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Abstract

Electrically Small Planar Antenna for Circular Polarization

J.H. Huysamen

Department of Electric and FElectronic Engineering
Unaversity of Stellenbosch
Private Bag X1, 7602 Matieland, South Africa
Thesis: MScEng (Electronic Eng with CS)

December 2006

The design of an electrically small planar antenna for compact circular polarization
is presented. After an in-depth study of the performance limitations on electrically
small antennas and an investigation into the working of various existing electrically
small antennas, the design, simulation and measurement of the proposed antenna

element is presented in detail.
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Uittreksel

Elektries Klein Platvlak Antenna vir Sirkulére Polarisasie
(“Electrically Small Planar Antenna for Circular Polarization”)

J.H. Huysamen

Departement Elektries en Elektroniese Ingenieurswese
Unuwversiteit van Stellenbosch
Privaatsak X1, 7602 Matieland, Suid Afrika

Tesis: MScIng (Elektroniese Ing met RW)
Desember 2006

Die ontwerp van 'n elektries klein platvlak antenna vir kompakte sirkulére polar-
isasie word voorgestel. Na 'n studie van die beperkte werkverrigting van elektries
klein antennas en 'n ondersoek na die werking van verskeie bestaande elektries klein
antennas, word die ontwerp, simulasie en meting van die voorgestelde antenna in

detail bespreek.
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Chapter 1
Introduction

The objective is to design an electrically small circularly polarized patch-type ele-

ment to be used in a phase-steered array antenna.

Patch antennas are considered as physically constrained because of their limited
height. It is this limitation in height that makes these antennas ideal for use on
aircraft as their low profile reduces the aerodynamic drag they produce. In the
defence industry this low profile has the added advantage of reducing the radar

signature of the aircraft.

This reduction in height makes the patch antenna an inherently narrow-band struc-
ture. Further reduction in the overall size of the patch will have a significantly
detrimental effect on the bandwidth and this, along with the reduced efficiency, is

one of the main concerns in the design of electrically small patch antennas.

An intensive study of the theoretical effects of antenna size on the performance
of electrically small antennas is presented. The effect of antenna size on gain,
bandwidth and efficiency is considered and the concept of fundamental limits on

these three performance indices is presented.

Next various electrically small planar and patch-type geometries are considered.

The performance of these antennas are critically examined.
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A four element array of sequentially rotated folded Planar Inverted-F Antennas
(PIFA’s) is proposed to meet the design goals. The PIFA is chosen as this geome-
try halves the size of a resonant patch by the simple addition of a shortening post.
Circular polarization is achieved by using four rotated and sequentially fed PIFA’s.
To ensure that the whole structure is electrically small each of these PIFA’s has
to be folded to halve their size once more. This results in an antenna consisting
of four sequentially rotated, folded PIFA’s, each approximately an eighth of the
free-space wavelength in size. Thus the whole antenna is a quarter-wave structure,

which qualifies it as electrically small.

The design and construction of this antenna is related along with simulated and

measured results to confirm that the proposed design meets the design goals.
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Chapter 2

Fundamental limitations in small

antennas

2.1 Introduction

In all areas of engineering it is the responsibility of the engineer to strike a balance
between performance and the cost associated with that performance. In general
performance is directly proportional to cost and the relation is quite intuitive. But
in some cases a small increase in performance comes at a largely increased cost.
It was stated by Hansen (1) that when a much higher performance is needed the
cost may increase exponentially. In such a case the performance is said to have a
fundamental limit.

The purpose of an antenna is to couple to a free space wave. As such there is
a limit on the size reduction of antennas. The performance indices of bandwidth,
gain and efficiency are closely related to the cost factor of size.

Size reduction has long been the norm in many areas of electronic engineering.
In the area of consumer electronics size reduction has become a very successful
marketing strategy and the consumer has come to expect new electronic devices to
be smaller than their predecessors. As such the antennas on cellular phones, GPS’s
and satellite phones have become smaller and smaller, but at what cost in terms of
performance?

In the aeronautical and space industries small antennas are valued highly for

their cost-effective use of space and their reduced aerodynamic interference. But a
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small antenna with insufficient bandwidth and gain would necessitate extra match-
ing and gain stages which would, in themselves, require more space.

With this in mind the antenna designer must strike a balance between size and
performance. In the past much has been written on the effect of an antenna’s size
on its performance by the likes of Wheeler (2), Chu (3), Harrington (4) and others
(5; 6) and more recently by McLean (7), Grimes and Grimes (8) and Thiele (9). In
this chapter quantitive relationships between the cost factor of size and the three

performance indices of bandwidth, gain and efficiency are investigated.

2.2 Relative size

The concept of relative size is used to relate the physical size of an antenna to the
size relative to its operating frequency. The relative size is define as kr, where the

free-space wave number k is given by

k=T (2.2.1)

and r is the radius of the smallest sphere that includes the whole antenna.

To be defined as electrically small an antenna must have a relative size of kr < 1.

This relates into a radius of r < %

2.3 Bandwidth and radiation Q

RF devices are mostly used to transmit data in a standardized format and in these
cases the transmission bandwidth is predetermined. Reducing the size of an antenna
reduces the bandwidth and, for the given bandwidth, there is a fundamental lower
limit on the size of the antenna. Much work has been done on the relation between
antenna size and Q-factor. The Q-factor is the relation between the stored energy
and radiated power of the antenna. In general the Q-factor is taken to be the
reciprocal of the half-power bandwidth. This relation is not accurate for electrically

small antennas, but a lower Q-factor is still taken to mean a wider bandwidth.
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For that reason two popular derivations of the fundamental limit on radiation Q-
factor, and indirectly bandwidth, are given here. The first is the equivalent circuit
derivation proposed by Chu (3) and the second is the direct derivation proposed
by McLean (7). Next a more accurate relation of Q-factor to bandwidth proposed

by Fante (6) is examined.

