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Abstrat
Eletrially Small Planar Antenna for Cirular PolarizationJ.H. HuysamenDepartment of Eletri and Eletroni EngineeringUniversity of StellenboshPrivate Bag X1, 7602 Matieland, South AfriaThesis: MSEng (Eletroni Eng with CS)Deember 2006The design of an eletrially small planar antenna for ompat irular polarizationis presented. After an in-depth study of the performane limitations on eletriallysmall antennas and an investigation into the working of various existing eletriallysmall antennas, the design, simulation and measurement of the proposed antennaelement is presented in detail.
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Uittreksel
Elektries Klein Platvlak Antenna vir Sirkulêre Polarisasie(�Eletrially Small Planar Antenna for Cirular Polarization�)J.H. HuysamenDepartement Elektries en Elektroniese IngenieursweseUniversiteit van StellenboshPrivaatsak X1, 7602 Matieland, Suid AfrikaTesis: MSIng (Elektroniese Ing met RW)Desember 2006Die ontwerp van 'n elektries klein platvlak antenna vir kompakte sirkulêre polar-isasie word voorgestel. Na 'n studie van die beperkte werkverrigting van elektriesklein antennas en 'n ondersoek na die werking van verskeie bestaande elektries kleinantennas, word die ontwerp, simulasie en meting van die voorgestelde antenna indetail bespreek.
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Chapter 1IntrodutionThe objetive is to design an eletrially small irularly polarized path-type ele-ment to be used in a phase-steered array antenna.Path antennas are onsidered as physially onstrained beause of their limitedheight. It is this limitation in height that makes these antennas ideal for use onairraft as their low pro�le redues the aerodynami drag they produe. In thedefene industry this low pro�le has the added advantage of reduing the radarsignature of the airraft.This redution in height makes the path antenna an inherently narrow-band stru-ture. Further redution in the overall size of the path will have a signi�antlydetrimental e�et on the bandwidth and this, along with the redued e�ieny, isone of the main onerns in the design of eletrially small path antennas.An intensive study of the theoretial e�ets of antenna size on the performaneof eletrially small antennas is presented. The e�et of antenna size on gain,bandwidth and e�ieny is onsidered and the onept of fundamental limits onthese three performane indies is presented.Next various eletrially small planar and path-type geometries are onsidered.The performane of these antennas are ritially examined.
1
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CHAPTER 1. INTRODUCTION 2A four element array of sequentially rotated folded Planar Inverted-F Antennas(PIFA's) is proposed to meet the design goals. The PIFA is hosen as this geome-try halves the size of a resonant path by the simple addition of a shortening post.Cirular polarization is ahieved by using four rotated and sequentially fed PIFA's.To ensure that the whole struture is eletrially small eah of these PIFA's hasto be folded to halve their size one more. This results in an antenna onsistingof four sequentially rotated, folded PIFA's, eah approximately an eighth of thefree-spae wavelength in size. Thus the whole antenna is a quarter-wave struture,whih quali�es it as eletrially small.The design and onstrution of this antenna is related along with simulated andmeasured results to on�rm that the proposed design meets the design goals.
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Chapter 2Fundamental limitations in smallantennas
2.1 IntrodutionIn all areas of engineering it is the responsibility of the engineer to strike a balanebetween performane and the ost assoiated with that performane. In generalperformane is diretly proportional to ost and the relation is quite intuitive. Butin some ases a small inrease in performane omes at a largely inreased ost.It was stated by Hansen (1) that when a muh higher performane is needed theost may inrease exponentially. In suh a ase the performane is said to have afundamental limit.The purpose of an antenna is to ouple to a free spae wave. As suh there isa limit on the size redution of antennas. The performane indies of bandwidth,gain and e�ieny are losely related to the ost fator of size.Size redution has long been the norm in many areas of eletroni engineering.In the area of onsumer eletronis size redution has beome a very suessfulmarketing strategy and the onsumer has ome to expet new eletroni devies tobe smaller than their predeessors. As suh the antennas on ellular phones, GPS'sand satellite phones have beome smaller and smaller, but at what ost in terms ofperformane?In the aeronautial and spae industries small antennas are valued highly fortheir ost-e�etive use of spae and their redued aerodynami interferene. But a3
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 4small antenna with insu�ient bandwidth and gain would neessitate extra math-ing and gain stages whih would, in themselves, require more spae.With this in mind the antenna designer must strike a balane between size andperformane. In the past muh has been written on the e�et of an antenna's sizeon its performane by the likes of Wheeler (2), Chu (3), Harrington (4) and others(5; 6) and more reently by MLean (7), Grimes and Grimes (8) and Thiele (9). Inthis hapter quantitive relationships between the ost fator of size and the threeperformane indies of bandwidth, gain and e�ieny are investigated.2.2 Relative sizeThe onept of relative size is used to relate the physial size of an antenna to thesize relative to its operating frequeny. The relative size is de�ne as kr, where thefree-spae wave number k is given by
k =

2π

λ
(2.2.1)and r is the radius of the smallest sphere that inludes the whole antenna.To be de�ned as eletrially small an antenna must have a relative size of kr ≤ 1.This relates into a radius of r ≤ λ

2π2.3 Bandwidth and radiation QRF devies are mostly used to transmit data in a standardized format and in theseases the transmission bandwidth is predetermined. Reduing the size of an antennaredues the bandwidth and, for the given bandwidth, there is a fundamental lowerlimit on the size of the antenna. Muh work has been done on the relation betweenantenna size and Q-fator. The Q-fator is the relation between the stored energyand radiated power of the antenna. In general the Q-fator is taken to be thereiproal of the half-power bandwidth. This relation is not aurate for eletriallysmall antennas, but a lower Q-fator is still taken to mean a wider bandwidth.
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 5For that reason two popular derivations of the fundamental limit on radiation Q-fator, and indiretly bandwidth, are given here. The �rst is the equivalent iruitderivation proposed by Chu (3) and the seond is the diret derivation proposedby MLean (7). Next a more aurate relation of Q-fator to bandwidth proposedby Fante (6) is examined.2.3.1 Derivation of radiation Q from equivalent iruit ofthe spherial wavesAs stated by Harrington (4) radiation Q is generally de�ned as
Q =






2ωWe

Prad
We > Wm

2ωWm

Prad
Wm > We

, (2.3.1)with We the time-average, non propagating, stored eletri energy, Wm the time-average, non propagating, stored magneti energy, ω the frequeny in radians andwith Prad the radiated power.
ANTENNA

INPUT
STRUCTURE

Figure 2.1: Shemati diagram of a vertially polarized omni-diretional antenna.Chu (3) onsidered a vertially polarized, omni-diretional antenna lying withina spherial surfae of radius r = a as shown in �gure 2.1. The �eld outside thesphere is expressed in terms of a omplete set of orthogonal, spherial waves, prop-agating radially outward. The irularly symmetrial �eld an be desribed usingonly TMn0 waves.
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 6As the energy is not linear in the �eld omponents, Chu had di�ulty separatingthe energy assoiated with the loal �eld from the radiated energy. To overomethis, the �eld problem was redued to a iruit problem with the radiation lossreplaed by a ondution loss.As a result of the orthogonal properties of the spherial wave funtions, the to-tal energy stored outside the sphere is equal to the sum of the energies assoiatedwith eah spherial wave and the omplex power transmitted aross the surfae ofthe sphere is equal to the sum of the omplex powers of eah spherial wave. Thereis no oupling between the spherial waves outside the sphere. This enabled Chuto replae the spae outside the sphere with a number of independent equivalentiruits. The number of equivalent iruits is equal to the number of spherialwaves needed to desribe the �eld outside the sphere.
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REPRESENTING

