Chapter 1 Introduction

In the recent years, wireless communication haada#dd a lot of attention. It
brings enormous information with a great converngeatlow cost. And a number of
researches to the wireless network have risen letkgbexpectation. There are many
wireless communication standards in the world, agnehich the IEEE 802.11 (a/ b/
g/ n) are most widely used. The operated frequéacyl in 802.11a is from 5.14GHz
to 5.875GHz. But 802.11b, 802.11g, and 802.11ndstats use the 2.4 GHz band.
Because of this choice of frequency band, 802.1th892.11g equipment will suffer
interference from microwave ovens, cordless telepspBluetooth devices, baby and
security monitors, amateur radio and .other app#angsing this same band. In the
contrast, 802.11a devices are.not affected by mtsduperating on the 2.4 GHz band.
These standards use spectrum resources which dreliceosed to result in
multi-limitation. Therefore, many-solutions are imety proposed and still under
development. A new group of smart antenna desgjnse of these possible solutions.
Antenna design is an important role in the WLANteys as is well known to all. A
good antenna may help improve the performance oAM/Iho matter in the field of
data rate, transmitting distance, and so on. Senaénna (also known as adaptive
antenna) refers to a system of antenna arrayssamdrt signal processing algorithms
that are used to identify the direction of arrivaagjnal, and use it to calculate
beam-forming vectors, to track and locate the ardebeam on the mobile target.
Smart antenna techniques are used notably in acaighal processing, track and
scan RADAR, radio astronomy and radio telescoped, raostly in cellular systems
like W-CDMA and UMTS. Moreover, smart antennas hdawe® main functions:

direction of arrival estimation and Beam-formingtlieique.



Beam-forming technique can be broadly divided imio categories: conventional
switched beam antennas and adaptive array ante@oasentional switched beam
antennas use a fixed set of weightings and phassmgembine the signals from the
sensors in the array, primarily using only inforioatabout the location of the sensors
in space and the wave directions of interest. Intrast, adaptive array antenna,
generally combine this information with propert@fsthe signals actually received by
the array, typically to improve rejection of unwedtsignals from other directions.
That is, an adaptive beamformer is able to adapinaatically its response to different
situations. Obviously, adaptive array antennas theebetter consideration for the
future development of WLAN.

An ideal smart beam-forming antenna prototype fioeeearises. Antenna which
is without any extra equipments and modulation psscmaking the direction of
arrival under control easily is a.desirable propekioreover, a compact structure,
broadband technique, and multiple functionalities/éh also become considerable
design criteria.

For utilizing a limited spectrum efficiently, theedhnology of radiation
reconfigurable antennas [1]-[10] is used to be iagploften. It is an excellent
candidate to reduce the multi-path interference pomer consumption because of
adaptive pattern and high gain. Among these anteanfigurations, there are several
investigations of adaptive antennas which are basedragi-Uda antenna design
[4]-[10]. These conventional antennas consist oddiating dipole in the center with
plenty of parasitic elements in the arbitrary cmstance. In [4], the conventional
dipoles have been replaced by monopoles. Wheref@g-jii], the antennas maintain
the basic Yagi-Uda antenna but the parasitic moleoptements around the active
monopole antennas are loaded alternatively, eshert or open. Because the load

attached to the parasitic monopoles alters thectffe length of monopoles, the
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electromagnetic interactions between monopolesitrasupattern beam-forming.
Some of the parasites are settled in the shaprote {5]-[7]; some of them are in the
shape of radioactive rays [7]. As for parasitiosdats, cylindrical rod monopoles are
used in [5], [7], and cylindrical rod monopoles hvilisc plates which help reducing
the height of antenna are disclosed in [6]. Howgeverneeds a plenty of rod
monopoles to reach pattern beam-forming and high ga