2.3.1 Derivation of radiation QQ from equivalent circuit of

the spherical waves

As stated by Harrington (4) radiation () is generally defined as

B W > Wy,
Q= : (2.3.1)
W WY, > W,
rad

with W, the time-average, non propagating, stored electric energy, W,,, the time-
average, non propagating, stored magnetic energy, w the frequency in radians and

with P,.q the radiated power.

/’7\\
/
/ \
| ™D dmcrone ]
\ /
N AL

Figure 2.1: Schematic diagram of a vertically polarized omni-directional antenna.

Chu (3) considered a vertically polarized, omni-directional antenna lying within
a spherical surface of radius » = a as shown in figure 2.1. The field outside the
sphere is expressed in terms of a complete set of orthogonal, spherical waves, prop-
agating radially outward. The circularly symmetrical field can be described using

only T'M,,, waves.
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As the energy is not linear in the field components, Chu had difficulty separating
the energy associated with the local field from the radiated energy. To overcome
this, the field problem was reduced to a circuit problem with the radiation loss

replaced by a conduction loss.

As a result of the orthogonal properties of the spherical wave functions, the to-
tal energy stored outside the sphere is equal to the sum of the energies associated
with each spherical wave and the complex power transmitted across the surface of
the sphere is equal to the sum of the complex powers of each spherical wave. There
is no coupling between the spherical waves outside the sphere. This enabled Chu
to replace the space outside the sphere with a number of independent equivalent
circuits. The number of equivalent circuits is equal to the number of spherical

waves needed to describe the field outside the sphere.

COUPLING
NETWORK

INPUT REPRESENTING

ANTENNA
STRUCTURE

Figure 2.2: Equivalent circuit of a vertically polarized omni-directional antenna.
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The antenna structure is represented by a coupling network that couples the
input terminal of the antenna to the independent equivalent circuits as shown in
figure 2.2.

The voltage, current and impedance of the equivalent circuit of the T'M, wave

is defined as

1

Vo= (1)) o (40t 0)? j (ha, (ha))

€ 2n+1
1
b= (9@ 4 (552) kot (ko) (232)

where h,, (ka) is the spherical Hankel function of the second kind.

The voltage is proportional to Fy and the current to H,. The normalized impedance
is equal to the radial wave impedance on the surface of the sphere. With the voltage
and current defined as in (2.3.2), the complex power fed into the equivalent circuit
is equal to the complex power associated with the T'M,, wave. It can also be shown
that the instantaneous powers are equal. The impedance of the equivalent circuit

is physically realizable and (2.3.2) is valid at all frequencies.

The impedance can be written as a continued fraction by using the recurrence

formulas of the spherical Bessel functions.

n 1
Zn:_+ 2n—1 T

jka jka

: (2.3.3)
+ 1

3 1
S B

ka 1
J 7 +1

This can be interpreted as a ladder network of series capacitances and shunt

inductances terminated in a unit resistance. For n = 1, the circuit consists of the
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three elements shown in figure 2.3. This circuit represents a wave which could be

generated by a infinitesimally small dipole.

Figure 2.3: Equivalent circuit of electric dipole. « is the radius of the sphere and c is
the speed of light.

_ a
= r?_c (2n-3)c
i_{ ( I( o
\ I\
Zn
B - a a 1
(2n-1)c (2n-5)c

Figure 2.4: Equivalent circuit of T'M,, spherical wave. a is the radius of the sphere and
c is the speed of light.

The equivalent circuit for Z, is shown in figure 2.4. The dissipation in the
resistance is equal to the radiation loss of the antenna. The capacitances and
inductances are proportional to the ratio of the radius of the sphere to the speed of
light. As it would be tedious to calculate the total electric energy stored in all the
capacitances of the equivalent circuit, Chu approximated the circuit by a simple
series RLC circuit with similar frequency behavior close to the operating frequency.
R,, C, and L, of the simplified equivalent circuit are calculated by equating the
resistance, reactance and the frequency derivative of the reactance to those of the

series RLC circuit. The following results are obtained:
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Co= 2[4 -] (2.34)

where X, = [kaj, (kaj,) + kan, (kan,)'] |kah, (ka)|™*, and j, and n, are the
spherical Bessel functions of the first and second kind. From the simplified equiv-

alent circuit the average power dissipation in Z,, is

P, = (ﬂ)é 2mnn+1) (ﬁy. (2.3.5)

€ 2n+1 k

The average electric energy stored in Z,, is given in equation (2.3.6). It is larger

that the average stored magnetic energy.

W, — (’E‘) % (%)2 kahy, (ka)| [d;i” - %} | (2.3.6)

Next @), for the T'M,, wave is calculated as

C2wWW, 1

dX
_ - 2 n
P 3 |kah,, (ka)| [ka

d(ka)

@n — Xn} : (2.3.7)

Hansen (1) stated that when multiple modes are supported, the overall @ is

ZN anaZQn
n=1 (2n+1)

ZN anaj
n=1 (2n+1)

Q- (2.3.8)

with a, the excitation coefficient of the nth mode. As the higher order modes

become evanescent with ka < 1, it can be shown that the ) becomes:
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1+ 3k%a?

@- k3a3 (1 + k2a?)’

(2.3.9)

In figure 2.5, @ is plotted against ka over the range that constitutes an electri-
cally small antenna. It is clear that as the relative size of the antenna is decreased
there is an exponential increase in the Q-factor. This translates into a sharp de-

crease in the achievable bandwidth.

