution of
proposed antenna at counterclockwise. It is observed that the surface current
distribution in 180° and 270" are equaling magnitude and opposite in phase of 0° and
90°. If the current rotates in the clockwise (CW) direction, the antenna can radiate the
right-hand circular polarization (RHCP).
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Figure 6: Distribution of the surface current on the feed and ground of the
CPSS antenna at 5.5 GHz in 0°, 90°, 180° and 270° phase

An Agilent 8722ES vector network analyzer was used to measure S11 and impedance
bandwidth for simplification in the antenna design. The simulated and measured Si1
of the proposed antenna is shown in Figure 7. As seen in Figure 7, the simulated and
measured impedance bandwidth of antenna are 115% (from 3 GHz to 11.1 GHz) and
119% (from 2.9 GHz to 11.5 GHz), respectively. The difference between measured

and simulated impedance bandwidth are originating from different substrate
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Figure 8 indicated the close correspondence between the measured and simulated
curves of gain and AR for the proposed antenna with optimized values presented in
Figure 1. As plotted in Figure 8, the simulated ARBW of the suggested antenna is from
5000 MHz to 7000 MHz (33.3%), and the measured ARBW of antenna is from 5050
to 7100 (33.7%). Also, the measured peak gain of antenna is 4.25 dBic at 10 GHz. The
average measured gain of the antenna is about 3.5 dBic. The measured results of the
normalized radiation patterns of the CPSS antenna are presented in Figure 9. The
radiation pattern is left-hand circular polarization (LHCP) for z>0 and RHCP for z<0,
as can be deduced from surface current distributions in Figure 6. The proposed antenna
has a compact size of 25 mm x 25 mm. When compared with the previous CPSSA
structures presented in Table 1, our proposed antenna shows significantly increased
impedance bandwidth and axial-ratio bandwidth; i.e., the impedance and AR
bandwidths are, respectively, more than three and two fold wider than the previous
designs. Dielectric substrate used is FR4 with [1=4.4, tan[1=0.024. The impedance
bandwidth is for a frequency range where the VSWR<2; and ARBW is the 3-dB axial-
ratio bandwidth.
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Figure 8: Measured and simulated gain and axial ratio of the CPSSA
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Figure 9: Measured normalized radiation patterns of the CPSS proposed
antenna at: (a) 5.5 GHz, and (b) 6 GHz

Table 1: Comparison of the proposed CPSS antenna size and measured
characteristics with other references

Ref. Size (mmd) BW (GHz) ARBW (freq. Peak
range) (GHz) Gain

(dBic)
[3] 70x70x1.60 | 0.85(1.75-2.6) | 0.4 (1.7-2.1) 3.7
[4] 70x70x1.60 0.20(1.5-1.7) 0.3(1.5-1.8) 3.5
[5] 70x70x1.60 0.80(1.6-2.4) 0.2(1.8-2.0) 3.5
[14] 25%25x0.80 1.90(4.6-6.5) 0.8(4.9-5.7) 3.6
[15] 25%25x0.8 7.8(3.1-10.9) 2(4.5-6.5) 3.2
This 25%25x0.80 8.6(2.9-11.5) 2(5-7) 4.25

work

The suggested antenna with optimal structure, as shown in Figure 10, was fabricated

and tested in the Antenna Measurement Laboratory at Iran Telecommunication

Research Center (ITRC).
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Figure 10: Photograph of fabricated Antenna.
2.1.5 Conclusion

This paper presents circularly polarized square slot antenna (CPSSA) fed by coplanar
waveguide (CPW) with a crescent shaped patch. All of the important parameters that
are determinant in antenna characteristics were depicted one by one while keeping the
others fixed. The attributes of the proposed CPSSA include a relatively simple
structure, low fabrication cost, and UWB operation across 3-11.1 GHz. The measured
results show the impedance bandwidth is 115% for VSWR<2, and axial-ratio < 3 dB

is 33.3%. An antenna gain of around 3.5 dBic has been obtained.
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2.2 Compact UWB CP Square Slot Antenna with Two Corner Connected by a
Strip Line

Source: Electronics letters, Agust 2015 doi: 10.1049/el.2015.2817.
2.2.1 Abstract

This paper proposes a novel method to design a compact, broadband circularly
polarized square slot antenna with a considerably wide AR bandwidth. A coplanar
waveguide fed square slot antenna with an impedance matching stub and a cross-shape
radiating patch together with a strip line that connects the two opposite corners of the
ground section is designed to provide the desired characteristics. The obtained results
for the proposed antenna give us a good agreement with the expected performance
with a compact size of 20x20mm. The measured impedance bandwidth is as large as
11050 MHz (2950-14000 MHz) or about 130.38% with respect to the center
frequency. The measured 3-dB AR is 3373 MHz (35.7%) from 3729 to 7102 MHz and

the average measured gain of CPSSA is almost 3.5 dBi in the operating band.
2.2.2 Introduction

Due to the capability of preventing multipath interference and flexibility in orientation
angle between transmitting and receiving antennas, circularly polarized (CP) antennas
are required for many applications, such as satellite and mobile communications [1].
CP square slot antenna (CPSSA) with broadband impedance and 3-dB axial ratio (AR)
bandwidth have considerably role in CP antenna. Hitherto, many studies have been
reported about design methods of broadband CPSSA [1-9]. In [2], a broad CP
operation is achieved by protruding the T-shaped metallic strip from the ground plane
toward the slot center and a coplanar waveguide (CPW) feeding with a protruded
signal strip that is perpendicular to the T-shaped strip. A broadband CPW-Fed CPSSA
operation can be attained by using lightening-shaped feedline and a pair of inverted-L
strips grounded into the slot and adjusting the dimensions of the lightening-shaped
feedline [3]. Itis reported that some single-layer antenna composed of a square ground
plane embedded with two [4-6] and three [7] inverted-L strips around corners of the
slot. In[8], itis presented a new design of a CPW-fed CPSSA loaded with cross-patch
embedded in the square slot. A printed wide-slot antenna with an inverted-L tuning
stub extended from the signal line of the feeding CPW and a pair of grounded strips
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fixed in the slot is proposed in [9]. In [10], a CPW-fed CPSSA including a pair of
rectangular-shaped notches located at two opposite corners of the slot and a pair of
reverse L-shaped ground arms in the slot for realizing circularly polarized radiation is

proposed for enhancing impedance bandwidth.

The aim of this paper is to present a compact size CPSSA by using novel methods.
Implementation of novel methods in CPSSA can cover an impedance bandwidth (BW)
of 130.38% and axial ratio bandwidth of 35.7%. Table 1 shows the comparison of the
performance of the proposed antenna with the other works using CPSSA technique. It
Is clearly seen that proposed antenna is superior to others in every aspects with the
exception impedance BW of reference [10]. The reason of this exception is that lower
frequencies are better covered at larger scales, since a lower frequency requires

antennas with larger physical size.

Table 1. Comparison of the proposed CPSSA with recent similar works

reference Size (Mm?) Impedance BW(MH2z) 3dB Axial Ratio BW
S11<-10dB (fn~ fi) (fo-fi) (fn~ 1) (Fn-f1)

[2] 70x70x1.6 (1750~2624) (874) (1850-2070) (220)
[3] 60x60x0.8 (2023~3421) (1398) (2075-3415) (1340)
[4] 25x25%0.8 (2985-11232) (8247) (5012-7382) (2370)
[5] 60x60x0.7 (1600~3055) (1455) (2300-3030) (730)
[6] 60x60x0.8 (2674~13124) (10450) (4995-6945) (1950)
[7] 60x60x0.8 (2000~7071) (5071) (2030-5120) (3090)
[8] 70x70x1.6 (1604~2450) (846) (1840-2080) (240)
[9] 60x60x0.76 (1772~2591) (819) (1880-2560) (680)
[10] 25%25x0.8 (2760~14820) (12060) (4270-6130) (1860)

This work 20x20x0.8 (2950~14000) (11050) (3729-7102) (3373)

2.2.3 Antenna design

The proposed CPSSA is printed on 0.8mm thickness of FR4 substrate (20x20 mm?)
with relative permittivity &=4.4 and loss tang of 0.02. As seen in Figure 1, the antenna
consists of a single radiating cross shaped patch and is excited by a CPW feed-line.
The dimensions of the CPW feed-line dimensions of 2.48 and 5.8 mm correspond to a

characteristic impedance of 50 Q. The CPW gap size is 0.24mm. In order to prevent
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the current accumulation at two opposite corners of the ground loop of CPSSA, a strip
line connecting the two opposite corners is used. This connection leads to increase CP
bandwidth and, because of the effective length of the radiation element is increased,
the impedance BW is also improved in a compact size. The optimized dimensions of
the antenna structure are given in Figure 1a. All parameters have been optimized using
finite element methods by commercial HFSS software. The stages describing the
evolution of the antenna structure are shown in Figure 1b. A feed line is constructed
within the rectangular slot in the first stage; in the second stage, in order to increase
radiation resistant a cross-shape patch is embedded following the feed line; the third
stage involves the feedline modification by adding a circular stub to ensure impedance
matching; finally a strip line which connected at two opposite corners of the grounded

loop is added.