In this paper, we propose a new configuration gfroned reconfigurable antenna
which provides more flexible design of pattern beanming. And the printed strip
monopoles [8]-[10] on the substrate are often awrsd for use instead of the
three-dimensional rod monopole, which reduces thmpdexity substantially. The
printed parasitic monopoles are length-tunable whh method of directly changing
the length of short-ended parasitic monopoles bitckes [10]. In this work, the
parasitic elements are all sharted unlike the conweal parasites with alternatively
loaded. There are three antenna.examples proposdusiwork. The first example
consists of three elements; two length-tunable gi@camonopoles by switches
located oppositely to an active strip element. €hrekements are perpendicular to the
rectangular ground plane. According to the Yagi-@dgenna, when the length of the
parasitic element is shorter than that of the acdlement, it has a pulling pattern.
Oppositely, if the length of the parasitic eleméntionger than that of the active
element, it has a pushing pattern. The directigityadiation pattern is hence under
control. As for the second example, there are dieenents totally: two length-tunable
parasitic elements located each side of the aeimment. The effects of increasing
the number of the parasitic elements are reveaeskpectation. The pattern is more
concentrated, and the HPBW is narrower. Furthermor@augment the performance
of pattern beam-forming the number of the lengtiiahle parasitic element has been

expanded to eight in the last example, that isietlae nine elements in total. The
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nine parasitic elements are set to the shape oisscmoss. It can be inferred easily
that the different combination of switch statesulesn multiple directivities. As a
result, there are four kinds of directivities, foceses, obtained in the simulation.
These four cases can be switched arbitrarily by atiditional control circuit in

different application depending on the operatidnaion and location of access point.



Chapter 2 Theory of Yaqgi-Uda antenna and monopole

2.1 Yagi-Uda antenna

From the description in [15], we know that arrayesmas can be used to increase
directivity. Array feed networks are consideralinglified if only a few elements are
fed directly. Such an array is referred to as ag#c array. The elements that are not
directly driven (called parasites) receive theicitation by near field coupling from
the active element. A famous parasitic array ofajpar dipoles is called Yagi-Uda
antenna. In this section, the theory of Yagi-Udteana is disclosed in detail because
the proposed antenna in this thesis is'modifiethfito

The basic unit of a Yagi-Uda antenna consists i@ telements. To understand the
principles of operation for a:three element YageUahtenna, we must begin with a
driven element and add parasites to it. Considériveen element that is a resonant
half-wave dipole. If a parasitic element is posigd very close to it, we say 0204t
is excited by the driven element with roughly eqaabplitude, so the field incident on
the parasite is

Eincident = Edriver (2-1)
A current is excited on the parasite and the regultadiated electric field, also
tangent to the wire, is equal in amplitude and afipan phase to the incident wave.
This is because the electric field arriving at plagasite from the driver is tangential to
it and the total electric field tangential to a dooonductor is zero. Thus, the field
radiated by the parasite is such that the totajeatial field on the parasite is zero,

which gives
Eparaste= —Eincident = —Edriver (2-2)



Therefore, the pattern of this simple two-elemerdyais shown as
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(a) Array configuration (b) H-plapattern

Fig. 2.1.1 Atwo-element array of half-wave resonant dipote® a driver and the

other a parasite. The currents on both are equahplitude and opposite in phase.

The simplistic beauty of the Yagi-Uda-is revealedIdngthening the parasitic.
The dual endfire beam is changed to.a more desisabijle endfire beam. This effect
is illustrated in Fig.2.1.2 for the two-elementagtr The driver is a dipole of length
0.4782.,, which is a half-wave resonant length when operatefree space. The
parasite is a straight wire of length Q\&way from the driver. As a result, a single
main beam occurs in the endfire direction frompheasite to the driver along the line
of array. Such a parasite is called a reflectorabse it appears to reflect radiation
from the driver. If the parasite is shorter thaa thiver, but placed on the other side of
the driver, the pattern elects is similar to th&sew using a reflector in the sense that
main beam enhancement is in the same directionp@hasite is then referred to as a
director since it appears to direct radiation ia tlrection from the driver toward the
director. The parasitic array in Fig.2.1.3(a) cetisg of a driver and a director has the

pattern shown in Fig.2.1.3(b)
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Fig. 2.1.2 A half-wave dipole with a reflector.
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Fig. 2.1.3 A half-wave dipole with a director.