100
90
80
70

60

40
30
201

10f

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 2.5: Q for electrically small antennas as defined by Chu.
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2.3.2 Exact derivation of radiation QQ from non propagating

energy

McLean (7) proposed an exact method for calculating the radiation Q of a general
antenna from the non propagating energy. McLean obtains the fields of the T My,
spherical mode from the r-directed magnetic vector potential, A, as taken from
Harrington (10).

i J
A, = —cosfe (1 - L 2.3.10
cos fe ( kr) ( )
Hy = sinfe ™7 g1 (2.3.11)
¢ kr?2 r e

1 . s 1 jk Jj
E, = 0 Jkr - — 2.3.12
0 jwe smve ( 72 T * kr3> ( )

1 —gkr 1 j

Er = EZ cos fe? (W + 7“_2) (2313)

The field components are taken as RMS and from them the electric- and magnetic-

energy densities, w, and w,,, are calculated.

= 1 (|Bo|* + |E.%) (2.3.14)

= 513 [50*0 (5 — g + %) + 40050 (s + 1)
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(2.3.15)

with n = \/pu/e.

The electric-energy density associated with the traveling wave, w’

744, is calculated
from the radiating field components.

ol = i (2.3.16)
¢ — T . .
rad : 67jkr
By = —nsind (2.3.17)
1 2 772 .
rad __ rad |4 __ 2
Wy = 3¢ }Eea ’ = g sin 0 (2.3.18)

The non propagating electric-energy density, w., is the difference between the
total and the propagating electric-energy densities.

_ rad __ n 2 1 1 2 1 1
We = We — W™ = o~ |:Sln Q(W_W) + 4 cos” 6 (W—l—m (2.3.19)

The total non propagating electric energy, W/, is obtained by integrating 2.3.19
over the volume outside the sphere with radius a containing the antenna.
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W! = 0% Jo [ wir? sin Odrdfde

e

(2.3.20)

= % [pw + 7]

The total radiated power is obtained by integrating the real part of the Poynting

vector over a spherical surface.

Praa= [;" [T Re (E x H*) o @12 sin §dfd¢
(2.3.21)

_ 8
-3
From these the quality factor is obtained. As can been seen from figure 2.6 the

relation between Q-factor and relative size is similar to that of the previous section.

C2wW! 1 1

= —+ — 2.3.22
P, od k3a3 * ka ( )

Q




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

CHAPTER 2. FUNDAMENTAL LIMITATIONS IN SMALL ANTENNAS 14

100
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Figure 2.6: Q for electrically small antennas as defined by McLean.

2.3.3 Relation between Bandwidth and Q-factor

In general the radiation Q-factor of an antenna is taken to be the reciprocal of
its half-power bandwidth. This assumption is not accurate for electrically small
antennas.

Fante (6) defined the relation between Q-factor and fractional bandwidth. The
input impedance of an antenna system, as taken from Harrington (10), was consid-

ered.

1
Z=R+jX = P [Prad + 72w (W, — W,)] (2.3.23)

Based on circuit theory Fante assumed that, for a high-() system with resonance

at wo, (d—R) ~ 0 and X (wy) = 0. Just off resonance Z can be written as
dw / wo

dXL (2.3.24)
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At the half-power points ‘(w — wp) (%)%’ = R and the fractional bandwidth

B can then be written as

2R 2P,
B~ = d (2.3.25)

wo (@)oo I ().,

By extending the treatment of the frequency derivatives of Maxwell’s equations
by Harrington (4, pp 394-396) Fante evaluates (%) as

5X W 2 Y
= S im Eoy o —2- ] dQ (2.3.26)
ow |II7 || Soo 0w
Using 2.3.26 in 2.3.25 we obtain
woW !
B~ { o+ F(wo)} (2.3.27)
Prad
where
F(wn) = =i dm [ (Bl e 25 ) €

The total non propagating, stored energy, W, can be defined as the sum of the
energy stored within the sphere of radius a that surrounds the antenna, W;,, and
the non propagating energy outside this sphere, W,,;. The Q-factor is then defined
as ) = “’OW"“ 2.3.27 then becomes

-1
wWo Win

B~ |Q+ + F (wo) (2.3.28)
Prad

Fante goes on to show that for high-Q antennas the F (wy) term is negligible.

Wzn
“’I‘f.,r i term relating the

Inversely for low-Q antennas the F' (wp) term along with the
stored energy within the sphere has an effect on the achievable bandwidth. This
shows that, while the relation B = % does not always hold, a lower Q always implies

a larger bandwidth. From this and the previous sections it is clear that there is a
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lower limit on the achievable (Q and thus an upper limit on the bandwidth of an

antenna of a given size.
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2.4 Gain

From Harrington (4) the directive gain at a distance r from the antenna is the
ratio of the maximum density of outward directed power flux to the average power

density.

_ 4nr?Re(S,)

Gr) Re (P)

mar (2.4.1)

Here S, is the radial component of the complex Poynting vector at distance r
and P is the total outward-directed complex power. By expanding the field external
to a sphere containing all sources in terms of spherical wave functions, Harrington

derives the gain as

_ Re[(32, anFn + jbnky) 2, buFn + janFy)’]

G
n(n+1)(n+m)! 2 2
4Zm,n em (2n+1)(n—m)1 (|Amn| + [7 Bl )

(2.4.2)

where F, (kr) = krh?) (kr), ap, = n(n+1) Ay, by, =nn(n+1) By, and A,
and B,,, are the coefficients of the solutions to the Helmholtz equation. There is
no limit to the gain if all orders of spherical wave functions are excited. A limit is
created by restricting the orders to n < N. As only Ay, and By, contribute to the

numerator of 2.4.2, the gain is increased by setting

Apn = Bon =0 m # 1. (2.4.3)