ANTENNA

NETWORK
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ZN
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Figure 2.2: Equivalent iruit of a vertially polarized omni-diretional antenna.
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 7The antenna struture is represented by a oupling network that ouples theinput terminal of the antenna to the independent equivalent iruits as shown in�gure 2.2.The voltage, urrent and impedane of the equivalent iruit of the TMn waveis de�ned as
Vn =

(
µ

ǫ

)( 1

4) An

k

(
4πn(n+1)

2n+1

) 1

2

j (kahn (ka))′

In =
(

µ

ǫ

)( 1

4) An

k

(
4πn(n+1)

2n+1

) 1

2

kahn (ka)

Zn = j(kahn(ka))′

kahn(ka)

, (2.3.2)
where hn (ka) is the spherial Hankel funtion of the seond kind.The voltage is proportional to Eθ and the urrent to Hφ. The normalized impedaneis equal to the radial wave impedane on the surfae of the sphere. With the voltageand urrent de�ned as in (2.3.2), the omplex power fed into the equivalent iruitis equal to the omplex power assoiated with the TMn wave. It an also be shownthat the instantaneous powers are equal. The impedane of the equivalent iruitis physially realizable and (2.3.2) is valid at all frequenies.The impedane an be written as a ontinued fration by using the reurreneformulas of the spherial Bessel funtions.

Zn = n
jka

+ 1
2n−1

jka
+ 1

1
2n−3
jka

+

· · ·

+ 1
3

jka
+ 1

1
jka

+1

, (2.3.3)This an be interpreted as a ladder network of series apaitanes and shuntindutanes terminated in a unit resistane. For n = 1, the iruit onsists of the
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 8three elements shown in �gure 2.3. This iruit represents a wave whih ould begenerated by a in�nitesimally small dipole.
Z1

C=

L= 1

I1

a
c
_

a
c
_

Figure 2.3: Equivalent iruit of eletri dipole. a is the radius of the sphere and c isthe speed of light.
Zn

C=

L= 1

In

a
nc
___

a
(2n-1)c

_______

a_______
(2n-3)c

a_______
(2n-5)cFigure 2.4: Equivalent iruit of TMn spherial wave. a is the radius of the sphere and

c is the speed of light.The equivalent iruit for Zn is shown in �gure 2.4. The dissipation in theresistane is equal to the radiation loss of the antenna. The apaitanes andindutanes are proportional to the ratio of the radius of the sphere to the speed oflight. As it would be tedious to alulate the total eletri energy stored in all theapaitanes of the equivalent iruit, Chu approximated the iruit by a simpleseries RLC iruit with similar frequeny behavior lose to the operating frequeny.
Rn, Cn and Ln of the simpli�ed equivalent iruit are alulated by equating theresistane, reatane and the frequeny derivative of the reatane to those of theseries RLC iruit. The following results are obtained:
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 9
Rn = |kahn (ka)|−2

Cn = 2
ω2

[
dXn

dω
− Xn

ω

]−1

Ln = 1
2

[
dXn

dω
+ Xn

ω

]

, (2.3.4)
where Xn =

[
kajn (kajn)′ + kann (kann)′

]
|kahn (ka)|−2, and jn and nn are thespherial Bessel funtions of the �rst and seond kind. From the simpli�ed equiv-alent iruit the average power dissipation in Zn is

Pn =
(µ

ǫ

) 1

2 2πn (n + 1)

2n + 1

(
An

k

)2

. (2.3.5)The average eletri energy stored in Zn is given in equation (2.3.6). It is largerthat the average stored magneti energy.
Wn =

(µ

ǫ

) 1

2 πn (n + 1)

2 (2n + 1)

(
An

k

)2

|kahn (ka)|2
[
dXn

dω
−

Xn

ω

]
. (2.3.6)Next Qn for the TMn wave is alulated as

Qn =
2ωWn

Pn

=
1

2
|kahn (ka)|2

[
ka

dXn

d (ka)
− Xn

]
. (2.3.7)Hansen (1) stated that when multiple modes are supported, the overall Q is

Q=

∑N

n=1
ana∗

nQn

(2n+1)∑N

n=1
ana∗

n

(2n+1)

. (2.3.8)with an the exitation oe�ient of the nth mode. As the higher order modesbeome evanesent with ka < 1, it an be shown that the Q beomes:
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 10
Q=

1 + 3k2a2

k3a3 (1 + k2a2)
. (2.3.9)In �gure 2.5, Q is plotted against ka over the range that onstitutes an eletri-ally small antenna. It is lear that as the relative size of the antenna is dereasedthere is an exponential inrease in the Q-fator. This translates into a sharp de-rease in the ahievable bandwidth.
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Figure 2.5: Q for eletrially small antennas as de�ned by Chu.
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 112.3.2 Exat derivation of radiation Q from non propagatingenergyMLean (7) proposed an exat method for alulating the radiation Q of a generalantenna from the non propagating energy. MLean obtains the �elds of the TM01spherial mode from the r-direted magneti vetor potential, Ar as taken fromHarrington (10).
Ar = − cos θe−jkr

(
1 −

j

kr

) (2.3.10)
Hφ = sin θe−jkr

(
j

kr2
−

1

r

) (2.3.11)
Eθ =

1

jωǫ
sin θe−jkr

(
−

1

r2
−

jk

r
+

j

kr3

) (2.3.12)
Er =

1

ωǫ
2 cos θe−jkr

(
1

kr3
+

j

r2

) (2.3.13)The �eld omponents are taken as RMS and from them the eletri- and magneti-energy densities, ωe and ωm, are alulated.
ωe = 1

2
ǫ ~E • ~E∗

= 1
2
ǫ
(
|Eθ|

2 + |Er|
2)

= 1
ω
η 1

2

[
sin2 θ

(
1

k3r6 −
1

kr4 + k
r2

)
+ 4 cos2 θ

(
1

k3r6 + 1
kr4

)]

(2.3.14)
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 12
ωm = 1

2
µ ~H • ~H∗

= 1
2
µ |Hφ|

2

= 1
2
µ sin2 θ

(
1

k2r4 + 1
r2

)

(2.3.15)
with η =

√
µ/ǫ.The eletri-energy density assoiated with the traveling wave, ωrad

e , is alulatedfrom the radiating �eld omponents.
Hrad

φ = − sin θ
e−jkr

r
(2.3.16)

Erad
θ = −η sin θ

e−jkr

r
(2.3.17)

ωrad
e =

1

2
ǫ
∣∣Erad

θ

∣∣2 =
η2

r2
sin2 θ (2.3.18)The non propagating eletri-energy density, ω′

e, is the di�erene between thetotal and the propagating eletri-energy densities.
ω′

e = ωe − ωrad
e =

η

2ω

[
sin2 θ

(
1

k3r6
−

1

kr4

)
+ 4 cos2 θ

(
1

k3r6
+

1

kr4

)] (2.3.19)The total non propagating eletri energy, W ′
e, is obtained by integrating 2.3.19over the volume outside the sphere with radius a ontaining the antenna.
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 13
W ′

e =
∫ 2π

0

∫ π

0

∫∞
a

ω′
er

2 sin θdrdθdφ

= 4πη

3ω

[
1

k3a3 + 1
ka

]
(2.3.20)The total radiated power is obtained by integrating the real part of the Poyntingvetor over a spherial surfae.