The single endfire beam created by the use oflectef or a director alone with a
driver suggests that even further enhancement dmulaichieved with a reflector or a
director on opposite sides of driver. This is indletae case. An example of a

three-element Yagi-Uda is shown in Fig.2.1.4(a),iclwhis a combination of the



geometries of Fig.2.1.2(a) and Fig.2.1.3(a). Thitepa of Fig.2.1.4(b) is improved
over that of either two-element array.
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(a) Array configuration (b) H-planattern

Fig. 2.1.4 Three-element Yagi-Uda-antenna comgjsidriver dipole, a reflector,

and a director. The wife radius is all 0.001



2.2 Monopole antenna

From the previous paragraph, half-wave wire digfecture is used in Yagi-Uda
antenna. Half-wave dipole is a very common striectactually. The current whose
amplitude varies as one-half of a sine wave witlnaximum at the center is linear
distributed. The three-dimensional pattern of hedive dipole is like a donut. The
pattern on H-plane is omni-direction, which expfathe half-wave dipole is widely

used in WLAN application. The current distributisnwritten as

I(z):lmsin{ﬂ[%ﬂzﬂ ; |z|gi (2-3)
Ly - maximum value of current

p : phase constant in free.space

From this current, we can find the electric fieftlanagnetic field as
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And the power pattern is defined as
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Therefore, the current distribution and radiatiatt@rn of a half-wave dipole are

shown as follows
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Fig. 2.2.1 Acommon half-wave dipole antenna

One very important description of an antenna.is hayweh it concentrates energy in
one direction in preference to radiate-in-otheeations. This characteristic of an
antenna is called directivity. And the directivisydefined as

5 PO

P (2-7)

In we consider the real world case. When the opdriiequency happens to be
the resonated frequency of antenna, the poweamsinission feeding to the antenna
is distortion absolutely for the natural loss oftemal. That is, the radiation efficiency

can be defined as

PRAD
Peao + Pom (2-8)

The relation between the power gain, radiatiorcigfficy, and directivity is than be

found as
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G=¢D (2-9)

As for monopole antenna is merely a simplified rfiodtion from dipole antenna.
By using the image theorem with the help of a ex¢gaund plane, a quarter-wave
monopole is easily inferred. The structure of geravtave monopole and its current

distribution on it are clearly disclosed in Fig.22
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Fig. 2.2.2 quarter-wave monopole antenna

Since the current distribution on the upper sidenohopole and dipole are the
same, and the practical length is reduced fromtateto one-fourth wavelength, the

input impedance of monopole is calculated as

1
V EVA,dipole 1

_ T Amonopole _
ZA,monopole - | - | _EZA,dipole

A,dipole (2_10)

A,monopole

Because the maximum unit area radiate power ofi@igod monopole are equal, the

length of dipole is double to that of monopole. Orectivity of monopole is twice of
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that of dipole eventually.
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monopole

dipole (2_11)
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Chapter 3 Pattern reconfigur able antenna

3.1 Pattern reconfigurable antenna configuration

According to the Yagi-Uda antenna, the pattern beammifig is mainly controlled
by the directors and reflectors which are determibgdhe effective length of the
parasitic element. In this thesis, a novel patreconfigurable antenna is proposed,
which is fabricated of microstrip technology dudaw profile, light weight, and easy
modification. The half-wave dipole is replaced byadar-wave monopole, and the
wire is replaced by printed circuit on PCB. All ged elements are strips on the FR4
microwave substrate with the thickness of 0.8mm #&eddielectric constant of 4.4.
The active monopole is 2.4mm wide for. 50o0hms fegdat operated frequency,
2.45GHz, and the parasitic elements are set to bani.ide. We use the switch
positioned on the parasites to change the effedewngth that decides parasites
function as a director or a reflector directly [1@fhen the switch is off, the parasitic
element is cut into two pieces: a short ended atripe lower part and an open strip at
the upper part that both work as directors. By @stt when the switch is on, the
length of the parasitic element is longer than tfathe active element; the printed
parasitic element is performed as a reflector. Aminfluence of different positions
of the switches is one of the investigations is thork.

For proof of concepts, a 1.5 mg 1.5 mm slot is taken as switch off, and a metal
strip is taken as switch on in this work. But preatimplementation of switches can
make use of MEMs [11], PIN diodes, or even photocetidg switches [12].
Although varactor is another candidate, the applathge is relatively high [13] and

difficult to implement [14].
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3.2 Three-element array

To design a pattern reconfigurable antenna, we tegin with a driven element
and add parasites to it. The active element isgdesi to match the RF port of 50
ohms and resonate at 2.45 GHz, the input impedanaevitably affected by the
appearance of the parasitic elements. Therefoed)dhzontal open stub, with the size
of 7 mm x 4 mm, is added at the bottom of the actikement with a gap of 0.1mm to

the ground plane for getting a fine matching.