As 2.4.2 is symmetrical in a, and b,, the maximum gain is achieved when

ap = by. (2.4.4)

This reduces 2.4.2 to
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e [( o) (2 )

N 2
aZn:I |6Ln’ 2n1+1

G:

(2.4.5)

with

un (kr) = F, (kr) + jF, (kr). (2.4.6)

Next 2.4.5 is increased by setting Za,, = —Zu,, which leads to

L (3205 fan fual) | i

N 2
4 anl |6Ln‘ ﬁ

By requiring 3 | | = 0 for all |a;| the |a,| are adjusted for maximum gain. This

yields

max -

Z (2n + 1) |uy, (k7). (2.4.8)

»-lkl>—‘

This is the maximum gain achievable with wave functions of order n < N. In

the far zone, where kr — oo, |u,|*> — 4 and 2.4.8 reduces to

N
G (00) g = > (2n+1) = N* +2N. (2.4.9)
n=1
The normal gain of an antenna is defined as as the maximum gain obtainable
by using only wave functions of order n < N = kr. Thus the normal gain of an

antenna with radius R is given by

Grorm = (kR)* + 2kR (2.4.10)
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This normal gain is shown in figure 2.7 over the range that constitutes an

electrically small antenna.

25K q

0.5 hl

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
kr

Figure 2.7: Normal gain for electrically small antennas.

A supergain antenna is one that achieves more gain than the normal gain by
using more wave functions. As can be seen from 2.3.8 adding modes significantly
increases the () of an antenna and for that reason supergain antennas are very
frequency sensitive. Thus, while there is no theoretical limit on the gain achievable,

there is a limit on the gain of an antenna with a practical bandwidth.
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2.5 Efficiency

The radiation efficiency of an antenna is defined as the ratio of the radiated power
to the average power supplied to the antenna.

To define the fundamental limit on the radiation efficiency of an antenna Har-
rington (4) considers a spherical conductor of radius R excited by magnetic sources
on its surface. The characteristic impedances for the various modes inside the

sphere ,r < R, are

gre e [ Folkr) 17 e (2.5.1)
o [JFL (kr) 7 o
e | (k) n -

with k£ the wave number and 7, the intrinsic impedance in the conductor,
Ex=(1—-j)%> ne=14+7j)/3 (2.5.3)
Harrington defines the ratio of dissipated to radiated power as

Pdiss _ |]mn|2 Re (Z;m,) _ Re (776)
P’/‘ad |]mn|2 Re (Z;_m) 77R6 (ZleL)

(2.5.4)

where Z_  refers to the characteristic impedance within the spherical conductor
and Zt  to the characteristic impedance outside the sphere. For equal TE,,, and

T M,,, excitation Harrington defines the dissipation factors as

TE T M TE TM
D, = ST = 3k + 59
n
PTad +P’rad 2P’rad 2P7‘ad
(2.5.5)
— Re(ne) 1

1
o | RezlE) + Re<Z£%>]

As the Z,,,, are independent of m, the D,, are also independent of m. Harrington

defined the characteristic impedances outside the spherical conductor as
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ZTE _ In(pr)
mn i F(Br
i (2.5.6)

TE __
Zmn -

where F), (Or) is defined in 2.4.2. Using 2.5.6 in 2.5.5 the result is

Dy (BR) = #53

2

[|F2 (BR)] + |y (BR))]
(2.5.7)

= £lo) [|u, * 2]

where p, (GR) is defined in 2.4.6. Harrington defines the total dissipation for

an antenna with equal T'FE and T'M excitation as

_ sz'ss o Zmﬂ Re (Pmn) Dn

D =
Praa Zm,n Re (Pn)

(2.5.8)
where P,,, is the power in both the TE and T'M modes. As |,un+1|2 > |,un|2 it
can be seen from 2.5.7 that D, .1 > D,,. Using this and 2.5.8 it is clear that the
lowest dissipation occurs when only the lowest order mode is excited. Thus the

minimum dissipation is equal to D;. The percentage efficiency is given by

100

‘f=17D,

(2.5.9)

The maximum percentage efficiency versus antenna size is shown in figure 2.8
for lossy antennas constructed of aluminium and of copper. As the approximations
in this derivation are only valid for electrically small antennas, the values become
unrealistic for kr > 1.

From figure 2.8 it can be seen that as the antenna size is reduced there is a
significant decrease in the achievable radiation efficiency.

As many electrically small antennas are not resonant in themselves, they need
some sort of matching network. Smith (11) showed how the large Q of electrically

small antennas negatively impacts the efficiency of an antenna combined with a
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Figure 2.8: Percentage efficiency for aluminium and copper antennas versus relative
size. The approximation becomes invalid for kr > 1.

matching network. When an antenna is combined with a matching network to
optimize the transfer of energy from the antenna to the receiver or from the trans-
mitter to the antenna the system efficiency is a combination of the antenna and

matching network’s efficiency. For a transmitting antenna

b,
Pin

Ns = = Nlm"Na (2510)

where P;, is the average power supplied to the system, P, is the average power

radiated, 7, is the efficiency of the matching network and 7, is the efficiency of the
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Z,=R,+ X,

]

|

Matching
@ network Antenna

Figure 2.9: Schematic of antenna with matching network.