Prad =
∫ 2π

0

∫ π

0
Re (E × H

∗) • ârr
2 sin θdθdφ

= 8π
3

η

(2.3.21)From these the quality fator is obtained. As an been seen from �gure 2.6 therelation between Q-fator and relative size is similar to that of the previous setion.
Q =

2ωW ′
e

Prad

=
1

k3a3
+

1

ka
(2.3.22)

Stellenbosch University http://scholar.sun.ac.za



CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 14

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

10

20

30

40

50

60

70

80

90

100

ka

Q

Figure 2.6: Q for eletrially small antennas as de�ned by MLean.2.3.3 Relation between Bandwidth and Q-fatorIn general the radiation Q-fator of an antenna is taken to be the reiproal ofits half-power bandwidth. This assumption is not aurate for eletrially smallantennas.Fante (6) de�ned the relation between Q-fator and frational bandwidth. Theinput impedane of an antenna system, as taken from Harrington (10), was onsid-ered.
Z = R + jX =

1

|I|2
[Prad + j2ω (Wm − We)] (2.3.23)Based on iruit theory Fante assumed that, for a high-Q system with resonaneat ω0, (dR

dω

)
ω0

≈ 0 and X (ω0) = 0. Just o� resonane Z an be written as
Z ≈ R + j (ω − ω0)

[
dX

dω

]

ω0

+ ... (2.3.24)
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 15At the half-power points ∣∣∣(ω − ω0)
(

dX
dω

)
ω0

∣∣∣ = R and the frational bandwidth
B an then be written as

B ≈
2R

ω0

(
dX
dω

)
ω0

=
2Prad

ω0 |I|
2 (dX

dω

)
ω0

(2.3.25)By extending the treatment of the frequeny derivatives of Maxwell's equationsby Harrington (4, pp 394-396) Fante evaluates (dX
dω

) as
δX

δω
=

2W

|I|2
−

2

η |I|2
Im

∫

S∞

(
~E∞ •

δ ~E∞
∗

δω

)
dΩ (2.3.26)Using 2.3.26 in 2.3.25 we obtain

B ≈

[
ω0W

Prad

+ F (ω0)

]−1 (2.3.27)where
F (ω0) = − ω0

ηPrad
Im
∫

S∞

(
~E∞ • δ ~E∞

∗

δω

)
dΩThe total non propagating, stored energy, W , an be de�ned as the sum of theenergy stored within the sphere of radius a that surrounds the antenna, Win, andthe non propagating energy outside this sphere, Wout. The Q-fator is then de�nedas Q = ω0Wout

Prad
. 2.3.27 then beomes

B ≈

[
Q +

ω0Win

Prad

+ F (ω0)

]−1 (2.3.28)Fante goes on to show that for high-Q antennas the F (ω0) term is negligible.Inversely for low-Q antennas the F (ω0) term along with the ω0Win

Prad
term relating thestored energy within the sphere has an e�et on the ahievable bandwidth. Thisshows that, while the relation B = 1

Q
does not always hold, a lower Q always impliesa larger bandwidth. From this and the previous setions it is lear that there is a
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 16lower limit on the ahievable Q and thus an upper limit on the bandwidth of anantenna of a given size.
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 172.4 GainFrom Harrington (4) the diretive gain at a distane r from the antenna is theratio of the maximum density of outward direted power �ux to the average powerdensity.
G (r) =

4πr2Re (Sr)max

Re (P )
(2.4.1)Here Sr is the radial omponent of the omplex Poynting vetor at distane rand P is the total outward-direted omplex power. By expanding the �eld externalto a sphere ontaining all soures in terms of spherial wave funtions, Harringtonderives the gain as

G =
Re [(

∑
n anFn + jbnF

′
n) (
∑

n bnFn + janF
′
n)∗]

4
∑

m,n
n(n+1)(n+m)!

ǫm(2n+1)(n−m)1

(
|Amn|

2 + |ηBmn|
2) (2.4.2)where Fn (kr) = krh

(2)
n (kr), an = n (n + 1) A1n, bn = ηn (n + 1) B1n and Amnand Bmn are the oe�ients of the solutions to the Helmholtz equation. There isno limit to the gain if all orders of spherial wave funtions are exited. A limit isreated by restriting the orders to n ≤ N . As only A1n and B1n ontribute to thenumerator of 2.4.2, the gain is inreased by setting
Amn = Bmn = 0 m 6= 1. (2.4.3)As 2.4.2 is symmetrial in an and bn, the maximum gain is ahieved when

an = bn. (2.4.4)This redues 2.4.2 to
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 18
G =

Re
[(∑N

n=1 anun

)(∑N

n=1 anun

)∗]

a
∑N

n=1 |an|
2 1

2n+1

(2.4.5)with
un (kr) = Fn (kr) + jF ′

n (kr) . (2.4.6)Next 2.4.5 is inreased by setting ∠an = −∠un whih leads to
G =

(∑N

n=1 |an| |un|
)2

4
∑N

n=1 |an|
2 1

2n+1

. (2.4.7)By requiring ∂G
∂|ai| = 0 for all |ai| the |an| are adjusted for maximum gain. Thisyields

G (kr)max =
1

4

N∑

n=1

(2n + 1) |un (kr)|2. (2.4.8)This is the maximum gain ahievable with wave funtions of order n ≤ N . Inthe far zone, where kr → ∞, |un|
2 → 4 and 2.4.8 redues to

G (∞)max =
N∑

n=1

(2n + 1) = N2 + 2N. (2.4.9)The normal gain of an antenna is de�ned as as the maximum gain obtainableby using only wave funtions of order n ≤ N = kr. Thus the normal gain of anantenna with radius R is given by
Gnorm = (kR)2 + 2kR (2.4.10)
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 19This normal gain is shown in �gure 2.7 over the range that onstitutes aneletrially small antenna.
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Figure 2.7: Normal gain for eletrially small antennas.A supergain antenna is one that ahieves more gain than the normal gain byusing more wave funtions. As an be seen from 2.3.8 adding modes signi�antlyinreases the Q of an antenna and for that reason supergain antennas are veryfrequeny sensitive. Thus, while there is no theoretial limit on the gain ahievable,there is a limit on the gain of an antenna with a pratial bandwidth.
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 202.5 E�ienyThe radiation e�ieny of an antenna is de�ned as the ratio of the radiated powerto the average power supplied to the antenna.To de�ne the fundamental limit on the radiation e�ieny of an antenna Har-rington (4) onsiders a spherial ondutor of radius R exited by magneti soureson its surfae. The harateristi impedanes for the various modes inside thesphere ,r < R, are
ZTE

mn =
ηc

η

[
Fn (kr)

jF ′
n (kr)

]∗
≈

ηc

η
(2.5.1)

ZTE
mn =

ηc

η

[
jF ′

n (kr)

Fn (kr)

]∗
≈

ηc

η
(2.5.2)with k the wave number and ηc the intrinsi impedane in the ondutor,

k ≈ (1 − j)
√

ωµσ

2
ηc ≈ (1 + j)

√
ωµ

2σ
(2.5.3)Harrington de�nes the ratio of dissipated to radiated power as

Pdiss

Prad

=
|Imn|

2 Re (Z−
mn)

|Imn|
2 Re (Z+

mn)
=

Re (ηc)

ηRe (Z+
mn)

(2.5.4)where Z−
mn refers to the harateristi impedane within the spherial ondutorand Z+

mn to the harateristi impedane outside the sphere. For equal TEmn and
TMmn exitation Harrington de�nes the dissipation fators as

Dn =
P TE

diss
+P TM

diss

P TE
rad

+P TM
rad

=
P TE

diss

2P TE
rad

+
P TM

diss

2P TM
rad

= Re(ηc)
2η

[
1

Re(ZTE
mn)

+ 1
Re(ZTM

mn )