100

Fig. 3.2.1 three-element array configuration

Then a three-element array antenna example is @&enpreliminary. There are
only two printed parasitic elements. Fig. 3.2.1 skothe structure of the
three-element array. The active element is placdgtia center of the ground, and two
printed parasitic elements placed symmetrically@menected to the ground directly.
Because of the parasitic elements, the length efatttive elementL{) is 25mm,
which is less than the conventional4. The length of the parasitic elemenits) (is

30mm which is equal to 0.245 The spacing between elements.i¥he black spots
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show that switches are set on positions Al and AZchvlare under control of
parameted;, which is the distance from the ground plane toswéch. The size of
ground plane i$ x Gy,= 100mmx 100mm. Fig.3.2.2 shows the return loss responses
of three-element array with and without the impedamatching horizontal stub. By
using this horizontal open stub, the return lossoger the required band and has a

deep at 2.5GHz fad; = 20 mm.
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Fig. 3.2.2. The simulated return loss of thresyent array wheh; = s = 30mm.

The plot lines ofl;=5mmandd;=10mm are too close to identify.)

Because the three-element array is the simpledtgcwation, it is easy to tell if
the director and reflector work well. For researdmwenience, the parasitic element
on the +y axis is set to be a reflector (Al on), ighs the parasitic element on the -y

axis is a director (A2 off). We use HFSS, an Answiftware, to simulate antenna’s
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performance. From Fig. 3.2.2, the simulated retoss of the three-element array
with s = 30 mm,L; = 30 mm, andl; as a parameter, it can be observed evidently that
parasitic elements affect input matching and evaeprove the operating bandwidth.
The bandwidth ofl; = 20 mm for reflection coefficient below -10dB i®iin 2.4 to

2.6 GHz.

The pattern performance at 2.45GHz is illustratedilm 3.2.3. The shape of
pattern tends towards -y axis as expectation. Themad gains of different values of
d; are occurred around the positiond# 310, andg = 270. From Fig. 3(a), it can be
seen the pattern is tilted about 30 degrees fragtbund plane. There is a null on
the z axis which is an essential characteristithefactive monopole. If we compare
the result with the original antenna without anygséic elements, the maximum gain
increases to 5.84 dBi from 3.34 dBi whenis 20 mm. Wherd; = 25 mm the two
parasitic elements act like not.directors,» nore@frs with no benefit. Hence the
directors and reflectors have maximum function witen 20 mm.

Next parameters going to be'discussedsaamedL, that is, the spacing between
monopoles and the length of the parasitic monopdles 4 shows the return loss of
the three monopoles array with= 20 mm,L; = 30 mm and different values sf
Whens is less than 30 mm the input impedance is no lomggched through the
whole band (2.4 to 2.5GHz), and the best matchingreagbhens= 30 mm. From the
simulated patterns by HFSS, when 30 mm, the pattern on both yz and xy plane has
maximum SLL(side lobe level, unit: mm) and peakng&ince the length of parasitic
monopole should exceed the length of the activeapole when parasitic monopole
operates as a reflectdr; = 25mm is required. According to the simulatian, has
little influence on return loss and pattern beammwiog thans. The optimal value of
L, for the best return loss response is found to®enf by HFSS. From the above

analysis, it is seen that the optimal values afdL; are both 30mm.
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Fig. 3.2.3. The simulated radiation patternthode-element array for the two

primary planes (a) yz plane, and (b) xy plane.
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TABLE 1

THREE-ELEMENT ARRAY WITH DIFFERENT VALUES OFl;

Peak Gain (dBi)| SLL on yz plane HPBW on yz plane
di=5 4.87 4.61 70°
d,=10 4.88 3.54 70°
di=15 5.08 3.44 70°
di= 20 5.84 3.97 80°
di=25 3.35 1.51 60°
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Fig. 3.2.4. The simulated return loss of the thelsgnent array with different values

of s, wherd; =20 mmL; =30 mm.
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3.3 Five-dlement array