Figure 2.9 shows an system consisting of a matching network connecting an an-
tenna to a generator with a source impedance of R, 4+ jX,. The radiation efficiency

and Q of the antenna are given by

’[7[1 = %7 Qa = %_ (2511)

Each element in the matching network, just like the antenna itself, either stores
an average electric or average magnetic energy at a given frequency. Elements
storing the same type of energy as the antenna are described by (); and elements

storing the opposite form by Q. This yields

wU; _2wU!
Qi =%l Q= (2.5.12)

The input of the matching network is conjugate matched to the source to assure
maximum power P, is transfered from the source to the matching network. Under
a conjugate match the power dissipated in R, is equal to P;,. The Q for the source

impedance is then

(2.5.13)
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where U, is the average reactive energy stored in the source impedance. By

applying conservation of energy the following equations for the circuit is produced

P, = Pa+zn:l%+§m:ﬂ’ (2.5.14)
=1 =1

Xm:ng Ua+Xn:U¢:I:Ug (2.5.15)

=1 =1

with n and m the numbers of each element of the matching network. If the
reactive energy stored in Z; is of the same form as that of the antenna, the sign of
the last term in 2.5.15 is + else it is —. If all the elements of the same type in the
matching network have the same @ then 2.5.14 and 2.5.15 become

2 n m
Pu=Pit =S Ui+ Y P (2.5.16)
Q =1 =1
QY P =QuPy+2w» U+ QyPy. (2.5.17)
=1 =1

By combining 2.5.16 and 2.5.17 the efficiency of the matching network is

N = —= = LA (2.5.18)

As the source impedance is mostly resistive (), will be much less than the @) of
the elements in the matching network. This means that % ~ 0. With this in mind
it is clear from 2.5.18 that a maximum efficiency is achieved when all the elements
of the matching network only store energy in the opposite form as the antenna and
U; = 0. This is because there is no exchange of energy between elements of the
matching network which produces additional loss. Thus the maximum efficiency of

the combined system becomes
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Na

= Ny = . 2.5.19

s = Tl = g, ( )

As the Q of an electrically small antennas is of the order of the () of the matching
network, it can be seen from 2.5.19 that the matching network has a substantially
detrimental effect on the efficiency of an electrically small antenna combined with
a matching network. As such, self-resonant structures should be preferred above

structures that require additional matching.
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Chapter 3

Electrically small antennas

3.1 Introduction

In the field of antennas, as in all other areas of engineering, miniaturization is a
great area of interest. Much work has been done in this regard and many varying
techniques for size reduction have been proposed. In this chapter various planar
electrically small antennas that are commonly used and that have been proposed
will be considered. With the theory developed in chapter 2 in mind these antennas
are critically examined. Their operation with regards to their input impedance
and their bandwidth performance are considered. In an attempt to gain better
understanding into the working of electrically small antennas, all these antenna were
simulated in FEKO which is a full wave, method of moments based electromagnetic

solver.

3.2 Multi-element monopole antenna

The quarter-wave monopole is one of the the most simple antennas. It consists of a
quarter wavelength long vertical wire fed above a ground plane as shown in figure
3.1. Because of its simple construction the monopole is one of the most commonly
used antennas for mobile equipment.

Because of its simplicity and relatively small size the quarter-wave monopole is
very widely used for television and radio transmissions. Until recently it was also

widely used in cellular and cordless telephones.

26
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Figure 3.1: Quarter-wave monopole antenna

By folding a half-wave monopole as shown in figure 3.2 an quarter-wave antenna

that more effectively utilizes the available space is created.

Figure 3.2: Folded monopole antenna

As such this folded monopole antenna has a much improved bandwidth as is
shown in figure 3.3.

A very popular electrically small antenna is the top-loaded monopole antenna
(13; 14). A top-loaded monopole is constructed by adding a capacitive top plate to
the folded monopole antenna. It achieves resonance in a electrically small structure
by balancing the electric field between the capacitive top-plate with the magnetic
field around the monopole.

The addition of the capacitive plate significantly reduces the resonant frequency
of the folded monopole antenna by increasing its effective length. As can be seen
from figure 3.4 the resonant frequency for two antennas of equal height is nearly
reduced by a factor of three. While the folded monopole antenna has a relative size
of kr = 1.335, the top-loaded folded monopole has a relative size of kr = 0.711. As

such it is an electrically small antenna.
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Figure 3.3: Simulated s1; of the quarter-wave and folded monopole antennas

Top-loaded folded monopole

Foided monopole/
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Figure 3.4: Simulated sj; for the folded monopole and top-loaded folded monopole
antennas.
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Figure 3.5: Goubau’s broad-band multi-element monopole antenna.

The antenna proposed by Goubau (12) has long been seen as the benchmark
against which all other electrically small antennas are measured. It consists of
four top-loaded interconnected monopoles. In (12) Goubau relates the increased
input impedance of a multi-element monopole antenna over a single monopole to
the number of monopoles in the antenna. It is shown that, when only one of the

multiple monopoles are fed the input current is given by

VY

I_W

(3.2.1)

It can bee seen from 3.2.1 that the effective radiation resistance is increased
by a factor N2. A simple example is the folded monopole which has a radiation
resistance 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 can
be built by using a pair of thick monopoles with small capacitive plates along
with a pair of thin monopoles with larger capacitive plates. The four monopoles

are inductively interconnected at the top, just below the capacitive plates. This
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antenna is shown in figure 3.5.

-0.0614

0.0614

\.043

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 the
capacitive plate. After various simulations in FEKO with varying monopole radii
a frequency response similar to the one reported by Goubau was obtained. This
antenna is shown in figure 3.6. Figure 3.7 shows the simulated s;;. The antenna has
a half-power bandwidth of more than 75%. As ka = 1.123 at the center frequency,
this antenna is only electrically small in the lower end of its frequency range.

In (12) Goubau does not attempt to explain the wide-band response of the
antenna. As the total current path is much shorter than a wavelength, the currents
on adjacent wires are relatively in-phase, but in opposite directions and thus their
apparent current is less. Further, as the current is divided between four wires,
the current density is much less. The lower apparent current and current density
causes the magnetic energy stored in the antenna near-field to be much less. As
was shown in chapter 2, less stored energy leads to lower () and wider bandwidth.
As the Goubau antenna is a complex structure, it has not become widely used,
but it still remains an interesting antenna for the wide-band response it achieves

in such a small structure.
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Figure 3.7: Simulated s1; of the Goubau antenna.