Stepl Step2 Step3 Step4

Figure 1: Configuration and deS|gn steps of the CPSSA (G=20; L4=1.8;
Lg1=2.8; Ix=4; ly=3.6, Ls=0.8; Wp=4; 91=0.6; g=0.24; W=2.48)(all value in
mm); a)Basic structure of proposed antenna; and b) Design steps.
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Figure 2: Simulation result of S11 and AR of antenna in four implementation
steps; a) S11 response of antenna; and b) AR curves of antenna.

The return loss response (S11) and the 3-dB axial ratio (AR) bandwidth of the CPSSA
in the four stages are displayed in Figure 2. Results show that sequential steps improve
the impedance and 3dB AR bandwidths of the antenna. Application of strip line
connector in the fourth step creates additional surface current paths and prevents of
aggregation of current in opposite corner which significantly increase impedance band
width (IBW) to 11050 MHz (2950~14000MHz) for S11<—10dB. The addition of
ground-plane strip line in the fourth step significantly enhances ARBW between 3729
and 7102 GHz for an AR <3 dB.

2.2.4 Results and discussions:

The simulated CPSSA structure was fabricated by the printed circuit board (PCB)
technique. The Si11 response of the CPSSA was measured by utilizing the Agilent
8722ES network analyzer. Figure 3 displays measured and simulated S11 comparison
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of the proposed antenna. Worthy impedance matching of measured and simulated S11
IS obtained. It is seen that the measured impedance BW (S1:1<-10dB) is as large as
11050MHz (2950-14000 MHz) or about 130.38% with respect to the center frequency
at 8475 MHz.

0
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% -20 \ /7'\/ ‘\_ .'f-“
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-30 : :
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=—simulated
9, 4 6 8 10 12 14
Frequency(GHz)
Figure 3: Comparison between measured and simulated S1: of proposed
CPSSA.

For measuring the axial ratio and gain of the fabricated antenna, a standard dipole
antenna and a log periodic antenna were used in two orientations, respectively. In order
to measure the gain of CPSSA, vertical (Gtv) and horizontal (Gtn) of gain in linear
state are combined to yield the total CP gain as [7]:

Gt=10 Log (Gtv +GtH) [dBic].
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Figure 4: Measured and simulated AR and gain of CPSSA.

The simulated and measured gains and AR curves are demonstrated in Figure 4. The
measured 3-dB AR is 3373 MHz (35.7%) from 3729 to 7102 MHz and the average
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measured gain of CPSSA is almost 3.5 dBi in the operating band (2950-14000 MHz),
and the peak gain is about 4.2 dBi at 12GHz. As seen in Fig 4, a close correspondence
between the measured and simulated results is obtained and whatever difference is
assigned to dielectric loss, measurement errors and fabrication tolerance. Figure 5
depicted the measured normalized RHCP and LHCP radiation characteristics of the
antenna at 5.1 (Figure 5a) and 6.5 GHz (Figure 5b). As seen in Figure 5, the CPSSA
is generated RHCP in the +z direction and LHCP in the —z-direction.

Black line RHCP Gray line LHCP

Figure 5: Measured RHCP and LHCP patterns of proposed CPSSA (Solid
line is =0° and dash line is ¢=90°); a)5.1GHz; and b) 6.5GHz.

2.2.5 Conclusion:

A new compact broadband circularly polarized square slot antenna is design and
fabricated in this work. To improve the impedance and AR bandwidth of the antenna
in a compact sized structure, impedance matching section and antenna radiation patch
elements are designed and optimized. The most important improvement for the
proposed antenna is performed by applying an additional current path that connects
the two opposite corners of the ground layer. This technique, by preventing the current
accumulation at the corners, gives us a significant enhancement for the impedance and
AR bandwidths and thus allows this design to come to a challenging position among

the other similar works.
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2.3 Circularly Polarized Slot Antenna Array with Sequentially Rotated Feed
Network for Broadband Application

Source: International Journal of RF and Microwave Computer-Aided Engineering, Volume
25, Issue 4, May 2015, p. 358-363.

2.3.1 Abstract

This paper presents a novel Circularly Polarized Sequentially rotated Slot Antenna
Array (CPSSAA) designed to operate at a frequency of 5.5GHz. This antenna is
suitable for communication applications such as WLAN/WiMAX. Method of feeding
is based on sequential rotation with seven quarter-wavelength transformers. In this
case, the elements with 200 ohm impedance could be replaced by other elements with
different input impedance. Reducing the elements input impedance, maximum power
can be transferred to the elements. Because the lower losses in transmission line occur
in presence of lower impedance, the 3 dB axial-ratio bandwidth of the CPSSAA
extends to approximately 1.3 GHz. The CPSSAA was designed to operate over the
frequency range between 4.5 and 6.4 GHz corresponding to an impedance bandwidth
of 34.86% for VSWR<2. Acceptable agreement between the simulation and measured
results validates the proposed design. © 2009 Wiley Periodicals, Inc. Int. J RF and

Microwave

Keywords: Planar Antenna, Slot antenna, Array Antenna, Circularly Polarized, Feed

Network
2.3.2 Introduction

The use of circularly polarized (CP) antennas have advantages such as: very effective
in combating multi-path interferences or fading, able to reduce the ‘Faraday rotation’
effect due to the ionosphere and no strict orientation between transmitting and
receiving antennas are required[1-23]. The inherent narrow axial-ratio (AR)
bandwidth of the conventional patch antenna leads to limit their applications. The
printed CP slot antennas attract much attention due to their capabilities of providing
wide impedance and AR bandwidths while maintaining the low profile. Coplanar
Waveguide (CPW) and microstrip line feeds are the most preferred feeding structures

for the slot antenna design. Hitherto, several feed techniques are introduced for
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achieving CP property in microstrip arrays, for instance: (1) series feed [3] (II) parallel
feed [4] and (111) sequentially rotation feed [5]. Methods | & 11 are traditional and have
some drawbacks in realization of this types of arrays, which can be noted: increment
effective length of array and hard to realize in method I, unbalanced pattern and mutual
coupling effect between elements and feed network in method Il. Many researches
have been suggested the coplanar corporate-fed arrays that consist of sequentially
rotated circularly polarized elements [1], [5], [19], [22] and [23] and a significant
improvement has been achieved in the axial-ratio bandwidth. However, such feeding
structures for microstrip patch arrays leads to performance deteriorations due to feed
radiation [10]. Then, to overcome this problem, coplanar serial-fed antenna arrays have
been reported in [13]-[21]. The serial feed sequentially rotated element technique
improves the bandwidth, radiation pattern, and polarization purity over a wider
frequency band compared to the classical coplanar corporate feed network, but thin
substrate is recommended at the cost of narrow bandwidth [17]. Besides additionally,
3-dB axial-ratio bandwidth of the antenna arrays is no more than 20%. One of the ways
that leads to greater gain and CP bandwidth in antenna array will be used the circularly
polarized element. The antennas composed of linearly polarized elements leads to a
gain reduction exceeding 4 dB compared to that for circularly polarized elements when

the element spacing exceeds 0.75 of free-space wavelength [1-2].

The most important characteristic of this antenna is to use an element with input
impedance of 50 Ohm. Generally, an element with 200 Ohm input impedance element
was used and to match with 50 Ohm input impedance, two 200 Ohm impedances were
placed. On the other hand, low input impedance value of radiated element causes an
increase in power into the element and increase in gain too. The other important
characteristic of this antenna is the usage of gapped ground at the bottom of the element
which causes yields an increase in the bandwidth of the whole array. The general
opposite relationship between gain and bandwidth stands here too [16]. But in this
paper the proposed method which has used an element with low impedance, results in
adjustment in gain of the Antenna. A broadband circularly polarized array antenna
composed of the circularly polarized elements fed by the microstrip lines is presented.
A detail of the antenna configuration, simulation, and practical results for the proposed
array antenna are discussed. This paper is organized as follows. Section 2 describes

the design and configuration of the broadband circularly polarized antenna element.
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Section 3 explains the design of the broadband circularly polarized 2x2 antenna array.
Both measured and simulated results are presented and discussed. Section 4 gives the

conclusions.
2.3.3 Single Element Design

The geometry and dimensions of the proposed CP slot antenna element is shown in
Figure 1. The antenna array element has been designed on FR4 dielectric substrate
with relative permittivity & = 4.4, and loss tangent (tand) = 0.02. To The dimensions
of element are 30x30x0.8 mm?, where the parameters defining, the structure (units in

millimeter) is given in Table I.

Side view

—>h|(—

&-

Top view

A
v

Figurel: Geometry of the proposed circularly polarized slot antenna.