The second example is five-element array showngn¥B.1. The difference is the
number of printed parasitic elements around the/@alements; as a result of the
presence of the extra elemeritg,is varied from 25mm to 24.5mfor better return
loss. The second printed parasitic elements (B1B&hdn them) is added parallel to
the first printed parasitic elements (A1 and A2tlbem) and separated Byas before.
The length of the second printed parasitic elenselnt. All of the elements are on the
yz plane. The ground plane is therefore enlargeg 0 G,,= 140 mmx 140 mm. The
switches (B1 and B2) are both at the same posititim a distance from the ground

plane and controlled by parametkr

140

Fig. 3.3.1 Five-element array configuration

Since we know that the parasitic elements affecprdormance, the number of
the parasitic elements is thus an influential \@eizas well. The number of parasitic
elements rises to two on each side in the five-etlgnarray. At the same time, the
positions of switches are controlled @y(switches: A1 and A2) and, (switches: B1

and B2) individually. From the previous analysis influence o6 (spacing between
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elements) and. (length of parasitic element) is less than the dawte parameted;,

so the second parasitic element is added in the siimension with the first parasitic
elements and separated in the same spacing withother at the preliminary design.
After the optimization by HFSS, the length and spagcof the second parasitic
elements (with switches: B1 and B2) is identicathe first parasitic elements (with
switches: Al and A2), that i&; = L,= 30 mm. These parasitic elements on the +y
axis are set to be reflectors (A1 and B1 on). s tircumstance, Fig. 3.3.2 shows
how the different values af; and d, affect the peak gains. From Fig. 3.3.2, it is
obvious that; is the dominant parameter deciding the peak gaie. domparatively
larger peak gain occurred aroudd/ L;= 0.66, that isd; = 20 mm. And the local

maximum peak gain is occurred whe L, = 0.16, 0.31, 0.5, and 0.92.
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Fig. 3.3.2. The simulated values of peak gairditferent values of

d: /Ly, andd, / L, whenL;=L,= 30 mm.
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Fig. 3.3.3 The simulated return loss of the filer@ent array ofl; = 20 mm and

different values ofl:

Fig. 3.3.3 illustrates the frequeney.response efrdturn loss for various values of
d>. Comparing this figure with Fig. 3.1.2, it canibéerred that the return loss is less
sensitive tod,. Whend,= 10 or 25 mm, the responses are too flat. The stide
bandwidth is from 2.25 to 2.55 GHz fds= 5 mm, where the required band (2.4 GHz
to 2.5 GHz) is covered totally. Fig. 3.3.4 is the Wmbed radiation patterns of the
five-element with various values df. TableII displays the peak gain, SLL of the yz
cut plane, and HPBW of the yz cut plane. Wider 20 or 25 mm, the bidirectional
directivity do not satisfy requirement for their ggopeak gain and SLL. As for
considering the HPBW, those df = 15 or 25 mm are relatively wider. As a result of
regarding the return loss, peak gain, SLL of theolkgne, and HPBW of the yz plane

as the design criteria in this investigation, thestrsatisfying value af; is 5mm.
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d2=15 mm
—_—— = d2=20 mm
_— = — — d2=25mm

—_——— = d2=25mm

Fig. 3.3.4 The simulated radiation patterns effthe-element array for the two

primary planes witll; = 20 mm. (a) yz plane, and (b) xy plane.

22



TABLE II

FIVE-ELEMENT ARRAY WITH d;= 20 mm AND DIFFERENT VALUES Ofé;

Peak Gain (dBi) SLL on yz plane (dBi) | HPBW on yz plang
d2=5 6.37 8.63 50°
d,= 10 6.85 9.91 60°
d,=15 7.19 8.87 75°
d,= 20 3.38 1.24 50°
d,= 25 0.07 0.68 75°

It is worthy to mention that although the secondaptic element has positive
effects on the beam-forming, @ third parallel. pmialement would be helpless
because the current coupling between the activeesieand the third one is too weak

to function.
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3.4 Nine-element array

140

Fig. 3.4.1 Nine-element array configuration
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The structure of nine-elemé‘nt a_rray‘,‘ ifig. 3.4.1mﬁdified from Fig. 3.3.1 and is

the main antenna discussed |n thi§"lbapé;j'Théraimeprinted elements shaped as a
crisscross, which has the active element at theecesttll. The dimension of the
ground plane is maintained & x Gy= 140 mmx 140 mm and the dimension of
elements are as before. Four switches (Al-A4) offitlse printed parasitic elements
near the center are adjustable day and the rest switches (B1-B4) of elements are
under control otl.