3.3 Loop fed spiral wire antenna

Physically folding or spiraling wire antennas is a simple way of reducing their size.
Choo and Ling (15) proposed the electrically small planar wire antenna of figure 3.8.
This antenna is planar in a plane perpendicular to the ground plane. The radiating
structure is a rectangular spiraled wire while the feed is a rectangular wire loop
that couples inductively to the radiating structure. The spiraling of the radiating
structure decreases its size while the inductive coupling at the feed increases the
input resistance of the antenna.

Choo and Ling used the Pareto genetic algorithm (16) to optimize the antenna
for best bandwidth, highest efficiency and smallest size. An antenna with the
dimensions of figure 3.9 has a relative size of kr = 0.36. This antenna was simulated
and its sy; is shown in figure 3.10. It shows a half-power bandwidth of 1.5%.

To create a truly planar antenna, Choo and Ling translated this design into a
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Figure 3.8: Design of the electrically small planar wire antenna.

44
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Figure 3.9: Dimensions of antenna A in mm.

printed antenna by using 2mm wide microstrip 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 produced a frequency shift from 400 MHz to 355 MHz, but
also a broader bandwidth. The efficiency also dropped substantially. Because of
the high dielectric constant (e, = 4.2) the antenna is much smaller than the wire
antenna which is in free-space.

Choo and Ling proposed a lumped element circuit model to explain the opera-
tion of the inductively coupled feed. This circuit model is shown in figure 3.11

The inductive coupling of the feed is modeled by a transformer. From the circuit

model of figure 3.11 the input impedance of the antenna is given by



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

CHAPTER 3. ELECTRICALLY SMALL ANTENNAS

-10 i i i i
390 393 396 399 402 405

Frequency [MHz]

Figure 3.10: Simulated s1; for antenna A of figure 3.9 .
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Figure 3.11: Lumped element circuit model.
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2M2

Zin = Zfeed + “ (331)
Zbody

This clearly shows that the inductively coupled feed serves to invert and amplify
the small input resistance of the antenna body. Figure 3.12 shows that the input
reactance of the antenna is equal to zero at two points near the operating frequency.

This double resonance increases the bandwidth of the antenna.

350

= = = Simulation
Model

300

250

200

n

150

100

Input impedance, Z.

50

-
-

-50

-100
390 393 396 399 402 405

Frequency [MHz]

Figure 3.12: Input impedance of the lumped element model and the simulated response.

By combining the size reduction of the spiraling of the radiating wire with the
impedance transformation of the inductively coupled feed, Choo and Ling produced

an antenna that is electrically small and self-resonant.
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3.4 Dielectrically loaded patch antenna

The wavelength in a dielectric medium is dependent on the dielectric constant of
the medium. Increasing the dielectric loading of the substrate of a patch antenna
reduces the resonant size of the patch. As such dielectric loading is a simple way
of minimizing an patch antenna.

From Balanis (17) the resonant radius a of a circular patch antenna for a given
resonant frequency f, and a given substrate with dielectric constant ¢, and height

h is given by

B

0= . (3.4.1)
{1+ 25 [in (35) + 1.7726] }*

wer

where F' = % and h is in centimeters. Figure 3.13 shows how dielectri-
cally loading the substrate reduces the size of the patch antenna. But this reduc-
tion comes at the cost of bandwidth. As shown in figure 3.14 dielectric loading
to decrease the size of a patch antenna reduces the bandwidth. This is because
the higher dielectric constant leads to more stored energy relative to the radiated
power. This results in a higher Q-factor and a lower bandwidth. While the circular
patch antenna was taken as an example here the same applies to all types of patch
antennas. It is clear that, when the required bandwidth for patch antenna is rela-
tively small, dielectric loading is a worthwhile consideration, but, when bandwidth

is an important factor in a design, care should be taken in this regard.
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Figure 3.13: Circular patch size against €, for f, = 1.6GHz and h = 1.588mm.
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Figure 3.14: Simulated s1; for circular patch antennas with various values of €. and

fr=16GHz and h = 1.588mm.
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3.5 Shorted probe fed microstrip antenna

Recently Waterhouse (18; 19; 20; 21) proposed another electrically small microstrip
patch antenna. The antenna consists of a microstrip patch that is pin-fed and has
one or more shorting posts. The largest reduction in size is obtained when a single

shorting post is used. Figure 3.15 shows the layout of such an antenna.

feed

short

Figure 3.15: Schematic of probe-fed patch with shorting post.

Waterhouse explains the operation of this type of antenna through simple circuit
theory in (20). The effect of the shorting post is represented by a LC circuit parallel
to the RLC circuit used to describe the working of a probe fed patch antenna. The
closer the shorting post is placed to the feed probe, the greater the effect of the
capacitance between them. The parallel combination of this capacitive effect and
the inductive effect of the probe fed patch below resonance results in a resonant
antenna with a significant reduction in overall size. The antenna of figure 3.15 was
simulated with R = 10.65mm and d = 10mm. At the simulated center frequency
of 1.9GH z this is equal to an effective size of kr = 0.58. The simulated s1; for this
antenna is shown in figure 3.16. The antenna has a half power bandwidth of 19.2%.
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Figure 3.16: Simulated si; of the probe-fed patch with shorting post.

3.6 Planar inverted-F antenna

The Planar Inverted-F Antenna (PIFA) is widely used in applications where an
electrically small planar antenna is needed. In recent years it has come to surpass
the monopole antenna as the antenna of choice for mobile communications equip-
ment such as cellular and cordless telephones. Because of its compact planar design
the antenna can be incorporated within the device unlike the monopole antenna
which needs to be placed external to the device.