] (2.5.5)As the Znm are independent of m, the Dn are also independent of m. Harringtonde�ned the harateristi impedanes outside the spherial ondutor as
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 21
ZTE

mn = Fn(βr)
jF ′

n(βr)

ZTE
mn = jF ′

n(βr)
Fn(βr)

(2.5.6)where Fn (βr) is de�ned in 2.4.2. Using 2.5.6 in 2.5.5 the result is
Dn (βR) = Re(ηn)

2η

[
|F ′

n (βR)|2 + |Fn (βR)|2
]

= Re(ηn)
2η

[
|µn|

2 − 2
]

(2.5.7)where µn (βR) is de�ned in 2.4.6. Harrington de�nes the total dissipation foran antenna with equal TE and TM exitation as
D =

Pdiss

Prad

=

∑
m,n Re (Pmn) Dn∑

m,n Re (Pmn)
(2.5.8)where Pmn is the power in both the TE and TM modes. As |µn+1|

2 > |µn|
2 itan be seen from 2.5.7 that Dn+1 > Dn. Using this and 2.5.8 it is lear that thelowest dissipation ours when only the lowest order mode is exited. Thus theminimum dissipation is equal to D1. The perentage e�ieny is given by

eff =
100

1 + D1

(2.5.9)The maximum perentage e�ieny versus antenna size is shown in �gure 2.8for lossy antennas onstruted of aluminium and of opper. As the approximationsin this derivation are only valid for eletrially small antennas, the values beomeunrealisti for kr > 1.From �gure 2.8 it an be seen that as the antenna size is redued there is asigni�ant derease in the ahievable radiation e�ieny.As many eletrially small antennas are not resonant in themselves, they needsome sort of mathing network. Smith (11) showed how the large Q of eletriallysmall antennas negatively impats the e�ieny of an antenna ombined with a
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Figure 2.8: Perentage e�ieny for aluminium and opper antennas versus relativesize. The approximation beomes invalid for kr > 1.mathing network. When an antenna is ombined with a mathing network tooptimize the transfer of energy from the antenna to the reeiver or from the trans-mitter to the antenna the system e�ieny is a ombination of the antenna andmathing network's e�ieny. For a transmitting antenna
ηs =

Pr

Pin

= ηmηa (2.5.10)where Pin is the average power supplied to the system, Pr is the average powerradiated, ηm is the e�ieny of the mathing network and ηa is the e�ieny of the
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 23antenna.
Matching
network

Antenna

Zg = Rg + jXg

Figure 2.9: Shemati of antenna with mathing network.Figure 2.9 shows an system onsisting of a mathing network onneting an an-tenna to a generator with a soure impedane of Rg +jXg. The radiation e�ienyand Q of the antenna are given by
ηa = Pr

Pa
, Qa = 2ωUa

Pa
. (2.5.11)Eah element in the mathing network, just like the antenna itself, either storesan average eletri or average magneti energy at a given frequeny. Elementsstoring the same type of energy as the antenna are desribed by Qi and elementsstoring the opposite form by Q′

i. This yields
Qi = 2ωUi

Pi
Q′

i =
2ωU ′

i

P ′

i

. (2.5.12)The input of the mathing network is onjugate mathed to the soure to assuremaximum power Pin is transfered from the soure to the mathing network. Undera onjugate math the power dissipated in Rg is equal to Pin. The Q for the soureimpedane is then
Qg =

|Xg|

Rg

=
2ωUg

Pin

(2.5.13)
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CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 24where Ug is the average reative energy stored in the soure impedane. Byapplying onservation of energy the following equations for the iruit is produed
Pin = Pa +

n∑

i=1

Pi +
m∑

i=1

P ′
i (2.5.14)

m∑

i=1

U ′
i = Ua +

n∑

i=1

Ui ± Ug (2.5.15)with n and m the numbers of eah element of the mathing network. If thereative energy stored in Zg is of the same form as that of the antenna, the sign ofthe last term in 2.5.15 is + else it is −. If all the elements of the same type in themathing network have the same Q then 2.5.14 and 2.5.15 beome
Pin = Pa +

2ω

Q

n∑

i=1

Ui +
m∑

i=1

P ′
i (2.5.16)

Q′
m∑

i=1

P ′
i = QaPa + 2ω

n∑

i=1

Ui ± QgPin. (2.5.17)By ombining 2.5.16 and 2.5.17 the e�ieny of the mathing network is
ηm =

Pa

Pin

=
1 ∓ Qg

Q′
−
(

1
Q

+ 1
Q′

)(
2ω
∑n

i=1
Ui

Pin

)

1 + Qa

Q′

. (2.5.18)As the soure impedane is mostly resistive Qg will be muh less than the Q ofthe elements in the mathing network. This means that Qg

Q′
≈ 0. With this in mindit is lear from 2.5.18 that a maximum e�ieny is ahieved when all the elementsof the mathing network only store energy in the opposite form as the antenna and

Ui = 0. This is beause there is no exhange of energy between elements of themathing network whih produes additional loss. Thus the maximum e�ieny ofthe ombined system beomes

Stellenbosch University http://scholar.sun.ac.za



CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 25
ηs = ηaηm =

ηa

1 + Qa

Q′

. (2.5.19)As the Q of an eletrially small antennas is of the order of the Q of the mathingnetwork, it an be seen from 2.5.19 that the mathing network has a substantiallydetrimental e�et on the e�ieny of an eletrially small antenna ombined witha mathing network. As suh, self-resonant strutures should be preferred abovestrutures that require additional mathing.
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Chapter 3Eletrially small antennas
3.1 IntrodutionIn the �eld of antennas, as in all other areas of engineering, miniaturization is agreat area of interest. Muh work has been done in this regard and many varyingtehniques for size redution have been proposed. In this hapter various planareletrially small antennas that are ommonly used and that have been proposedwill be onsidered. With the theory developed in hapter 2 in mind these antennasare ritially examined. Their operation with regards to their input impedaneand their bandwidth performane are onsidered. In an attempt to gain betterunderstanding into the working of eletrially small antennas, all these antenna weresimulated in FEKO whih is a full wave, method of moments based eletromagnetisolver.3.2 Multi-element monopole antennaThe quarter-wave monopole is one of the the most simple antennas. It onsists of aquarter wavelength long vertial wire fed above a ground plane as shown in �gure3.1. Beause of its simple onstrution the monopole is one of the most ommonlyused antennas for mobile equipment.Beause of its simpliity and relatively small size the quarter-wave monopole isvery widely used for television and radio transmissions. Until reently it was alsowidely used in ellular and ordless telephones.26
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CHAPTER 3. ELECTRICALLY SMALL ANTENNAS 27

Figure 3.1: Quarter-wave monopole antennaBy folding a half-wave monopole as shown in �gure 3.2 an quarter-wave antennathat more e�etively utilizes the available spae is reated.
Figure 3.2: Folded monopole antennaAs suh this folded monopole antenna has a muh improved bandwidth as isshown in �gure 3.3.A very popular eletrially small antenna is the top-loaded monopole antenna(13; 14). A top-loaded monopole is onstruted by adding a apaitive top plate tothe folded monopole antenna. It ahieves resonane in a eletrially small strutureby balaning the eletri �eld between the apaitive top-plate with the magneti�eld around the monopole.The addition of the apaitive plate signi�antly redues the resonant frequenyof the folded monopole antenna by inreasing its e�etive length. As an be seenfrom �gure 3.4 the resonant frequeny for two antennas of equal height is nearlyredued by a fator of three. While the folded monopole antenna has a relative sizeof kr = 1.335, the top-loaded folded monopole has a relative size of kr = 0.711. Assuh it is an eletrially small antenna.
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Figure 3.3: Simulated s11 of the quarter-wave and folded monopole antennas
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Figure 3.4: Simulated s11 for the folded monopole and top-loaded folded monopoleantennas.
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CHAPTER 3. ELECTRICALLY SMALL ANTENNAS 29