TABLE 1I

SIMPLIFIED NOTATION OF SWITCHABLE PARASITE FUNCTION

Notation Switch state Parasite function
0 off Director
1 on Reflector
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Fig. 3.4.2 The simulated radiation patterns mferelement array for the four
cases shown in Tabl®’ on the xy plane. (a) case 1 (b) case 2 (c) casf Base 4
(The boldface number outside the polar plot is tim¢ation of the states of the

switches on that direction, that is, O for switcbéfisand 1 for switches on).

From the previous simulated results, the most gpjate value ofd, d,) is (20
mm, 5 mm). Now consider the nine crisscross elemaméy, which is constructed by
copying the parasitic elements of five-elementyaaiad pasting by a rotation angle of
90 degrees. Thus there are more options of patterasoose. Since the construction

is symmetric, the four directive patterns of thepigne are shown in Fig. 3.4.2. The
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boldface number outside the polar plots is thetimtaepresenting the state of switch
in that direction. Tablelll explains the rules of notation.

Table IV displays the detail information of the four casath different switch
states of the nine-element crisscross array. Obljiotle pattern tends towards the
direction where the switch states are turned ofpr@sented by number: 0). A
maximum peak gain of the nine-element array ocoucsase 1, where a peak gain of
6.37 dBi is achieved at the position®f 300 and¢ = 315. In case 2 and case 3, the
patterns are directive, though the HPBWs are vedewirhe pattern in case 4 is
bidirectional.

As observed from Fig. 3.4.2 and Talblg the main beam can be switched to four
possible directions ensuring 360 degrees coveratieeiH plane in all directive cases.
Taking case 1 for example, under setting switchéxl( AB2, AB3, AB4) = (1, 0, 0,
1), the directivity has main beam @r=315. But if we set switches (AB1, AB2, AB3,
AB4) = (0, 1, 0, 1), the directivity willhave-mabeam ong =45 as anticipation. That
is, by different setting of switches state, themiaam could be op=45, 135, 225,
and 315 Similarly, the case 2 can provide the main beamye0’, 90, 180, and
270. Therefore, the main beam of nine-element arraythan be switched every 45
degrees to cover the whole H plane by using casedlcase 2. Consequently the
nine-element array provides multiple directivities.

Another issue discussed here is the number of thi#cl®g used. In the
nine-element array configuration, the complexity iofiplementation is greatly
increased due to eight switches if the bias linescansidered. Another practicable
solution is to replace switches (B1-B4) of the setparasitic elements by open slots
or metal strips. However, the peak gain definitelgrdases in these two conditions.

So we must trade off between peak gain and circuiipdexity.
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TABLE 1V.

THE CASES OF THE NINE-ELEMENT ARRAY WITH DIFFERENT SWIT

STATES: “0” FOR SWITCH OFF, WHEREAS “1” FOR SWITCH ON.

Directive cases case 1 case 2 case 3 case 4
Switches Al, B1 1 1 0 0
Switches A2, B2 0 0 1 0
Switches A3, B3 0 1 0 1
Switches A4, B4 1 1 0 1
Peak gain(dBi) 6.59 6.04 5.68 5.37
Peak gain position | =60, 6 =70, 6 =60, 6 =90,
¢ =315 ¢ =270 ¢ =75 ¢ =90
HPBW of xy plane | 70 105 135 60
0 oy SL
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Fig. 3.4.3. The simulated return loss of the refement array with four different

cases.
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Fig. 3.4.3 illustrates the simulated return losshefse four cases. The impedance
has a good matching through case 1 to case 3 rethared 2.4 GHz - 2.5 GHz band,
with bandwidths larger than 200MHz. By comparisdme bandwidth of case 4 is
narrower than the others and is from 2.45GHz to 2.54GAkimong these four
directive cases, case 1 has the widest bandwidthtlam maximum peak gain of
6.37dBi. But when all eight switches are turnedoomff simultaneously, the pattern
has no directivity and the input impedance of ambers not matched well at the

resonance frequency.
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Chapter 4 Experimental results

As a result of the previous section, an experimentadstigation is undertaken.
The three, five, and nine-element array are fate@aespectively. The experimental

results are displayed respectively, too.