Figure 3.17 (from James (22)) shows a open-circuit half-wave microstrip patch
antenna operating in the dominant mode. The patch antenna has a zero-voltage
line at its center. If this line is short-circuited to ground and half of the structure is
removed, the field pattern in the resulting quarter-wave patch remains unchanged.
A planar inverted-F antenna is constructed by shorting the zero potential plane of

a microstrip antenna fed in the dominant mode as shown in figure 3.17. The result
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Figure 3.17: E-field pattern for half-wave microstrip patch antenna.

is a resonant planar structure that is only a quarter-wavelength in size.
Simulations show that the input impedance of the PIFA at resonance is in the
order of twice that of the patch antenna. This results in the power radiated by the
PIFA for the same edge voltage being half that of the patch. As the PIFA is half
the size of the patch antenna, its stored energy is also halved. This results in both
antennas having similar Q-factors and bandwidths. Figure 3.18 shows the simulated
s1p for a % patch and its corresponding % PIFA. Its is clear that the bandwidths
are very similar. This size reduction without excessive loss of bandwidth makes
the planar inverted-F a very popular antenna. As such much work has been done
on this geometry. Many variations on the standard PIFA have been proposed and
implemented. Salonen (23) proposed a PIFA with a U-shaped slot for dual-band
operation. Hwang (24) proposed further size reduction by loading the PIFA with
high permittivity material. i (25) proposed a broadband triangular PIFA, while
Row (26) incorporated a V-shaped slot to realize a dual-frequency triangular PTFA.
Rowell (27) found that capacitively loading the PIFA reduces its size further by a

factor of more than two.
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Figure 3.18: Simulated s;; for the % patch and the % PIFA .
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Chapter 4

Design of a sequentially rotated

PIFA for circular polarization

4.1 Introduction

This chapter details the conceptional design of the antenna element, highlighting
all aspects of the design process. Every design choice is clearly investigated and

motivated.

4.2 Specifications

The goal was to design an electrically small patch-type structure to be used as an
element in a beam steering array. The intended use is in a circularly polarized array
which is required to scan as low as possible in elevation. The required receive band
is 1525-1559 MHz and the transmit band 1626-1661 MHz. As there is a bandwidth
limitation on electrically small antennas, separate receive and transmit elements

are considered to reduce the bandwidth requirement from 8.5% to 2.2%.

4.3 Proposed design

A set of four sequentially rotated, sequentially fed, folded Planar Inverted-F An-
tennas (PIFA’s) in a cross formation, as shown in figure 4.1 is proposed. The four

antennas are sequentially rotated and fed to achieve the circular polarization. They

41
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Table 4.1: Antenna design specifications

Specification Symbol | Value

Receive band RX 1525-1559 MHz
Transmit band TX 1626-1661 MHz
Receive center frequency X 1542 MHz
Transmit center frequency | fd* 1643 MHz

Figure 4.1: Final design.

are placed in a cross formation and all share the same shorting pin, to minimize
the space used. As a PIFA is a quarter-wave structure, each of the antennas has

to be folded for the whole cross structure to be smaller than a quarter wavelength.

4.4 Effect of the shorting pin as compared to a
shorting plate

As stated by Sanad (28) it is much easier to manufacture a shorting pin between
the patch and ground than shorting the edge of the PIFA with a plate to ground,
except in the special case of the patch being on the end of the substrate. As this is
not the case here, a single shorting pin in the center of the cross is used to short the
edges of all four PIFA’s. By co-locating the shortened edges of all four PIFA’s, the
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need for separate shorts is removed. Simulations showed that the effect of replacing
the shorting plate with a shorting pin does not negatively effect the performance

of the antenna.

-10
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Figure 4.2: Simulated s;; of the pin-shortened and plate-shortened PIFA showing the
reduction in resonant frequency.

As there is only one pin, it adds very little shunt capacitance and thus has a
mostly inductive effect caused by the series inductance of the pin to ground. As
can been seen from figure 4.2, this inductive effect decreases the resonant frequency
of each PIFA. This further reduces the size without effecting the performance.

As the short at the edge of each of the four PIFA’s terminates its surface current
and the resulting fields, the four PIFA can be constructed from one cross structure

without one significantly influencing the others.
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4.5 Effect of folding the antenna body

Figure 4.3: Unfolded and folded versions of the PIFA

The planar inverted-F antenna achieves resonance in a quarter-wave structure.
To incorporate the four PIFA’s in a cross structure within a quarter-wavelength
it was necessary to fold each individual PIFA to halve its size in the horizontal
plane. Folding the PIFA increased its resonant frequency and the body had to
be lengthened slightly to compensate for this change. As was shown in Chapter
2 reducing the size of an antenna reduces the achievable bandwidth and as such
folding the body has a detrimental effect on the bandwidth of a single PIFA as
shown in figure 4.4. Simulations in FEKO showed that folding the PIFA reduces
the s;; < —15dB bandwidth from 2.83% for the unfolded PIFA to 1.75% for the
folded case.

While this is a significant lose of bandwidth considering the required bandwidth

of the element, the sacrifice had to be made to reach the desired size reduction.
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Figure 4.4: Simulated s for the unfolded and folded PIFA’s.

4.6 Sequential rotation for circular polarization

Circular polarization is achieved by the arraying of the four PIFA’s. The four
elements are rotated around their common shorting pin and placed 90° apart as
shown schematically in figure 4.5.

Each PTFA element is the fed with a phase lagging its predecessor by 90°. If the
amplitude of all four excitations are equal and the phasing is perfect, the vector
addition of these four element yields a rotating vector with a maximum size of twice
that of a single element. This rotating field vector propagates a circularly polarized
wave as is shown in figure 4.6.