Figure 3.5: Goubau's broad-band multi-element monopole antenna.The antenna proposed by Goubau (12) has long been seen as the benhmarkagainst whih all other eletrially small antennas are measured. It onsists offour top-loaded interonneted monopoles. In (12) Goubau relates the inreasedinput impedane of a multi-element monopole antenna over a single monopole tothe number of monopoles in the antenna. It is shown that, when only one of themultiple monopoles are fed the input urrent is given by
I =

V Y

N2
(3.2.1)It an bee seen from 3.2.1 that the e�etive radiation resistane is inreasedby a fator N2. A simple example is the folded monopole whih has a radiationresistane of approximately four times that of a single monopole of the same height.Goubau then goes on to state that a broad-band multi-element antenna anbe built by using a pair of thik monopoles with small apaitive plates alongwith a pair of thin monopoles with larger apaitive plates. The four monopolesare indutively interonneted at the top, just below the apaitive plates. This
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CHAPTER 3. ELECTRICALLY SMALL ANTENNAS 30antenna is shown in �gure 3.5.

Figure 3.6: Dimensions of the simulated Goubau antenna in m.In (12) Goubau only states the height of the antenna along with the radius of theapaitive plate. After various simulations in FEKO with varying monopole radiia frequeny response similar to the one reported by Goubau was obtained. Thisantenna is shown in �gure 3.6. Figure 3.7 shows the simulated s11. The antenna hasa half-power bandwidth of more than 75%. As ka = 1.123 at the enter frequeny,this antenna is only eletrially small in the lower end of its frequeny range.In (12) Goubau does not attempt to explain the wide-band response of theantenna. As the total urrent path is muh shorter than a wavelength, the urrentson adjaent wires are relatively in-phase, but in opposite diretions and thus theirapparent urrent is less. Further, as the urrent is divided between four wires,the urrent density is muh less. The lower apparent urrent and urrent densityauses the magneti energy stored in the antenna near-�eld to be muh less. Aswas shown in hapter 2, less stored energy leads to lower Q and wider bandwidth.As the Goubau antenna is a omplex struture, it has not beome widely used,but it still remains an interesting antenna for the wide-band response it ahievesin suh a small struture.
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Figure 3.7: Simulated s11 of the Goubau antenna.3.3 Loop fed spiral wire antennaPhysially folding or spiraling wire antennas is a simple way of reduing their size.Choo and Ling (15) proposed the eletrially small planar wire antenna of �gure 3.8.This antenna is planar in a plane perpendiular to the ground plane. The radiatingstruture is a retangular spiraled wire while the feed is a retangular wire loopthat ouples indutively to the radiating struture. The spiraling of the radiatingstruture dereases its size while the indutive oupling at the feed inreases theinput resistane of the antenna.Choo and Ling used the Pareto geneti algorithm (16) to optimize the antennafor best bandwidth, highest e�ieny and smallest size. An antenna with thedimensions of �gure 3.9 has a relative size of kr = 0.36. This antenna was simulatedand its s11 is shown in �gure 3.10. It shows a half-power bandwidth of 1.5%.To reate a truly planar antenna, Choo and Ling translated this design into a
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r

Figure 3.8: Design of the eletrially small planar wire antenna.
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Figure 3.9: Dimensions of antenna A in mm.printed antenna by using 2mm wide mirostrip lines on 0.8 mm FR-4 substrate.This antenna is truly planar in the sense that the whole antenna is in one plane:the ground plane. This produed a frequeny shift from 400 MHz to 355 MHz, butalso a broader bandwidth. The e�ieny also dropped substantially. Beause ofthe high dieletri onstant (er = 4.2) the antenna is muh smaller than the wireantenna whih is in free-spae.Choo and Ling proposed a lumped element iruit model to explain the opera-tion of the indutively oupled feed. This iruit model is shown in �gure 3.11The indutive oupling of the feed is modeled by a transformer. From the iruitmodel of �gure 3.11 the input impedane of the antenna is given by
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Figure 3.10: Simulated s11 for antenna A of �gure 3.9 .
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Figure 3.11: Lumped element iruit model.
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Zin = Zfeed +

ω2M2

Zbody

(3.3.1)This learly shows that the indutively oupled feed serves to invert and amplifythe small input resistane of the antenna body. Figure 3.12 shows that the inputreatane of the antenna is equal to zero at two points near the operating frequeny.This double resonane inreases the bandwidth of the antenna.
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Figure 3.12: Input impedane of the lumped element model and the simulated response.By ombining the size redution of the spiraling of the radiating wire with theimpedane transformation of the indutively oupled feed, Choo and Ling produedan antenna that is eletrially small and self-resonant.
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CHAPTER 3. ELECTRICALLY SMALL ANTENNAS 353.4 Dieletrially loaded path antennaThe wavelength in a dieletri medium is dependent on the dieletri onstant ofthe medium. Inreasing the dieletri loading of the substrate of a path antennaredues the resonant size of the path. As suh dieletri loading is a simple wayof minimizing an path antenna.From Balanis (17) the resonant radius a of a irular path antenna for a givenresonant frequeny fr and a given substrate with dieletri onstant ǫr and height
h is given by

a =
F

{
1 + 2h

πǫrF

[
ln
(

πF
2h

)
+ 1.7726

]} 1

2

(3.4.1)where F = 8.791×109

fr
√

ǫr
and h is in entimeters. Figure 3.13 shows how dieletri-ally loading the substrate redues the size of the path antenna. But this redu-tion omes at the ost of bandwidth. As shown in �gure 3.14 dieletri loadingto derease the size of a path antenna redues the bandwidth. This is beausethe higher dieletri onstant leads to more stored energy relative to the radiatedpower. This results in a higher Q-fator and a lower bandwidth. While the irularpath antenna was taken as an example here the same applies to all types of pathantennas. It is lear that, when the required bandwidth for path antenna is rela-tively small, dieletri loading is a worthwhile onsideration, but, when bandwidthis an important fator in a design, are should be taken in this regard.
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Figure 3.13: Cirular path size against ǫr for fr = 1.6GHz and h = 1.588mm.
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Figure 3.14: Simulated s11 for irular path antennas with various values of ǫr and
fr = 1.6GHz and h = 1.588mm.
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CHAPTER 3. ELECTRICALLY SMALL ANTENNAS 373.5 Shorted probe fed mirostrip antennaReently Waterhouse (18; 19; 20; 21) proposed another eletrially small mirostrippath antenna. The antenna onsists of a mirostrip path that is pin-fed and hasone or more shorting posts. The largest redution in size is obtained when a singleshorting post is used. Figure 3.15 shows the layout of suh an antenna.
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z