Table 1: The optimized geometrical parameters of the antenna element

Parameter | Value(mm) | Parameter | Value(mm)
wW 30 Ws, Wi 15

R1 9 Lt 6

R2, Ls 12 h 0.8

The antenna array element is consist of a circular slot with a radius Rz is etched on the
ground plane with an area of WxW and a rectangular slot is notched on the circular
disk with a radius R:. All parameters of the proposed single element antenna has
designed and optimized by High Frequency Structure Simulator (Ansoft HFSS v.13).
To achieve the 50Q microstrip fed line is utilized of Wr = 1.5mm. To attain a deeper
insight of how the antenna’s parameters influence its performance a parametric study

was necessary. Figure 2 shows the effect of the length parameter Rz on the antenna’s
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Su1 response. As shown in Figure 2, R> mainly affects the impedance frequency
bandwidth. This is the key parameter that enables the desired WLAN Band (5-6 GHz)
for which R2 = 12mm. Furthermore Figure 3 shows the simulated 3dB axial ratio
characteristics of the antenna as a function of angle 6. When 0 is changed from 15
degree to 30 degree, the 3dB axial ratio bandwidth at maximum direct of gain
increasing from 0% to at around 9%. Therefore through this analysis 6 was fixed at 30
degree.
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Figure 2: the S11 curve for various patch slot length R as a function of frequency.
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Figure 3: Simulated axial ratio for changing angle 0.

The current distribution on the disk is changed by the rectangular slot. The rectangular
slot alters the current distribution on the disk to excite the circular slot to generate
LHCP radiation in +z direction. The AR bandwidth of the antenna can be improved
by tuning the size (Ls and ws) and angle (0) of the rectangular slot. The resonant
frequency is mainly determined by the size of the circular disk and circular slot. A
parametric study is undertaken to evaluate the effects of the antenna dimensions on the

return loss and AR. The proposed CP Antenna has an area of 900 mm? (30 mm x 30
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mm), which is considerably less than the previously published slot antennas as
summarized in Table Il along with other salient parameters. Compared to other similar
types of CP slot antennas fabricated on the same substrate the proposed antenna
exhibits an impedance bandwidth which is significantly larger and with no reduction
in the gain performance, as well as having a larger circular polarization bandwidth.

The gain is comparable to previous designs.

-60

-90

-120 120 -120 120

-150 150 -150 150
-180 -180
(@) (b)
Figure 4: the simulated pattern of single element antenna (a) RHCP (b) LHCP at
5.5GHz.

Table 2: Comparison of the proposed cpssa antenna size and measured
charactersistics with other references. Dielectric substrate used is FR4 with £=4.4,
tanc=0.024. the impedance bandwidth is for a frequency range where the VSWR < 2;
and ARBW is the 3-db axial-ratio bandwidth.

Ref. | Size(mm®  BW (GHz)  3dB ARBW (GHz) P‘;"(%‘Ei‘;“”
[17] | 70x70x1.60 0.85 (1.75-2.6) 0.4 (1.7-2.1) 3.7
[18] | 70x70x1.60  0.20 (L5-1.7) 0.3 (1.5-1.8) 3.5
[19] | 70x70x1.60  0.80 (1.6-2.4) 0.2 (1.8-2.0) 35
[20] | 60x60x0.76  0.80 (L.7-2.5) 0.7 (1.8-2.5) 3.5
[21] | 60x60x0.74  1.40 (1.6-3.0) 0.7 (2.3-3.0) 4.0
ThiS | 30x30x0.80 1.2 (4.9-6.1) 0.5 (5.25-5.75) 3.7
work

2.3.4 Feed Network Design

Effects of the sequentially rotated technique in constructing antenna array have been
reported in many papers [1], [5], [22] and [23]. A 2x2 sequentially rotated array is
designed by using the proposed broadband circularly polarized slot antenna. The

proposed CP feed network consists of seven quarter-wavelength transformers that are
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linked together in a sequential rotation manner with alternative parallel and series
connections to form a four port network. Ports 1-4 are output ports, which are
connected to respective microstrip patch elements with their impedance Z=50Q (as
shown in Figure 1). Consequently, all four patch elements are positioned
symmetrically and can generate a circular polarization with good axial ratios. Seven
quarter-wave transformers were designed in a circular shape, in order to reduce the

discontinuity.

All the line sections are a quarter-wavelength in length, but with different
characteristic impedances. The network then produces a phase shift of 90° and equal
power split between adjacent output ports. In other words, the signal amplitudes at the
four ports that are fed to each patch element are theoretically identical, but with a 90°
phase difference among two adjacent ports. The required input impedance to the
overall feed network or the main input feed line is Zo=50Q2. The configuration of the
array network was designed and simulated by using Agilent™ Advance Design
System (ADS) commercial software. The simulated S, as a function of frequency is

presented in Figure 6a.

(@) (b)

Figure 5: (a) Feed network of the CPSSAA. (b) Configuration of the feed network
of the proposed CPSSAA.
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Figure 6: (a) The simulated S11 values of the feed network and (b) The
simulated Si2, S13, S14, and Sis values of the feed network.

The impedance bandwidth of this feeding network, defined as the frequency with an
S11 above 10 dB, covered the frequency band from 4.56 GHz to 6.41 GHz. Figure 6b
plots the S parameters of the five port feed network. According to this Figure, all ports
were matched, and the transmission coefficient was 6.6 dB from the input port to each
output port. Length (L) and width (W)
in Figure 2(b) are as follows: L1=20 mm, Ls=30 mm, L=5 mm, Wo=2.6 mm, W;=1.3
mm, W>=2.8 mm, W5s=1.5 mm, W4=0.3

of each intersection transmission line lettered

mm, Wi=1.5 mm and W=0.3 mm.

2.3.5 Experimental Results and Discussion

The proposed configuration of CPSSAA is shown in Figure 3. The array antenna

consists of four elements (2 x 2) with 0.75 free space wavelength distances. The Si1
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and axial-ratio of the proposed antenna array were measured, and the Sy1 was measured
using the Agilent™ 8722ES network analyzer. The measurements of the fabricated
array were made and compared to the simulations. Figure 7 shows the input reflection
coefficient of the array versus frequency. The measured results corroborate well with
the simulated results. As can be seen, the simulated bandwidth is 1.9 GHz, or 34.86%,
from 4.5 to 6.4 GHz, while the measured 10-dB impedance bandwidth is 1.7 GHz, or
31.77%, from 4.5 t0 6.2 GHz.
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Figure 7: The differences between the simulation and measurement results of
return loss.
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Figure 8: The differences between the simulation and measurement results of
axial ratio and gain of proposed CPSSAA.

The differences between the simulation and measurement results could be attributed
to practical factors such as fabrication imperfectness, material parameters errors, and
measurement errors. However, both simulated and measured bandwidths are much

larger than that of the single patch element that is 0.77 GHz (from 4.95 to 5.72 GHz).
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Figure 8 shows the measured and simulated results of axial ratio of polarization and
gain of the array. It can be seen that the simulation shows a 3dB axial-ratio bandwidth
of 1.29 GHz from 4.8 to 6.09 GHz. The measurement shows a much wider 3-dB
bandwidth from 4.75 to over 6.22 GHz. Besides, the axial-ratio bandwidth is much

larger than that of the single patch antenna, which is 0.52 GHz (from 5.2 GHz to 5.72
GHz).

LHCP RHCP

(b)

®=90°
—_— — . P=0°

Figure9: The normalized (a) measured and (b) simulated radiation patterns,

at =0° and ¢=90° at 5.5 GHz.

A standard linearly polarized waveguide BJ320 was used to measure the total gain
characteristics. The measured peak gain at 5.5 GHz is 7.2 dBic. The measured and

simulated of normalized SSAA radiation patterns (LHCP at +z direction and RHCP at
—z direction) at ¢=0° and ¢=90° is shown in Figure 9(a, b). The first reason of side lobe

in this antenna is the elements distance from each other (free-space wavelength of
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0.75) that increase the zeros of array factor. The second reason is related to substrate.

It is well known that when using FR4, high tangent losses would be inevitable.

Photograph of the fabricated antenna is indicated in Figure 10. However, an

appropriate gain was achieved in this study for the proposed structure. The design

when compared with the previous CP array structures with sequential feed network

and arc feed-line presented in Table Il show significantly increased impedance

bandwidth and axial-ratio bandwidth, i.e. the impedance and AR bandwidth are,

respectively, more than three and two fold wider than the previous designs.

FigurelO: Photograph of the fabricated antenna.

TABLE I1: comparison of the proposed feed network structure and measured
charactersistics with other array antennas. the impedance bandwidth (bw) is the
frequency range where the vswr < 2; and arbw is the 3-db axial-ratio bandwidth.