4.1 Three-element array

4 655 }

30

Unit: mm

Fig. 4.1.1. Pictures of three-element array.

The prototype of three-element array antenna &béshed and shown in Fig. 4.1.1.
The measured return loss and pattern comparing withulated data of the
three-element array are presented in Fig. 4.1.2Fgd 4.1.3. The bandwidth for

reflection coefficient below -10dB is from 2.3 t®63.GHz in Fig. 4.1.2. Comparing
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with the simulated return loss, the bandwidth @eased by 150 MHz, and the return

loss at the resonance frequency is not so deeglathaugh.
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Fig. 4.1.2~ Return loss of three-element array.

In Fig. 4.1.3, the pattern from the.three-elemerdyashows the measured pattern
which has less SLL and narrower HPBW on yz plane.méasured peak gain shown
in Fig. 4.1.3. is 5.41 dBi &= 300 and¢ =270. On yz planethe SLL, front-to-back
ratio (FBR), and HPBW are 10.71 dB, 13.24 dB, andm@spectively. If the setting of
switches Al and A2 are changed, that is, Al isndfile A2 is on, it is easy to infer

that the main beam is toward +y axis inversely. Toerelation of these two

directivities is rather small.
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Fig. 4.1.3. The measured pattern of the three-@irarray at its center frequency,

2.45GHz. (a) yz plane (b) xy plane
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4.2 Five-element array

Unit: mm

Fig. 4.2.1. Pictures of five-element array.

The prototype of five-element array antenna istestaed and shown in Fig. 4.2.1.
In Fig. 4.2.2, the measured return loss of the-&leament array is displayed with the
simulated data. Although there is a frequency shifthe simulated return loss, the
measured bandwidth for reflection coefficient beld® dB is from 2.31 to 2.64 GHz,
which is very similar to that of the three-elementag It can be inferred that the
second parasitic elements (with switches B1-B4)ehbttle influence on the input
impedance matching but do help the radiation patterachieve higher peak gain. In

Fig. 4.2.3, it is evident that the second parasi@nents cause the pattern more tilted
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from the ground plane, and the peak gain also asa@@ The peak gain occurstat
315°, ¢ = 270° with value of 6.95 dBi. In other words, trexend parasitic elements

improve the peak gain by 1.54 dB. The SLL, FBR, BRBW of yz plane are 11.01

dB, 12.7 dB, and 63respectively.
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Fig. 4.2.2. The measured return loss of the fieerent array.

measured
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measured b
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Fig. 4.2.3. The measured patterns of the five-el@narray at its center frequency,

2.5GHz. (a) yz plane (b) xy plane.
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4.3 Nine-element array

From previous sections, a nine-element arrayngeémented with ideal switch as
shown in Fig. 4.3.1. The detail of measured andukited data comparison is in

following paragraphs.

Fig. 4.3.1 Pictures of nine-element array.

4.3.1 Case 1 of nine-element array

Fig. 4.3.1.1 is the measured and simulated retssels of case 1 of nine-element

array which is the prototype of the nine-elementyain case 1. Due to the added
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parasitic elements (A3, A4, B3, and B4), the resorafrequency has shifted to
2.29GHz. The measured bandwidth for reflection coieffit below -10dB is from
2.12 to 2.52 GHz, which includes required bandwiditfigently. The pattern of case
1 is displayed in Fig. 4.3.1.2 The SLL on the= 315 plane is 11.53 dB which has
been decreased from simulated one more than 3dBFmBh (front to back, unit: mm)
ratio and HPBW on thep = 315 plane are 32.67 dB and ‘6@Comparing with
simulated peak gain, the measured peak gain octwate = 50° ¢ = 315 is
increased obviously with value of 7.59dBi. Althoutfte added parasitic elements
with switches A3, A4, B3, and B4 improve the pealngonly by 0.64dB, the multiple

directivities provided is very attractive.
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Fig. 4.3.1.1. The measured return loss of case 1.
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Fig. 4.3.1.2. The measured patterns of case % aeiiter frequency, 2.29GHz. @&¥F