Figure 3.15: Shemati of probe-fed path with shorting post.Waterhouse explains the operation of this type of antenna through simple iruittheory in (20). The e�et of the shorting post is represented by a LC iruit parallelto the RLC iruit used to desribe the working of a probe fed path antenna. Theloser the shorting post is plaed to the feed probe, the greater the e�et of theapaitane between them. The parallel ombination of this apaitive e�et andthe indutive e�et of the probe fed path below resonane results in a resonantantenna with a signi�ant redution in overall size. The antenna of �gure 3.15 wassimulated with R = 10.65mm and d = 10mm. At the simulated enter frequenyof 1.9GHz this is equal to an e�etive size of kr = 0.58. The simulated s11 for thisantenna is shown in �gure 3.16. The antenna has a half power bandwidth of 19.2%.
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Figure 3.16: Simulated s11 of the probe-fed path with shorting post.3.6 Planar inverted-F antennaThe Planar Inverted-F Antenna (PIFA) is widely used in appliations where aneletrially small planar antenna is needed. In reent years it has ome to surpassthe monopole antenna as the antenna of hoie for mobile ommuniations equip-ment suh as ellular and ordless telephones. Beause of its ompat planar designthe antenna an be inorporated within the devie unlike the monopole antennawhih needs to be plaed external to the devie.Figure 3.17 (from James (22)) shows a open-iruit half-wave mirostrip pathantenna operating in the dominant mode. The path antenna has a zero-voltageline at its enter. If this line is short-iruited to ground and half of the struture isremoved, the �eld pattern in the resulting quarter-wave path remains unhanged.A planar inverted-F antenna is onstruted by shorting the zero potential plane ofa mirostrip antenna fed in the dominant mode as shown in �gure 3.17. The result
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Figure 3.17: E-�eld pattern for half-wave mirostrip path antenna.is a resonant planar struture that is only a quarter-wavelength in size.Simulations show that the input impedane of the PIFA at resonane is in theorder of twie that of the path antenna. This results in the power radiated by thePIFA for the same edge voltage being half that of the path. As the PIFA is halfthe size of the path antenna, its stored energy is also halved. This results in bothantennas having similar Q-fators and bandwidths. Figure 3.18 shows the simulated
s11 for a λ

2
path and its orresponding λ

4
PIFA. Its is lear that the bandwidthsare very similar. This size redution without exessive loss of bandwidth makesthe planar inverted-F a very popular antenna. As suh muh work has been doneon this geometry. Many variations on the standard PIFA have been proposed andimplemented. Salonen (23) proposed a PIFA with a U-shaped slot for dual-bandoperation. Hwang (24) proposed further size redution by loading the PIFA withhigh permittivity material. Li (25) proposed a broadband triangular PIFA, whileRow (26) inorporated a V-shaped slot to realize a dual-frequeny triangular PIFA.Rowell (27) found that apaitively loading the PIFA redues its size further by afator of more than two.
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Chapter 4Design of a sequentially rotatedPIFA for irular polarization
4.1 IntrodutionThis hapter details the oneptional design of the antenna element, highlightingall aspets of the design proess. Every design hoie is learly investigated andmotivated.4.2 Spei�ationsThe goal was to design an eletrially small path-type struture to be used as anelement in a beam steering array. The intended use is in a irularly polarized arraywhih is required to san as low as possible in elevation. The required reeive bandis 1525-1559 MHz and the transmit band 1626-1661 MHz. As there is a bandwidthlimitation on eletrially small antennas, separate reeive and transmit elementsare onsidered to redue the bandwidth requirement from 8.5% to 2.2%.4.3 Proposed designA set of four sequentially rotated, sequentially fed, folded Planar Inverted-F An-tennas (PIFA's) in a ross formation, as shown in �gure 4.1 is proposed. The fourantennas are sequentially rotated and fed to ahieve the irular polarization. They41
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CHAPTER 4. DESIGN OF A SEQUENTIALLY ROTATED PIFA FOR CIRCULARPOLARIZATION 42Table 4.1: Antenna design spei�ationsSpei�ation Symbol ValueReeive band RX 1525-1559 MHzTransmit band TX 1626-1661 MHzReeive enter frequeny fRX
0 1542 MHzTransmit enter frequeny fTX
0 1643 MHz

Figure 4.1: Final design.are plaed in a ross formation and all share the same shorting pin, to minimizethe spae used. As a PIFA is a quarter-wave struture, eah of the antennas hasto be folded for the whole ross struture to be smaller than a quarter wavelength.4.4 E�et of the shorting pin as ompared to ashorting plateAs stated by Sanad (28) it is muh easier to manufature a shorting pin betweenthe path and ground than shorting the edge of the PIFA with a plate to ground,exept in the speial ase of the path being on the end of the substrate. As this isnot the ase here, a single shorting pin in the enter of the ross is used to short theedges of all four PIFA's. By o-loating the shortened edges of all four PIFA's, the
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CHAPTER 4. DESIGN OF A SEQUENTIALLY ROTATED PIFA FOR CIRCULARPOLARIZATION 43need for separate shorts is removed. Simulations showed that the e�et of replaingthe shorting plate with a shorting pin does not negatively e�et the performaneof the antenna.
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Figure 4.2: Simulated s11 of the pin-shortened and plate-shortened PIFA showing theredution in resonant frequeny.As there is only one pin, it adds very little shunt apaitane and thus has amostly indutive e�et aused by the series indutane of the pin to ground. Asan been seen from �gure 4.2, this indutive e�et dereases the resonant frequenyof eah PIFA. This further redues the size without e�eting the performane.As the short at the edge of eah of the four PIFA's terminates its surfae urrentand the resulting �elds, the four PIFA an be onstruted from one ross struturewithout one signi�antly in�uening the others.
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CHAPTER 4. DESIGN OF A SEQUENTIALLY ROTATED PIFA FOR CIRCULARPOLARIZATION 444.5 E�et of folding the antenna body

Figure 4.3: Unfolded and folded versions of the PIFAThe planar inverted-F antenna ahieves resonane in a quarter-wave struture.To inorporate the four PIFA's in a ross struture within a quarter-wavelengthit was neessary to fold eah individual PIFA to halve its size in the horizontalplane. Folding the PIFA inreased its resonant frequeny and the body had tobe lengthened slightly to ompensate for this hange. As was shown in Chapter2 reduing the size of an antenna redues the ahievable bandwidth and as suhfolding the body has a detrimental e�et on the bandwidth of a single PIFA asshown in �gure 4.4. Simulations in FEKO showed that folding the PIFA reduesthe s11 < −15dB bandwidth from 2.83% for the unfolded PIFA to 1.75% for thefolded ase.While this is a signi�ant lose of bandwidth onsidering the required bandwidthof the element, the sari�e had to be made to reah the desired size redution.
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Figure 4.4: Simulated s11 for the unfolded and folded PIFA's.4.6 Sequential rotation for irular polarizationCirular polarization is ahieved by the arraying of the four PIFA's. The fourelements are rotated around their ommon shorting pin and plaed 90◦ apart asshown shematially in �gure 4.5.Eah PIFA element is the fed with a phase lagging its predeessor by 90◦. If theamplitude of all four exitations are equal and the phasing is perfet, the vetoraddition of these four element yields a rotating vetor with a maximum size of twiethat of a single element. This rotating �eld vetor propagates a irularly polarizedwave as is shown in �gure 4.6.Looking in the diretion of propagation the wave is rotating lokwise and thepolarization is thus said to be right-hand irular.
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Figure 4.5: Sequential rotation of the four elements.
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Figure 4.6: Rotating �eld vetor.4.7 Design of the feed networkThe feed network is needed to:feed all four arms of the antenna with equal power,reate the 90◦ phase shift between eah sequential arm and
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CHAPTER 4. DESIGN OF A SEQUENTIALLY ROTATED PIFA FOR CIRCULARPOLARIZATION 47transform the input impedane of the antenna to 50Ω over the desired band-width.The mirostrip feed network was designed on 0.508mm Rogers RO4003C substratewith a relative permittivity of ǫr = 3.38.As an be seen from �gure 4.7 the network onsists of a quarter-wave transformerand a four way reative power divider feeding four arms onneted to eah of thefour PIFA's. The �nal feeding arms are 85Ω-lines to math to the inputs of thePIFA's. This means that the input to the four way power divider has an impedaneof 21.25Ω. To transform this to 50Ω a quarter-wave transformer onsisting of aquarter-wavelength long 32.6Ω-line, is used.