BW ARBW PG
Ref. Feed Network  (freg. range) (freq. range) (dBic) Substrate
(GH2) (GHz)
Asymmetric 0.80 0.80 _

[22] CPW (1.1-1.9) (1.1-1.9) 75 FR4
[23] Aperture 0.80 0.60 15 RT/Duroid

Coupled (1.6-2.4) (1.7-2.3) 5880
This Symmetric 1.7 1.47 79 FR4
work | Microstrip Slot (4.5-6.2) (4.75-6.22) '
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2.3.6 Conclusion

This paper presents circularly polarized sequentially rotated slot antenna array with
seven quarter-wavelength transformers. Four quarter wavelength usage for matching
impedance between 50Q in element input impedance and array feed network. In this
study by decreasing input impedance, an increase in current transmission, an increase
in power, occurred. Antenna array consist of 4 elements (2 x 2) which each element
have circular polarization. The measured results show the impedance bandwidth as 1.7
GHz, or 31.77%, from 4.5 to 6.2 GHz. For VSWR<2, and axial-ratio < 3 dB is 4.75
to over 6.22 GHz.
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2.4 Circularly Polarized Array Antenna with Cascade Feed Network for

Broadband Application in C-Band
Source: Electronics letters Volume 50, Issue 17, August 2014, p. 1184 - 1186.
2.4.1 Abstract

A new configuration of a circularly polarized square slot antenna (CPSSA) array
operating in C-Band is presented in this paper. The array consists of 2x2 CPSSA
elements and is fed by a novel feeding network consisting of the circuit strip-line
couplers and delay lines. The proposed feeding technique is applied to the 2x2 antenna
array to increasing the axial ratio (AR) bandwidth. The measured impedance
bandwidth for VSWR < 2 is around 78.5% (3.4 — 7.8 GHz) and 3dB axial-ratio
bandwidth is about 35.7% (4.6-6.6 GHz) and average 14.2 dBic gain over the 3 dB

ARBW. The measured results corroborate well with the simulated results.
2.4.2 Introduction:

In recent years, Antenna arrays are widely used in radar and microwave
communications because of their high gain, decent directivity and extensive coverage
area. For the patch antennas, the CP waves are generated by exciting two or more
orthogonal linearly polarized modes in equal amplitude but in phase quadrature. There
are different techniques that can excite two orthogonal modes for square slot antennas.
Loading the square slot antenna by appropriate perturbation structures such as two
inverted-L grounded strips around two opposite corners of the slot [1], a T-shaped
grounded metallic strip that is perpendicular to the axial direction of the coplanar
waveguide (CPW) feed line [2] and extending across the square slot a slot line-loaded
inductively coupled conducting strip [3] are some of these techniques. Moreover,
various technigques have been investigated to improve the axial ratio and impedance
performance of circularly polarized microstrip antennas [4-9]. In this letter, the design
of a circularly polarized square slot antenna array (CPSSAA) which has a feed network
comprises a 180 degree ring hybrid coupler linked to two branch-line hybrid couplers
for generating broadband circular polarization performance is proposed. The presented
array employs a pair of branch-line couplers to feed CPSSA elements, which improves

the performance of the array considerably. Details of the proposed 2x2 sequentially
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rotated planar CPSSA array configuration are given, and simulation and experimental
results are discussed in the following sections.

2.4.3 Antenna elements:

The configuration of proposed antenna element is shown in Figure 1. The antenna
element is printed on an inexpensive FR4-epoxy laminate which has a thickness h of
0.8 mm with manufacturer specified dielectric constant gr of 4.4 and loss tangent tand
of 0.024. To generate CP radiation, two inverted-L metallic strips are inserted around
two opposite diagonal corners of the square slot. Each of the Imm-width metallic strips
has a length of Lx and Ly, respectively, in the directions perpendicular and parallel to
CPW. The simulation results show that the impedance bandwidth and axial ratio (AR)
of the proposed CPSSA element is 111% (3.1~10.9GHz) for VSWR<2, and 40.7%
(4.5~6.8GHz) - 21.9% (7.3~9.1GHz) for AR<3dB, respectively. The proposed CPSSA
element has a compact size of 25x25 mm? operating at the frequency of 6.4 GHz. The
design principles of proposed CPSS antenna are summarized in detail in reference [4].

Figure 1: Geometry of proposed CPW-fed CPSSA: Ws=3, W=8.5, Wp1=6,
W;2=7.6, 9g=0.3, W1=1, W>=1.2, Ly= Ly=5, Ws=2.5, rs=2 (All Parameters in
mm.)

2.4.4 Feed Network and CPSSAA Configuration

A 2x2 planar array antenna has been established by using the proposed CPSSA
element. In Figure 3, the configuration of the proposed feed network is shown. The

basic principle of operation can be explained as follow. The feed network utilizes a
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180-degree ring hybrid coupler to achieve a 3dB power split, equal in magnitude, but
180-degrees out of phase. Two supplementary branch-line hybrid couplers then divide
the signal energy into two paths and give the signal to each of the output branches
with the same amplitude but phase-shifted by 90°, wherein the relative phases at four
feed points are 0°, 90°, 180° and 270°, respectively. The feeding network is fed with
an SMA panel connector located at the backside of the board. The total size 2x2
elements array is 112x97x0.8 mm?3. The proposed antenna is simulated by commercial
Ansoft™ HFSS software. The spacing between two elements is 35mm (0.7Ao) in two

dimensions.

transition between
CPW and microstrip

Microstrip
feed line

' ate-race hybrid

r coupler
Figure 2: Configuration of feed network and CPSSAA

2.45 Results and Discussion:

The measurements of the fabricated array were done and compared with the
simulations. Since the antenna was manufactured by handwork, there were slightly
differences between the measured and simulated results. In Figure 3(a) Compare
between measured and simulated Return loss of the proposed CPSSAA is presented.
The antenna array delivers a measured impedance bandwidth of 78.5% from 3.4GHz
to 7.8GHz for VSWR < 2 and simulated impedance bandwidth of CPSSAA is from
3.4GHz to 8GHz. a measured 3-dB axial-ratio bandwidth of 35.7% from 4.6GHz to
6.6GHz. As shown in Figure 3(b), the minimum value of axial ratio is achieved 0.57dB
at 5.5GHz. Minimum value of measured Gain is 8.3dBic and maximum value of gain

is 14.8dBic at 6.5GHz and average gain of antenna array in whole of bandwidth
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frequency is 11.8 dBic. The measured radiation pattern of the antenna array at three
frequency in the principal plane are shown in Figure 4, the measured patterns at three
frequency (4.6, 5.5 and 6.6 GHz at beginning, minimum and end of 3dB axial ratio
bandwidth, respectively.) are shown. As shown the side lobe level of antenna array in
Figure 4(a), 4(b) and 4(c) are lower than -10 dB, -14dB and -9dB and angular width is
39 degree, 30 degree and 34 degree, respectively.
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Figure 3: (a) Compare between measured and simulated Return loss of the
proposed CPSSAA (b) Measured gain and axial ratio.

2.4.6 Conclusion:

In this letter, a design of a CPSSA array using a two-section cascaded coupler feeding
system for generating broadband circular polarization performance has been
presented. The feeding network of the array is comprised of a 180-degree ring hybrid
coupler connected to two branch-line couplers generating circular polarization. The
proposed antenna array architecture presents a number of well-behaved attributes
including the flexibility of mixed type of feeding, low parasitic radiation from the
feeding network, high polarization purity (35.7% (4.6-6.6 GHz) 3dB axial-ratio
bandwidth) and a very high gain (14.8dBic).
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Figure 5: The array measured normalized RHCP and LHCP at (a) 4.6GHz, (b)
5.5GHz and (c) 6.6GHz.

References

[1]  Jia-Yi Sze and Chi-Chaan Chang, “Circularly Polarized Square Slot Antenna
with a Pair of Inverted-L Grounded Strips,” IEEE Antennas and Wireless Propag.
Lett., vol. 7, july 2008, pp. 149 — 151.

[2] J.Y.Sze K. L. Wong, and C. C. Huang, “Coplanar waveguide-fed square slot
antenna for broadband circularly polarized radiation,” IEEE Trans. Antennas Propag.,
vol. 51, no. 8, Aug. 2003, pp. 2141-2144.

[3] C. Deng, R. J. Lin, K. M. Chang, and J. B. Chen, “Study of a circularly
polarized CPW-fed inductive square slot antenna,” Microw. Opt. Technol. Lett., vol.
48, no. 8, Aug. 2006, pp. 1665-1667.

[4] J. Pourahmadazar and S. Mohammadi,”Compact circularly-polarised slot
antenna for UWB applications”, Electron. Lett., Vol. 47 No. 15, July 2011.

[5] J. Y. Sze,J. C. Wang, and C. C. Chang, “Axial-ratio bandwidth enhancement
of asymmetric-CPW-fed circularly-polarised square slot antenna,” Electron. Lett. vol.
44, no. 18, Aug. 2008, pp. 1048-1049.

[6] J.S.Row and S.W.Wu, “Circularly-polarized wide slot antenna loaded with a
parasitic patch,” IEEE Trans. Antennas Propag., vol. 56, no. 9, Sep. 2008, pp. 2826—
2832.

[7] L.Y.Tsengand T. Y. Han, “Microstrip-fed circular slot antenna for circular
polarization,” Microw. Opt. Technol. Lett., vol. 50, no. 4, Apr. 2008, pp. 1056-1058.

[8] Vahid Rafii, J. Nourinia, Ch. Ghobadi, Javad Pourahmadazar and Bal S.
Virdee, “Broadband Circularly Polarized Slot Antenna Array Using Sequentially
Rotated Technique for C-Band Applications”, IEEE AWPL. Lett., vol. 12, Sep 2013,
pp. 128-13.

[9] J. Pourahmadazar, and V. Rafii, “Broadband circularly polarized slot antenna
array for L and S-band applications,” Electron. Lett,vol. 48, no. 10,2012, pp. 542-543.