315plane (b) xy plane

4.3.2 Case 2 of nine-element array

Fig. 4.3.2.1 is the measured-and simulated-retsselk of case 2 of nine-element
array which is the prototype of the nine-elementaarin case 1. The measured
bandwidth for reflection coefficient below -10dB fidom 2.14 to 2.50 GHz, which
includes required bandwidth sufficiently. Althoudtete is still frequency shift from
simulated return loss, the bandwidth of case 2Anwst equal to case 1, which is a
good property in real application. The pattern a$e? is displayed in Fig. 4.3.2.2.
The directivity is similar to simulated one, whicasha peak gain on the —y direction
and comparatively small side lobes on the y dioectiTrhe obvious difference in Fig.
4.3.2.2 xz plane is due to the scale setting im tinesis and the measured pattern on
xy plane along x axis. As a result, a switchablenmam direction is provided and

the separate angle is 45 degrees in required baodiiig case 1 and case 2.
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Fig. 4.3.2.1. The measured return loss of case 2.
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Fig. 4.3.2.2. The measured patterns of case 2.

4.3.3 Case 3 and case 4 of nine-element array

Since case 1 and case 2 provide eight main lgeaattions covering the whole
H plane and include required 2.45GHz band, the prapastéenna configuration is
adequate for application in real. In the next,gratd of case 3 and case 4 are disclosed
in Fig. 4.3.3.1 and Fig. 4.3.3.2, respectively. rRréig. 4.3.3.1, it is obvious that

measured and simulated patterns on yz plane havaispeak gain. But measured
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pattern has less side lobe. On xy plane, the mehsumétern is pulled by three

directors. However, the pull effects of directore ar little different from simulated

ones. Fig. 4.3.3.2 shows the measured patternks simulated pattern which has

property of bidireciton.

Xy plane

xz plane

yz plane

measured
+ simulated

Fig. 4.3.3.1. The measured patterns of case 3.

Xy plane

xz plane

yz plane

L
A hrnwmvﬁtna :

22

=iy N
&%

<

m//m”mn,

measured
 simulated

Fig. 4.3.3.2. The measured patterns of case 4.
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4.4 Switch effects on radiation pattern

Ideal copper strip and short slot are taken toamplswitch on and off. When
utilizing pin diode as switch, there are some peaid to solve. First, the biasing line
layout must not induce unwanted coupling. Seconel pih diode loss must be small
with high isolation. Third, the parasitic R, L, a@ effects in pin diode must not
influence anything of antenna. Unfortunately, beeat®e switch location is on the
parasitic element directly, these three problenes waravoidable while enforcing. A
simple prototype is established as a referenceinAljpde HMSP 3314 is used as a
switch, and set on the position, that is, A1-A4 81dB4. Positive bias voltage is
supplied by 1.5V battery. A RF choke inductancen(lpand a DC block capacitor
(10pF) are parallel and serial .to" the switch respely. RF signal and DC signal
share the same ground on xy plane. The extra-caufom the bias line, parasitic
RLC of pin are the reason of ffequency-shift anfibaeed radiation pattern. Fig.4.4.1
displays the measured (prototype.  withideal swijtckimulated, and measured
(prototype with pin diode switch) radiation pattevhcase 1 of nine-element array.

The directivity is distorted seriously so the pgaln even decreased 3dB.

180

measured
= =— — simulated

(a) --------------- measured (with switches) (b)

Fig. 4.4.1. The switch effects on radiation patter
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Chapter 5 Conclusion

A novel kind of radiation pattern reconfigurabldemma configurations is presented.
It is not to change the parasitic impedance altargly by open or short terminations
but to maintain the short ended parasitic monopoiedified by switches changing
the effective length directly. Printed strip on thR4 substrate are used as parasitic
monopole elements for convenience fabrication attedf conventional three
dimensional monopoles. Typical three elements agahown as a basic reference,
and five elements array and nine crisscross elesramay are also presented in this
paper. Experimental results confirm that the camBigion provides high gain with
decreasing number of parasitic elements. Three famedelements arrays provide
directivity which can be switched 180rdegrees lweisely setting switches states. By
the method of controlling the ‘switches' states, éhare four cases with different
directivity in the nine elements array, that'i® gattern of nine elements array can be
rotated 45 degrees to cover the ‘whole''H plane. Ambegtliree, five, and nine
elements array, the nine elements array providdspieudirectivities and maximum

peak gain of 7.59dBi.
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