Figure 4.7: Layout of the feed network.The 90◦ phase shift between sequential arms was obtained by making the eletrilength of eah arm a quarter-wavelength longer than its predeessor. This resultedin the fourth and longest arm being three quarters of a wavelength long. As thewhole antenna had to be smaller than a quarter of a free-spae wave-length aross,the arms of the feed network were bent to �t under the radiating struture. Carewas taken to plae the mirostrip lines as far as possible from eah other, to ensurethat there would not be any oupling between losely loated lines. A distanegreater than three times the substrate height was maintained between all lines.
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CHAPTER 4. DESIGN OF A SEQUENTIALLY ROTATED PIFA FOR CIRCULARPOLARIZATION 48The feed network was designed in Mirowave O�e whih has the ability to veryaurately simulate mirostrip networks. Figure 4.8 shows the relative gain fromthe input to the four feed arms. It an been seen learly that the longer the arm,the greater the losses. This results in an unequal power division between the fourradiating elements. This unequal power division diminishes the ahievable axialratio.
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Figure 4.8: Simulated relative gain from input to eah of the four arms of the feednetwork.As shown by 4.7.1 the relative phase of eah arm is dependent on the eletrilength of the arm and the eletri length is proportional to the frequeny. Thelonger the arm, the greater the hange in phase over frequeny. Figure 4.9 showsthat the relative phase of the longer arms hanges more rapidly with frequeny thanthe shorter ones. As the axial ratio is dependent on the 90◦ phase shift betweenthe sequential arms, this plaes a bandwidth limit on the axial ratio.
phase = β l =

2πl

λ
=

2πfl

c
(4.7.1)
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Figure 4.9: Simulated relative phase from input to eah of the four arms of the feednetwork.From the above it is lear that the feed network is not ideal and has a negativein�uene on the working of the antenna, resulting in redued axial ratio and axialratio bandwidth.
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Chapter 5Simulated and measured results ofthe sequentially rotated PIFA
5.1 IntrodutionIn this hapter the simulated and measured performane of the four-element PIFAarray are presented. The onstrution of the antenna is desribed in detail and thesimulated and measured results are ompared and ritially examined.5.2 SimulationThe antenna was simulated in FEKO. FEKO is a full wave, Method of Momentsbased eletromagneti solver. Figure 5.1 shows the �nal FEKO-model. In the sim-ulation eah of the four ports of the antenna is fed with an ideal soure. This meantthat eah arm reeived equal power and the orret phase to ahieve the irularpolarization over the whole band. This resulted in the simulations representing theantenna being fed by an ideal feed network.Simulations of the far-�eld behavior of this ideally fed antenna showed that thefour element array ahieves good irularly polarized behavior. As an be seen from�gure 5.2, a ross-polar disrimination of 15dB is ahieved for angles as low as 70◦.The simulated s11 for one of the arms of the PIFA array is shown in �gure 5.3.The bandwidth for s11 < −15dB is equal to 1.27%.50
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CHAPTER 5. SIMULATED AND MEASURED RESULTS OF THESEQUENTIALLY ROTATED PIFA 51

Figure 5.1: FEKO model of the antenna. Dimensions in m.The S-parameters obtained through simulation were imported into MICROWAVEOFFICE and onneted to the designed feed network. The resulting simulated s11for the antenna onneted to the feed network is shown in �gure 5.4.The feed network mathes the four ports of the antenna to the 50Ω input portand in doing so signi�antly inreased the simulated bandwidth for s11 < −15dBfrom 1.27% for eah single element to 3.53% for the ombination of all four elementswith the feed network.
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Figure 5.2: Simulated Right-hand (RHP) and Left-hand (LHP) polarized gain versusradiation angle..
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Figure 5.3: Simulated s11 for single PIFA element.
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Figure 5.4: Simulated s11 of the antenna onneted to the feed network.
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CHAPTER 5. SIMULATED AND MEASURED RESULTS OF THESEQUENTIALLY ROTATED PIFA 545.3 ConstrutionThe antenna was onstruted by the University of Stellenbosh's Central EletroniServies. The ross-shaped radiating struture was ethed out of 0.12mm opperplate and bent into the required shape. Layers of foam were used to keep thefolded arms in plae. The feed network was ethed onto 0.508mm Rogers RO4003Csubstrate and hypodermi needles were used for the four feeding and one shortingpins. The needles were used beause of their straightness and rigidity. The inputto the feed network was fed by a SMA onnetor. The antenna was bolted onto airular ground plane with radius R = 300mm.

Figure 5.5: Final onstruted antenna.

Stellenbosch University http://scholar.sun.ac.za



CHAPTER 5. SIMULATED AND MEASURED RESULTS OF THESEQUENTIALLY ROTATED PIFA 55

Figure 5.6: Antenna with ondutive ground plane.

Stellenbosch University http://scholar.sun.ac.za



CHAPTER 5. SIMULATED AND MEASURED RESULTS OF THESEQUENTIALLY ROTATED PIFA 565.4 MeasurementThe measurements were onduted at the University of Stellenbosh's High Fre-queny Laboratory in the anehoi hamber. The radiation pattern was measuredusing the three-antenna method. The antenna under test (AUT) and two refereneantennas are used. Two log-periodi antennas were used as referenes. The s21'sof all three possible ombinations of two antennas are measured at bore sight andfrom these measurements the gain, at bore sight, of all three antennas an be al-ulated. To measure the radiation pattern one of the referene antennas was heldstati, �rst in the vertial and then in the horizontal position, while the AUT wasrotated through 180◦. These s21 measurements were taken at 1◦ intervals. Fromthese measurements the right-hand and left-hand irular polarized gain ould bealulated.For far-�eld measurements a separation of 2D2

λ
between antennas is required. Asa distane of 5m ould be ahieved between the measured antennas in the anehoihamber, the measurements are an aurate representation of the far-�eld behaviorof the antenna.Figure 5.7 shows the measured s11 of the antenna. It shows a s11 < −15dBbandwidth of 4.84%. Pattern measurements were taken at the enter frequeny of