70



2.5 Circularly Polarized MIMO Tapered Slot Antenna Array for C-Band
Application

Source: Electronics letters Volume 51, Issue 18, September 2015, p. 1394 - 1396.
2.5.1 Abstract

A novel configuration of a Multiple-Input-Multiple-output (MIMO) circularly
polarized (CP) antenna array operating in C-band is presented. The array consists of
2x2 antipodal tapered slot antenna (TSA) elements created in the sides of rectangular
as the rectangular grid that supply a broadband Impedance bandwidth and high gain
array. In order to provide broadband MIMO with polarization diversity antenna uses a
dual ports fed network consisting of the couplers, crossover and delay lines which the

diversity of polarization changed by input ports.
2.5.2 Introduction:

In recent years, antenna arrays have been widely used in radar and microwave
communications because of their high gain, good directivity and extensive coverage
area [1]. The main problem facing the performance of array technology is the limited
space available at each end of the communication link. Multiple-Input-Multiple-
Output (MIMO) antenna with polarization diversity has the ability to solve this
problem. In MIMO antenna, a physical antenna with different polarization diversity
have same transmit and receive role. Hitherto, in most papers [2-4], with the change
in the orthogonal polarization have been proposed to overcome this problem. But to
resolve the other problems such as: combating multi-path interferences or fading;
Faraday rotation’ effect due to the ionosphere; and strict orientation between
transmitting and receiving antennas, the usage of a circularly polarized antenna is
inevitably. In [5, 6], by utilizing reconfigurable structures, polarization diversity CP
antennas could be achieved. But the employment of active components such as PIN
diodes causes a decrease in bandwidth; an increase in insertion loss and cost; and the
addition of phase shift in array feed networks. In this letter, a broadband MIMO
antenna array with Innovations such as i) broadband feed network that consisting the
90 and 180 degree couplers, crossover and delay lines that provide CP antenna with
ability to changing RHCP and LHCP (polarization diversity) by input choice and ii)
2x2 TSA array elements are arranged in a square or rectangular grid configuration that
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supply high gain antenna in wide frequency bandwidth with low mutual coupling is

presented.
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Figure 1: TSA configuration and results; a) the configuration of TSA;
b)Comparison between simulated and measured Si11 (dB); and measured gain,
(dBi); and c)The normalized measured pattern of antenna at 5.5GHz (dash
line Co and Cross of E-plane and solid line Co and Cross of H-plane).

2.5.3 Single element

The configuration of the proposed antenna element is shown in Figure 1a. The antenna
element is printed on an inexpensive FR4-epoxy laminate which has a thickness h of
0.8 mm with a manufacturer specified dielectric constant & of 4.4 and loss tangent tand
of 0.024. The radiating element configuration consists of elliptical taper profile in
upper and bottom layer. Wi is the width of the antenna and (Lsus—Ls) is the length of
the tapper profile (Flare).The taper curves are obtained by [7].
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Figure 2: The overall structure of the antenna array and feed network with
mutual coupling results; a)the feed network of polarization diversity MIMO
array; b)methods of arrangement TSA array (phase variation: solid line
=RHCP of Portl and dash line =LHCP of Port2); and c) simulated mutual
coupling between TSA elements.

In order to improve the impedance matching between microstrip feed line of width W+
and TSA and avoid the balanced to unbalanced transformer, two half elliptic slots in
top and bottom flares are employed. The optimized antenna dimensions are:
R=0.52mm, Wi=1.5mm, Wsu,=40mm, L=15mm, Lsyb=65mm and h=0.8mm.

The simulated and measured S11 of TSA are presented in Figure 1b. The measured BW
is 103.4% (3.5-11GHz). The measured gain of the antenna is also shown in Fig 1b with
maximum value of 8.6dBi at 7GHz frequency. The normalized measured pattern of
the antenna at 5.5GHz is shown in Figure 1c. The antenna pattern is End-Fire with

HPBW of 76° and cross polarization less than -12dB of Co polarization.
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Table 1: Distribution of phase difference between TSA elements by each input port
and type of generated diversity

P=port Output P1 | Output P2 | Output P3 | Output P4 Diversity

Input P1 0+0 90+6 180+6 270+6 RHCP

Input P2 270+6 180+6 90+6 0+6 LHCP

2.5.4 Feed Network and MIMO array configuration

In order to attain a MIMO array with pattern diversity, a novel two input and four
output ports feed network is designed. As seen in Figure2a, the MIMO array feed
network consists of two rate-race Ring coupler, two branch line coupler and a
crossover. The MIMO feed network employs two 180° ring hybrid coupler to achieve
a -3 dB equal magnitude power split with 180° phase shifting. Two supplementary
branch-line hybrid couplers then divide the signal energy into two paths and give the
signal to each of the output branches with the same amplitude and 90° phase-shifting
[1]. In order to attain phase sequential rotation, between the ends of one side of the
ring couplers and branch line coupler, a crossover is embedded. The created phase shift
by crossover is compensated by a line length placed at the other side. The results of
this arrangement of the components for each input ports, based on the designed
structure mentioned above, are reported in Table 1. As well known, the CP waves are
generated by exciting two or more orthogonal linearly polarized modes in equal
amplitude, but in phase quadrature [1](seen Figure 2b). As reported, in the proposed
MIMO array antenna structure, the exponential tapered slot antennas are arranged in
2x2 rectangular grid configuration and are fed by metalized via that isolated TSA input
impedance from feed network impedance. The feed to feed spacing between the
elements is 28.3 mm (0.51 Js.s5cH; - wavelength in free space). As shown in Figure 2c,
though the space between TSA is decreased, the mutual coupling is reduced. The main
reasons for this decline: 1) surface current of between TSAs at this methods of
arrangement, reduces and 2) the TSA radiation pattern is End Fire.

2.5.5 Result and discussion

The proposed TSA array was fabricated and measured by 8722ES Agilent vector
network analyser. In Figure 3a the measured value of S11, S12 and S22 is demonstrated.
The measured BWSs (S11<-10dB) for ports 1 and 2 are 60.8% (4.27-8GHz) and 59.17%
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(4.26-7.84GHz), respectively, and mutual coupling between two ports in whole of BW
is less than -17dB. The measured 3dB axial ratio bandwidth and gain of the proposed

antenna for each input port is illustrated in Figure 3b.
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Figure 4: The normalized measured radiation patterns; a) for port 1; and b)
for port 2.

The measured 3dB axial ratio bandwidth for ports 1 and 2 are 19.9% (4.98-6.08GHz)
and 24.8% (s.81-6.17GHz), respectively. As illustrated in Figure 3b, the maximum gain
for ports 1 is 13.87dBic and for ports 2 is 13.82dBic. In the array design, ground plane
of feed network in other side of substrate acts as a reflector for TSA elements and as a
result increases the gain of the antenna. That is why the gain of proposed antenna is
higher than the basis one which is TSA gain x array factor. The normalized measured
radiation pattern of proposed array in 5.5GHz is shown in Figure 4. As it is seen from
Figure4, by exciting ports 1 and 2, the array antenna is radiated in RHCP and LHCP,
respectively, and polarization diversity changes are succeeded. The design when
compared with the previous polarization diversity array structures presented in Table
2 show significantly increased impedance bandwidth and axial-ratio bandwidth, i.e.
the impedance and AR bandwidth are, respectively, more than three and two fold wider

than the previous designs.
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Table 2: Comparison of the proposed feed network structure and measured
characteristics with other array antennas. (BW) is the frequency range where the S11
<-10; ARBW is the 3-dB axial-ratio bandwidth and MePD is method of changing
polarization diversity (PG=peak gain).

Ref. MePD  BW [GHz] ARBW [GHz] PG[dBic]
[5] PIN diode | 0.82 (1.55-2.37)  0.31 (1.76-2.07) ~8

[6] PIN diode 0.11 (2.03-2.14)  0.01 (2.07-2.08) ~7
Thiswork | Input port | 3.58 (4.26-7.84)  1.36 (4.81-6.17) ~13.9

2.5.6 Conclusion

A novel design in circularly polarized MIMO array antenna has been reported. The
antenna element is designed and optimized to satisfy the expectations for bandwidth,
pattern and the gain. Then the antenna array is conFigured with a novel feed network
design. The array antenna with the feeding network give us an improved gain and the
desired CP diversity property which is very important in some applications mentioned
above. Another novelty for the designed array structure is the additional gain
improvement obtained by the substrates acting as a reflector for the other array

elements.
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2.6 Modified circularly polarized beam steering array antenna by utilized

broadband coupler and 4 x 4 butler matrix

Source: IET Microwaves, Antennas & Propagation, Volume 9, Issue 9, June 2015, p. 975 —
981.

2.6.1 Abstract

Among the other features, multiple beam antennas have the advantageous of reduced
multi-path fading and co-channel interference. Because of the outstanding features of
the Butler matrices, they have been proposed extensively in recent years as feed
networks of the antenna array applications such as broadband and circular polarization.
In this work, a beam steering array antenna composed of a broadband circularly
polarized square slot antenna and a novel Butler matrix feed network designed with a
proposed broadband branch line coupler is introduced. The Results show that a
compact and its improvements are discussed. In this work a broadband double box
coupler with impedance bandwidth over 5 - 7.4 GHz frequency and the phase error
less than 3 degree is employed. Also the measured impedance bandwidth of the
proposed beam steering array antenna is 39% (from 4.7GHz to 7 GHz). The minimum
3dB axial ratio (AR) bandwidth between ports, support 4.55 - 6.7 GHz frequency
range. The measured peak gain of proposed array antenna is 10.1 dBic that could scan

solid angle approximately 25 steradian.

Keyword: Butler matrix, slot antenna, antenna array, broadband coupler, beam

steering.
2.6.2 Introduction

Multiple beam antenna technology, one of the most important techniques that can
solve problems such as multi-path fading and co-channel interference, is an attractive
candidate for mobile and satellite communication systems [1]. The main beam of the
multiple beam antenna can be well controlled and directed to the directions subject to
less interference. There are many different techniques to achieve multiple beam
antenna including Blass, Nolen and Butler matrices. Butler matrix feed networks cited
by all of the previous works are due to their advantages such as theoretically lossless

and employs the minimum number of components, has received particular attention in
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the literature. The Butler matrix has been utilized widespread in radar, electronic
warfare and satellite systems for decades [1 - 8]. More recently, with an increasing
solicitation for broadband wireless access technologies, techniques for exploiting the
capacity and improving the transmission quality and coverage of a base station or an
access point are currently under vigorous research. Significant attention is being
disbursed to the performance of smart antenna systems with the Butler matrices.
Another preponderance of Butler matrix is ability to produce circular polarization
(CP). In other word, the use of the Butler matrix feed network with circular
polarization is because of the following properties: I) Reducing the ‘Faraday rotation’
effect and 11) Decreasing multi-path interferences or fading. A 4x4 Butler matrix with
using linearly polarized element was presented in [2]. The impedance bandwidth and
3dB axial ratio (AR) of this antenna were 18.8% and 4.9% respectively. In [3], A CP
switched-beam patch antenna array with butler matrix was reported. This array had an
impedance and AR bandwidth over a frequency range of 5.75-6.2 GHz when the main
beam of array was scanned to different directions. A proximity-coupled L-probe
feeding wideband CP antenna was exploited for wideband CP beam-steering [4]. A
modified Butler matrix [5]-[8], which is composed of four branch line couplers and
two 45 degree phase shifters without any crossovers, was used in beam switching
system. In this work, an ultra-wide band square slot antenna that provides the
broadband CP operation is introduced in the first step. Then by utilizing a broadband
branch line coupler, a novel Butler matrix is offered. Finally, with combining antenna
element and Butler matrix feed network a beam steering array antenna is suggested

and its significant improvements are discussed.

| FR4

Figure 1: Geometry of the proposed CPSS antenna for UWB applications.
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Table 1. Characteristics of the Proposed CPSS Antennas (All value in mm)

IXx|ly dx dy Ws Ls Wp Ip WI Wf g G Lf Lg h
517 5 5 153 5 15 05 3 03 25 12 35 038

2.6.3 Single element

Figure 1 depicts the physical structure and configuration of the proposed single layer
co-planar waveguide (CPW)-fed circularly polarized square slot antenna (CPSSA).
The configuration of this antenna is a combination of the square slot CP antenna [9]
and the techniques introduced in [10], and [11]. The proposed CPSS antenna consists
of a T-shape main patch embedded to the feed line (Lf). The presented antenna uses
two inverted-L shaped strips around two opposite corners of the grounded slot and a

tuning stub in feeding structure.

The main feature considered in this design is widening the 3-dB AR bandwidth across
the whole impedance bandwidth. Through extensive simulations it was found that by
embedding a T-shaped patch to the feeding mechanism and adjusting its parameters to
the optimized values make the impedance bandwidth wider. The circular polarization
excitation of the proposed circularly polarized square slot antenna is mainly performed
through investment of two inverted-L shape strips located around two opposite corners
of the square slot with Ixxly and dxxdy dimensions [10], [11]. By embedding inverted-
L shape metallic strips, it is expected that a wideband circular polarization will be
generated. Using the feed line in conjunction with grounded inverted-L shaped and T-
shaped strips leads to a large ARBW. For the proposed CPSS antenna with the
optimized values given in Table I, right and left handed circularly polarized (RHCP
and LHCP) radiations will generate in the +Z and —Z directions, respectively. The
proposed CPSS antenna is printed on a commercially cheap FR4-epoxy substrate with
&=4.4, tag (8) = 0.024 and compact dimension of 25%25x0.8(= h) mm?. The width W;
of the CPW feed-line is fixed at 3 mm to achieve 50Q characteristic impedance. The
horizontal feed section (£X direction) is separated from the ground plane by a gap of
0=0.3mm. In Figure 2(a), simulated return loss and in Figure 2(b), simulated frequency
response of the single element for axial ratio and gain are presented. Simulated LHCP
and RHCP radiation pattern of the proposed single element CPSS antenna for ¢=0°
and ¢=90° is demonstrated in Figure 2(c). In Figure 2(c), +z and —z direction are RHCP
and LHCP, respectively. The proposed CPSSA has an area of 625 mm? (25 mm x 25
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mm), which is considerably less than the previously published slot antennas as
summarized in Table 11 along with other salient parameters. Compared to other similar
types of CP slot antennas fabricated on the same substrate, the proposed antenna
exhibits an impedance bandwidth which is significantly larger and with no reduction

in the gain performance, as well as having a larger circular polarization bandwidth.
The gain is comparable to previous designs.
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Figure 2: Simulated results of proposed single element antenna (a) return
loss (b) Gain and Axial ratio (c) pattern at 5.5 GHz.

Table I1: Comparison of the proposed CPSSA size and measured characteristics
with other references. Dielectric substrate Used is FR4 with er=4.4, tan§=0.024. The
impedance bandwidth is fora frequency range where VSWR < 2; and ARBW is 3-dB

axial-ratio bandwidth.

Ref. | Size(mm®  BW(GHz)  3dB ARBW (GH2) Peé‘%i‘;"”
[0] | 70x70x1.60 085(1.7526) 04 (L7-2.10) 3.7
[12] | 70x70x1.60  0.20 (15-1.7) 0.3 (1.5-1.8) 35
[13] | 70x70x160  0.80 (1.6-2.4) 0.2 (1.8-2.0) 35
[14] | 25x25x0.80 1.9 (4-6.6.5) 0.8 (4.95.7) 3.6
[15] | 25x25x0.80 1.40(31-109) 0.7 (45-6.8) 33
This work | 25x25x0.80 7.4 (3.1-10.5) 1.7 (4.9-6.6) 45
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2.6.4 Branch line coupler

As shown in Figure 3(a (i)), the branch-line coupler which is known to have a narrow-
band characteristic is presented. To enhance the bandwidth, a double-box branch line
coupler as a quadrature hybrid circuit is used (Figure 3a (ii)). However, it requires a
large circuit area. The stub line is a favorite method to reduce the size of transmission-
line circuits. A transmission line and its L-shaped equivalent circuit are shown in

Figure 3 (b, ¢), and the design equations can be defined as follows [14]:

0 _ ;
tanby _ cosBs—cosBg (1), Zs — Zysinfg (2)

Zp ZySinfg sin6g

Where 0 < 6s < 0o < 90°.A transmission line with the characteristic impedance Zo and
electrical length 6o as a unit line section is demonstrated in Figure 3(b, c (1)), and its -
equivalent circuit model is presented in Figure 3(b, c (ii)). Each open stub is then
subbed by a plicate open stub with equal characteristic impedance Zp and total
electrical length 6p (i.e. p = 6p” + 6p ) to reduce the size of the circuit as shown in
Figure 3(b, c (iii)). In order to achieve more size reduction, one of the folded stubs can
be flipped vertically as shown in Figure 3(b, c (iii)). Finally, a compact structure of the
transmission line is obtained by using its balanced m-equivalent with quasi L-
equivalent stubs and is called L-shaped equivalent as shown in Figure 3(b, c (iv)). The
simulation results shows that this structure has acceptable frequency response within

the operating bandwidth with attention to size reduction.

Zy g
~ M4 , @ o
N ir ; AN
T y 7
\ /
NN,
(’) b w2

(i)
(@)
Figure 3: (a (i)) Formal 90° branch-line coupler, (a (ii)) formal double box
broadband 90° branch-line coupler. (b, ¢ (i)) A conventional transmission line, (b, c
(1)) m-equivalent transmission line of the conventional type, (b, c (iii)) flipped
vertically and folded equivalent structure of the open stub, and (b, c (iv)) L-shaped
equivalent structure of the conventional transmission line.

(v) L4
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Figure 4: (a)The proposed broadband branch-line coupler with L-shaped
equivalent structure of the conventional transmission line. (b) Magnitude of
Simulated scattering parameters (c) Phase difference of proposed branch line

coupler.

The proposed circuit is represented in Figure 4 and each formal transmission line has
been replaced by an L-shaped equivalent structure. Impedance and electrical length of

each transmission line lettered in Figure 4(a) are as follows:

Z15=74Q, 015=36°, Z1p=70Q, 01p=57°, Z1’=74€Q, 01’=9°, Z25=102.5€, 025=33°,
Zop=115.5Q, 02p=32.5°, Z2’=102.5Q, 02’=14.5°, Z3s=137Q, 035=32°, Z3p=137Q,
03p=21°, Z3’=137Q, 03’=14°.