1.541GHz and at the edge of the −15dB-band at 1.562GHz whih falls outside therequired bandwidth of 2.2%.
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Figure 5.7: Measured s11 of the antenna input versus frequeny.
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Figure 5.8: Measured Right-hand (RHP) and Left-hand (LHP) polarized gain versusradiation angle.
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CHAPTER 5. SIMULATED AND MEASURED RESULTS OF THESEQUENTIALLY ROTATED PIFA 585.5 ResultsIn this setion the measured and simulated results are ompared and the di�erenesare explained. Figure 5.9 shows the right-hand and left-hand polarized gain for boththe simulation and the measurements at the enter frequeny. The simulations wereonduted with an in�nite ground plane and as the ground plane an not supporta irularly polarized mode, the gain in the horizontal diretion (at θ = 90◦ and
−90◦) is linear as an be seen from �gure 5.9, where the simulated right-hand andleft-hand polarized gain is equal at −6dB eah. In ontrast the �nite ground planeused in the measurements does not have this e�et and the right-hand and left-handpolarized gain di�ers by more that 10dB in the horizontal diretion. Exept for thisdi�erene the right-hand polarized gain for the simulated and measured responseare in good agreement. A perfet feed network was used in the simulations asapposed to the imperfet feed network used in the measurements. This explainsthe muh higher left-hand polarized gain measured. Figure 5.10 shows the right-hand and left-hand polarized gain for both the simulation and the measurementsat the upper limit of the frequeny band. The feed network is frequeny sensitiveand, at the higher frequeny, the measured left-hand polarized gain is higher anddegrades the performane of the antenna.The anehoi hamber was designed for a measurement range of 2 − 18dB andthis explains the measurement noise on the lower gain measurements.Figure 5.11 shows the simulated and measured s11 of the antenna. A slightfrequeny shift ourred between simulation and measurement. This ould be on-tributed to slight variations in the relative permittivity of the feed network substrateas well as the e�et of the �nite ground plane used in measurement.The antenna was simulated in FEKO with a �nite ground plane to on�rm this.Figure 5.12 shows the e�et of the �nite versus the in�nite ground plane.
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Figure 5.9: Measured and simulated right-hand and left-hand irularly polarized gainagainst theta at the enter frequeny of 1.541GHz.
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Figure 5.10: Measured and simulated right-hand and left-hand polarized gain againsttheta at the upper limit of the frequeny band at 1.562GHz.
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Figure 5.11: Measured and simulated s11 for the antenna.
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Figure 5.12: Simulated s11 for the antenna with an in�nite and a �nite ground plane.
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CHAPTER 5. SIMULATED AND MEASURED RESULTS OF THESEQUENTIALLY ROTATED PIFA 635.6 Q of the single folded PIFAIt was shown in setion 2.3.3 that the ommonly used relation between frationalbandwidth and Q-fator, BW = Q−1 does not hold true. To alulate the Q-fatorof the single folded PIFA of �gure 4.3 the equivalent iruit approah, as used byChu (3) to de�ne the fundamental limit on radiation Q, is used. The equivalentiruit of �gure 5.13 is proposed to model the impedane response of the antenna.The indutor, Lfeed represents the mostly indutive pin feed, while the apa-itor, Cpatch models the apaitane between the path and ground as well as theapaitane between the feed pin and the shorting plate. The indutor, Lpatch rep-resents the indutane of the path. The apaitor, Crad and the resistor, Rradmodels the radiating edge of the PIFA.
Rrad = 10.15Crad = 18.45 pFCpatch = 3.188 pF

Lpatch = 17.21 nHLfeed = 4.162 nH

Feed Patch Radiating Edge

Figure 5.13: Equivalent iruit for the single folded PIFA.Figure 5.14 shows the input impedane of the equivalent iruit and the simu-lated input impedane for the single folded PIFA. Near the resonant frequeny of
1.61GHz the two input impedanes are very similar.This equivalent iruit was fed by a 1V soure with a 50Ω soure resistaneand at a frequeny of 1.61GHz. From this the urrents through all elements wherealulated. The indutors store magneti energy and the apaitor store eletrienergy. The average energy stored by an element is given by

Wm = 1
4
|I|2 L

We = 1
4
|I|2 1

ω2C

, (5.6.1)
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Figure 5.14: Simulated impedane and impedane of the equivalent iruit for the singlefolded PIFA.where Wm is the average magneti energy stored by an indutor and We is theaverage eletri energy stored by a apaitor. The power radiated by the antennais equal to the power dissipated in Rrad and is given by
Prad = 1

2
|I|2 Rrad . (5.6.2)At resonane the average stored magneti and eletri energies are equal andthe Q-fator is given by

Q = ω 2Wm

Prad
. (5.6.3)This gave a Q-fator of 21.85 for the single folded PIFA, whih has a relativesize of kr = 0.603. Figure 5.15 shows this result along with the famous antenna byGoubau (12). The Q-fators of two eletrially small dipoles of the same relativesizes are also given as referene along with the fundamental limits de�ned by Chu

Stellenbosch University http://scholar.sun.ac.za



CHAPTER 5. SIMULATED AND MEASURED RESULTS OF THESEQUENTIALLY ROTATED PIFA 65(3) and MLean (7), as given by Hansen (1).
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Figure 5.15: Q versus relative size for the folded PIFA and other eletrially smallantennas against the limits proposed by Chu and Mlean.It is lear from the �gure 5.15 that the Q-fator of the single folded PIFA is asigni�ant improvement on the Q-fator of a dipole of equivalent relative size.
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CHAPTER 5. SIMULATED AND MEASURED RESULTS OF THESEQUENTIALLY ROTATED PIFA 665.7 Arraying the antenna elementThe antenna element is intended for use in a phase steered array and as suhsimulations of a 9-element retangular array were onduted. To redue the e�et ofmutual oupling between elements on the performane of the antenna, the elementswere plaed a half wavelength apart. Figure 5.16 shows the FEKO model of the9-element retangular array.

Figure 5.16: Simulation model of 9-element retangular array.By applying a di�erent phase to eah element the beam of the antenna is steeredin the θ and φ diretions. Figure 5.17 shows the simulated right-hand polarizedgain of the 9-element retangular array phase steered to θ = 45◦. The gain of ansingle element is also shown.With this array setup it was not possible to steer the main beam muh widerthan 60◦. At these low angles the e�et of the mutual oupling between the elementsmight be playing a role. This drop in performane an learly be seen in �gure 5.18,
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Figure 5.17: Right-hand polarized gain for the single element and the 9-element ret-angular array phase steered to θ = 45
◦where the array was phase steered to 85◦. The main beam is direted at less than

60◦ and the re�eted beam (at −60◦) is also larger than in the ase of the beamsteered to 45◦.While the main beam an not be steered down to 85◦, there is still a signi�antinrease in the gain of the array ompared to the single element at that low angle.As the simulation was onduted with a in�nite ground plane the right-hand andleft-hand simulated gain will be equal at 90◦, limiting the array's performane atlow san angles. Just as the single measured element performs better than thesimulation at low angles (see �gure 5.9, p 59), the same ould be expeted from aonstruted array with �nite ground plane.It is lear from the above that more work will have to be done on implementingthe element in a wide-angle beam-steered array.
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Figure 5.18: Right-hand polarized gain for the single element and the 9-element ret-angular array phase steered to θ = 85
◦
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Chapter 6ConlusionThe e�et of reduing the size of an antenna on its performane was illustrated bypresenting the theoretial limits on the performane of eletrially small antennas.Expressions for the theoretial limits on the bandwidth, gain and e�ieny of ele-trially small antennas were presented. The radiation Q-fator of eletrially smallantennas was examined and, as it relates to bandwidth, this gave a fundamentallimit on the bandwidth performane of an eletrially small antenna. Similarlyfundamental limitations were proposed for the ahievable gain and e�ieny of aneletrially small antenna.Through a study of the performane behavior of various eletrially small an-tennas a more pratial view of these performane limitations was presented. Whilemany tehniques have been used to redue antenna size, it is lear that this sizeredution an not be ontinued inde�nitely.From both the theoretial and pratial examinations it beame lear that muhare should be taken when reduing the size of an antenna. Antenna engineersshould always be mindful of the fundamental limitations of the antenna struturesthey are onsidering to avoid time wasted attempting to improving the performaneof an eletrially small antenna already performing lose to its limits.The design of an eletrially small irularly polarized planar antenna elementfor use in a phase-steered array was presented suessfully. By adapting the Pla-69
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CHAPTER 6. CONCLUSION 70nar Inverted-F Antenna an array of four sequentially rotated elements in a rossformation was �tted into the radian sphere to qualify the antenna as eletriallysmall. The four arms of the antenna were fed with sequential phase shift to ahieveirular polarization with the eletrially small planar struture.While the performane of this antenna is limited by the fundamental limitationson small antennas, an aeptable performane was ahieved.
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