The simulation results of the scattering parameters for the proposed branch-line
coupler are indicated in Figure 4(b) and phase difference are shown in Figure 4(c). At
the designed frequency of 5.5 GHz, the insertion loss is -3.25+0.1 dB, the isolation is
about -20 dB, and the phase difference is 89°. In addition, these Figures show that the
performance of the proposed coupler has approximately coupling and phase errors
within -3.25 + 0.1 dB and 3°.Return loss and isolation are better than -15 dB over a
44.6% bandwidth (from 4.7 GHz to 7.4 GHz). Table Il summarizes the recently
published branch-line hybrid couplers with reduced wavelength in transmission line

and the results obtained in this work. In addition, it shows significant improvement in
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size reduction with wide bandwidth performance. Table 111. Comparison of Published
Compact Branch-Line Couplers and This Works.

Table 1111: Comparison of Published Compact Branch-Line Couplers and This
Works.

Ref. Phase Error | Substrate | fo |BW (GHz)|Size Reduction
[16] ~5 RO4003 | 0.9 0.3 0.12
[17] ~2 FR4 0.825] 0.15 0.26
[18] ~4 FR4 2.3 0.6 (2~2.6) 0.54
[19] >5 RO4003 | 2.4 0.4 0.76
[20] >5 FR4 2.4 0.8 (2~2.8) 0.29
[21] ~5 RO4003 5 2 (4~6) 0.5

This Work ~3 FR4 55 (2.4 (5~7.4) ~0.3

2.6.7 Butler matrix feed network

In Figure 5 the diagram of the proposed Butler matrix feed network composed of the
branch line couplers and delay lines is illustrated. Distance between elements is 0.7Xo
(fed by fed) and each port of the feeding network is excited through a 50Q microstrip-
feed network. The 4x4 Butler matrix has four input ports and four output ports. By
selecting each input (of four ports) as a driving input, the Butler matrix provides four
output signals with equal amplitude and phase differences of 45°, 90°, 135° and 180°
respectively. As a consequence, four beams with different directions are obtained, one

for each input.

Port #3
Port #4

I = Delaye line

Figure 5: The diagram of the proposed feed network.
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Figure 6: Magnitude results of the simulated scattering parameters of the
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The suggested Butler matrix consists of four wideband branch line coupler so as to
procure a wideband beam steering feed network and the tow 45° phase delay line. The
45° phase shifter in the matrix is designed by using a transmission line section, which
produces a phase shift of (2rtl/Aq), where | is the length of the transmission line section,
with the use of any crossover on one layer of FR4 substrate. In addition, by rotating
the microstrip line (with equal length), the 3dB axial ratio bandwidth of the array, as
mentioned in the following section, is improved. The simulated scattering parameter
results of the proposed feed network for four ports are demonstrated in Fig 6. These
results indicated that the matrix has a good coupling efficiency which is around -7dB.
The return loss is better than -14dB and the coupling to the output ports are well
equalized. As displayed in Figure 7, the maximum dispersion in the simulated phase
difference is less than 6° in the bandwidth.
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Figure 7: Simulated phase difference for all port.
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2.6.8 Result and Discussion

The proposed beam-forming array antenna was fabricated and measured. A
photograph of the fabricated beam steering antenna is shown in Fig 8. Return loss was
performed by the Agilent8722ES vector network analyzer (VNA). As indicated in
Figure9, the measured results for the return loss (Figure 9(b)) are in reasonable
agreement with the simulated ones (Figure 9(a)) except for a little frequency shift [3]
for most range of the impedance bandwidth. According to the reported results from
Figure 9 and the array configuration, it can be concluded that the antenna acts nearly
symmetrical. From measured results, a good impedance bandwidth over the frequency
range of 4.7—7 GHz can be attained (as shown in Fig 9(b)).

(@) (b)
Figure 8: photograph of fabricated antenna, (a) back view, (b) front view
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Figure 9: Comparison between simulated (a), and measured (b) result of the

return loss.

The feed network composed 0f90° branch-line couplers and 45° fixed differential
phase shifters generates linear phase gradients ¢y, ¢y in X-direction and Y-direction at
output ports. For a rectangular array of size MxN in XY-plane, to direct the beam
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towards 6o, @o direction, the progressive phase shifts, between the elements must be
equal to [22],

Px = —kd,sin(8o)cos(@o), ¢y = —kd,sin(8,)sin(¢o) (1)

_1 [(Pydx . % oy \
@y, =tan™?! ((pidy),eo = sin 1(\/(:)7) + (%) )
Where:

0o, po = mMain beam scanning angle.
@y, py = progressive phase shift in X- and Y- direction.
k = propagation constant in free space

dy, dy = distance between two neighboring antenna elements in X- and Y- direction.

90 90

60 60

30 30
7 0
30 l 1.0500e+001
e ) 7.8750e+000
5.2500e+000
i -60 2.6250e+000
8.0000e-006
> @05 . - 90 %0 60 -30 0 30 60 90'

@) (b)

(© (d)
Figure 10: Simulated gain patterns corresponding to ports 1-4 at 5.5GHz. (a)
port 1, (b) port 2, (c) port 3 and (d) port 4.
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150

(©)
Figure 11: Measured RHCP and LHCP radiation pattern of the planar
microstrip antenna array with 4x4 Butler matrix. (a) Port 1, (b) Port 2, (c)
Port 3 and (d) Port 4 (Dotted line: phi = 90°, straight line: phi = 0°).

The calculated upper hemisphere gain patterns at 5.5 GHz are presented in Figure 10.
The simulations suggest that the array provides four clearly defined beam forming
states. The measured radiation pattern of the planar microstrip antenna array with 4x4
Butler matrix is shown in Figure 11. The planar microstrip antenna array that is fed by
the 4x4 Butler matrix has four beams at four different directions. These beams have a
circular polarization diversity because a beam with RHCP will be obtained when port
1 or port 2 is selected; but if port 3 or port 4 is selected a beam with LHCP will be
generated. The measured gains at 5.5 GHz for port 1, port 2, port 3, and port 4 are 9.74
dBic, 8.6 dBic, 9 dBic, and 10.1 dBic, respectively. The whole triangular array grid
dimension is optimized to maximize single-element performance in an array radiating
environment. Figure 12 displayed the measured AR versus frequency when a different
port was fed. When port 1 was fed, the measured results show that a good 3dB AR
bandwidth covers 4.55-6.71 GHz. When port 2 was fed, the measured AR bandwidth
is from 4.52 to 6.7 GHz.
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2.6.9 Conclusion

In this work, a CPW-fed CPSS antenna is designed by combining the antenna elements
with the proposed Butler matrix feed network. The single antenna element is optimized
for the desired broadband and circular polarization requirements. A novel feed network
Is design by using phase shifters and branch line couplers which are optimized to
achieve a compact size and wide bandwidth performance. The obtained results give us
a beam steerable antenna with an acceptable gain in the desired impedance and AR
bandwidths. This antenna can be used in many applications such as mobile, Wi-Fi,
RFID and WLAN/WiIMAX applications.
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2.7 Circularly Polarized 1x4 Square Slot Array Antenna by Utilizing Compacted
Modified Butler Matrix and Branch Line Coupler

Source: International Journal of RF and Microwave Computer -Aided Engineering, 10. 2015.
2.7.1 Abstract

Circularly polarized (CP), beam steering antennas are preferred to reduce the
disruptive effects such as multi-path fading and co-channel interference in wireless
communications systems. Nowadays, intensive studies have been carried out not only
on the specific antenna array design but also their feeding networks to achieve circular
polarization and beam steering characteristics. A compact broadband CP antenna array
with a low loss feed network design is aimed in this work. In order to improve
impedance and CP bandwidth, a feed network with modified Butler matrix and a
compact ultra-wideband square slot antenna element are designed. With this novel
design, more than 3 GHz axial ratio BW is achieved. In this study, a broadband
meander line compact double box coupler with impedance bandwidth over 4.8-7 GHz
frequency and the phase error less than 3° is utilized. Also the measured impedance
bandwidth of the proposed beam steering array antenna is 60% (from 4.2 to 7.8 GHz).
The minimum 3 dB axial ratio bandwidth between ports, support 4.6-6.8 GHz
frequency range. The measured peak gain of the proposed array antenna is 8.9 dBic

that could scan solid angle about ~91 degree.

Keywords: Microstrip array, square slot antenna, modified Butler matrix, coplanar

waveguide feed, CP.
2.7.2 Introduction

In mobile and satellite communication, some potential problems such as multi-path
fading and co-channel interference are the reason of employing circularly polarized
(CP) beam steering antennas. Actually, the main beam of the CP multiple beam
antenna can be well controlled and directed to the directions subject to less interference
[1]. Hitherto, many techniques to provide beamforming network (BFN) such as Blass,
Nolen, Butler and other multiple input networks have been reported, but among those
feed networks, Butler Matrix feed network stands out with its advantages such as being

theoretically lossless, able to be implemented with a minimum number of components
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and beyond them, providing the circular polarization in the literature. Many different
techniques to attain CP beam steering have been presented so far [1-9]. In [2], a 2x3
CP switched microstrip antenna array was presented. In the feeding network only a
single-pole multi-throw microwave PIN switch was used to steer the main beam to
different directions. Any directions and any number of steering beams can be realized
with this structure. The main disadvantage of the reported feed network in [2] is the
employed line length to attain phase delay that causes a reduction in CP bandwidth. A
4x4 Butler matrix with linearly polarized elements was presented in [3]. The
impedance bandwidth and 3dB axial ratio (AR) of this antenna are 18.8% and 4.9%,
respectively. In [4], a CP switched-beam patch antenna array with Butler matrix was

reported.

This array has an impedance and AR bandwidth (ARBW) over a frequency range of
5.75-6.2 GHz and the main beam of the array can be scanned to any directions. A
proximity-coupled L-probe feeding wideband CP antenna was exploited for wideband
CP beam steering [5]. In the mentioned works [3-5], the use of low bandwidth
microwave components such as 90 degree coupler, phase shifter, crossover and single
element antenna is led to decrease the impedance and the CP bandwidths. Therefore,
to increase the CP beam steering bandwidth, it is preferable to use broadband
components in Butler matrix feed networks. A well-known technique to improve
Butler matrix feed network bandwidth is to remove the cross over structures from the
network. This structure is called the modified Butler matrix [6-9], and is composed of
four branch-line couplers and two 45° phase shifters without any crossovers. The
purpose of this article is to design a modified broadband CP beam forming array
antenna by a novel technique. In order to improve the impedance and CP bandwidth,
following innovations have been implemented: (i) to provide broadband feed network,
the use of a new modified Butler matrix including broadband double-box slow wave
branch line coupler and Schiffman phase shifter helps to demand. (ii) A CP square slot
antenna element which has compact size, ultra-wide impedance BW and more than
3GHz, 3dB axial ratio BW is designed and used in the antenna array. Employing co-
planar waveguide (CPW) feed line and matching it with microstrip Butler feed network
by two metalized via-hole are the other distinction in our design.
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Figure 1: Configuration and design steps of the CPSSA a) Basic structure of
proposed antenna, and b) Design steps (G=20; Lg=1.8; Ix=4; ly=4, Ls=0.8;
Wp=4; g1=0.6; g=0.24; Wf=2.48)(all value in mm).

2.7.3 Single Element

Figure 1 displays the structure and configuration of the proposed miniaturized co-
planar waveguide (CPW)-fed CP square slot antenna (CPSSA) designed in this work.
The CPSSA consists of two L shape structure around two opposite corner of the ground
line that is introduced in [10-11], and a circular shape stub in feeding line. Following
the feed line, a cross shape patch is utilized in order to improve the bandwidth. The
proposed CPSSA is printed on a FR4 substrate with relative permittivity €:=4.4, loss
tangent =0.02 and compact dimension of 20x20x0.8 mm?. To achieve 50Q input
impedance, the width W of the CPW feedline is fixed at 2.48 mm and the feed section
is separated from the ground plane by a gap of g =0.24mm. The CP excitation of the
proposed CPSSA is mainly achieved by two inverted-L shape strips located around
two opposite corners of the square slot with Ixxly dimensions [10-11]. The
configuration of the CPSSA was optimized using Ansoft HFSS commercial software.
The stages describing the evolution of the antenna structure are shown in Figure 1b.
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A feed line is constructed within the rectangular slot in the first stage; in the second
stage, in order to increase radiation resistant a cross-shape patch is embedded
following the feed line; the third stage involves the feedline modification by adding a
circular stub to ensure impedance matching; in final stage, two L-shape is created in
two opposite of ground loop. The return loss response (S11) and the 3-dB axial ratio
(AR) bandwidth of the CPSSA in the four stages are displayed in Figure 2.
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Figure 2: S11 and AR of antenna in four implementation steps a) S11 response
of antenna, and b) AR curves of antenna.

Results show that sequential steps improve the impedance and 3dB AR bandwidths of
the antenna. Application of L-shape strip line in the fourth step creates additional
surface current paths and prevents of aggregation of current in opposite corner which
significantly increase impedance band width (IBW) to 8146 MHz (3097~11243 MHz)
for S11<—10dB. The addition of ground-plane strip line in the fourth step significantly
enhances ARBW between 4208 and 7416 GHz for an AR <3 dB.

The simulated results of CPSSA parameters is depicted in Figure 3. Simulated return
loss and simulated frequency response of the single element for AR and gain are
presented in Figure 3a and Figure 3b, respectively. Simulated LHCP and RHCP
radiation patterns of the proposed CPSS antenna for ¢= 0° and o= 90° is demonstrated
in Figure 3c. In Figure 3c, +z and -z directions are RHCP and LHCP, respectively.
The proposed CPSSA has an area of 400mm?, which is considerably less than the
previously published slot antennas as summarized in Table I. Compared to other
similar types of CP slot antennas fabricated on the same substrate, the proposed
antenna exhibits an impedance bandwidth which is significantly larger and with no
reduction in the gain performance, as well as having a larger CP bandwidth. The gain

is comparable to previous designs [1].
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Figure 3: Simulated results of proposed single element antenna (a) return
loss (b) Gain and Axial ratio (c) pattern at 5.5 GHz (Dotted line: phi = 90°,
straight line: phi = 0°).

Table I: Comparison of the proposed cpssa with other references. the impedance
bandwidth is for a frequency range where vswr < 2; and arbw is 3-db axial-ratio

bandwidth.
Ref. | Size(mm®  BW (GHz) 3d'?6’$')3w Pe(?j‘é%‘i”
o o By oy
[11] | 25x25x0.80 (4_%%_5) (4_%_85_7) 36
[12] ] 25%x25080 (3.17-?0.9) (4.%—76.8) 33
TN T N N
Helf | seines (5.15;?36) (5.6;‘71.05) U
(1| 25%25x0.80 (3.17-?0.5) (4.%)13.6) 4.5
vTvg:i AUAREY (3.?-'111.2) (4.2l27.4) e
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2.7.4 Branch Line Coupler

Figure 4 depicts the schematic of the proposed slow wave double box branch line
coupler. Each section of the structure having different impedance and length consists
of a meander line. The length of a unit cell of the meander line is l; and total transverse
width is Wi. The spacing between adjacent lines has the same distance and is equal to
Si. The line width of a meander line is Wai. Thus, li=2xWgi+2xS;. The characteristic
impedances of the meander line of width Wii is Zai. The meander line is characterized

by the characteristic impedance Zsi and the propagation constant s as follows [15-16]:

Ly LuCy
2= [ ) By = 2l @

Where L and Cy are the total inductance and capacitance of the unit cell, respectively.
Considering the high-impedance meander line in the unit cell (Zai), as shown in Figure
4(b), the configuration of the meander line can be regarded as the parallel coupled lines
where one end is connected, which forms a Schiffman section. For fixed W, and S;,
the image impedance Z;i and phase constant ¢i of a Schiffman section are given by
[16].

Zoei Zoo; tan? O;
0ei_an2 g, 1_( oei 1)

T s Zyoi
7 = [7 7 3 cos@; = 72 = o 4
Ii Oei&0o0i ( ) Pi ioel+tan2 0; 1+<20eitan2 ei) ( )

0o1

Zpoj

Where Zoei and Zooi are the even- and odd-mode impedances of the parallel coupled
lines, respectively. 0; is the electrical length of the transmission line. In the proposed
unit cell, 0i=PaiXWi, where [Bai is the propagation constant of the microstrip line of width
W.i. Since in the real situation 0i<<2m and tan?0i<< Zoei/Zooi, (EQn. 4) is further reduced

to

2
tanZ 0. a2
cos@; ~ <1_(M)> ~ 1 — 2Loei® (5)

Zooi Zoei

Moreover, on the basis of the Taylor-series expansion of cosine function, (Eqgn. 4) can

also be written as
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2

cosp; = 1 — £ (6)

2

The propagation constant Bri of a Schiffman section is

Br = ZLV\i/i (7)
Comparing (5) and (6), it is easily seen that @i is proportional to 6i, and consequently
from (7), Bfi is proportional to 6; as well as to the frequency. Consequently, the
equivalent inductance and the capacitance values of the meander line in the unit cell

can be calculated as follows:

Si

2W; 2 25;
Lai = ZiiBg X —ml + ZaiBai X — .

(8)  Cai = Br X 231+ Bai X - (©)

(J)Zai

The second part of the above two equations corresponds to the three short lines of
length Si in Figure 4(b). Each conventional transmission line has been replaced by a

meander line structure [1].

i
I‘

>
L d

Figure4: a) Meander line structure, b) unit cell and equivalent circuit unit
cell, and c¢) proposed 90° coupler.

The length and the width of each intersection transmission line shown in Figure 4 are
listed in Table Il. The simulation results of the scattering parameters of the proposed
branch line coupler are shown in Figure 5(a) and the phase division is shown in Figure
5(b).
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Table 1. Length and width of each intersection lettered in figure 4 (mm).

Wi li Si Wi Lt
i=1 2.56 1.32 0.12 0.48 6.28
i=2 2.04 0.6 0.12 0.12 4.12
i=3 1.82 0.6 0.12 0.12 4.12
Or... a 360
—~ o e ekimbinbiy eama, 3 —~ 270
S 10 ,/“ 3 180
o % < 0
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Figure 5: The simulation results of the scattering parameters of the proposed
branch line coupler a) magnitu