Looking in the direction of propagation the wave is rotating clockwise and the

polarization is thus said to be right-hand circular.
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<l :__»x

Figure 4.5: Sequential rotation of the four elements.

Figure 4.6: Rotating field vector.

4.7 Design of the feed network

The feed network is needed to:

feed all four arms of the antenna with equal power,

create the 90° phase shift between each sequential arm and
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transform the input impedance of the antenna to 502 over the desired band-
width.

The microstrip feed network was designed on 0.508mm Rogers RO4003C substrate
with a relative permittivity of ¢, = 3.38.

As can be seen from figure 4.7 the network consists of a quarter-wave transformer
and a four way reactive power divider feeding four arms connected to each of the
four PIFA’s. The final feeding arms are 85¢)-lines to match to the inputs of the
PIFA’s. This means that the input to the four way power divider has an impedance
of 21.25Q2. To transform this to 502 a quarter-wave transformer consisting of a

quarter-wavelength long 32.6(2-line, is used.

Figure 4.7: Layout of the feed network.

The 90° phase shift between sequential arms was obtained by making the electric
length of each arm a quarter-wavelength longer than its predecessor. This resulted
in the fourth and longest arm being three quarters of a wavelength long. As the
whole antenna had to be smaller than a quarter of a free-space wave-length across,
the arms of the feed network were bent to fit under the radiating structure. Care
was taken to place the microstrip lines as far as possible from each other, to ensure
that there would not be any coupling between closely located lines. A distance

greater than three times the substrate height was maintained between all lines.
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The feed network was designed in Microwave Office which has the ability to very
accurately simulate microstrip networks. Figure 4.8 shows the relative gain from
the input to the four feed arms. It can been seen clearly that the longer the arm,
the greater the losses. This results in an unequal power division between the four
radiating elements. This unequal power division diminishes the achievable axial

ratio.

-6.05

e
b o 5586888 SEEE S5 56588550 g

Gain [dB]

R e o S R

3 I I I I I I I I I
15 152 154 1.56 158 162 164 1.66 1.68 17

16
Frequency [GHz]

Figure 4.8: Simulated relative gain from input to each of the four arms of the feed
network.

As shown by 4.7.1 the relative phase of each arm is dependent on the electric
length of the arm and the electric length is proportional to the frequency. The
longer the arm, the greater the change in phase over frequency. Figure 4.9 shows
that the relative phase of the longer arms changes more rapidly with frequency than
the shorter ones. As the axial ratio is dependent on the 90° phase shift between

the sequential arms, this places a bandwidth limit on the axial ratio.

2_77[ 2 fl

hase = 3 1 =
phase = [3 3

(4.7.1)
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Figure 4.9: Simulated relative phase from input to each of the four arms of the feed
network.

From the above it is clear that the feed network is not ideal and has a negative
influence on the working of the antenna, resulting in reduced axial ratio and axial

ratio bandwidth.
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Simulated and measured results of
the sequentially rotated PIFA

5.1 Introduction

In this chapter the simulated and measured performance of the four-element PTFA
array are presented. The construction of the antenna is described in detail and the

simulated and measured results are compared and critically examined.

5.2 Simulation

The antenna was simulated in FEKO. FEKO is a full wave, Method of Moments
based electromagnetic solver. Figure 5.1 shows the final FEKO-model. In the sim-
ulation each of the four ports of the antenna is fed with an ideal source. This meant
that each arm received equal power and the correct phase to achieve the circular
polarization over the whole band. This resulted in the simulations representing the
antenna being fed by an ideal feed network.

Simulations of the far-field behavior of this ideally fed antenna showed that the
four element array achieves good circularly polarized behavior. As can be seen from
figure 5.2, a cross-polar discrimination of 15dB is achieved for angles as low as 70°.

The simulated sq; for one of the arms of the PIFA array is shown in figure 5.3.
The bandwidth for s;; < —15dB is equal to 1.27%.

50
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Figure 5.1: FEKO model of the antenna. Dimensions in m.

The S-parameters obtained through simulation were imported into MICROWAVE
OFFICE and connected to the designed feed network. The resulting simulated s;;
for the antenna connected to the feed network is shown in figure 5.4.

The feed network matches the four ports of the antenna to the 50¢2 input port
and in doing so significantly increased the simulated bandwidth for s, < —15dB
from 1.27% for each single element to 3.53% for the combination of all four elements

with the feed network.
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Figure 5.2: Simulated Right-hand (RHP) and Left-hand (LHP) polarized gain versus
radiation angle..
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Figure 5.3: Simulated s1; for single PIFA element.
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Figure 5.4: Simulated si; of the antenna connected to the feed network.
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5.3 Construction

The antenna was constructed by the University of Stellenbosch’s Central Electronic
Services. The cross-shaped radiating structure was etched out of 0.12mm copper
plate and bent into the required shape. Layers of foam were used to keep the
folded arms in place. The feed network was etched onto 0.508mm Rogers RO4003C
substrate and hypodermic needles were used for the four feeding and one shorting
pins. The needles were used because of their straightness and rigidity. The input
to the feed network was fed by a SMA connector. The antenna was bolted onto a

circular ground plane with radius R = 300mm.

Figure 5.5: Final constructed antenna.
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Figure 5.6: Antenna with conductive ground plane.

55
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5.4 Measurement

The measurements were conducted at the University of Stellenbosch’s High Fre-
quency Laboratory in the anechoic chamber. The radiation pattern was measured
using the three-antenna method. The antenna under test (AUT) and two reference
antennas are used. Two log-periodic antennas were used as references. The sg9;’s
of all three possible combinations of two antennas are measured at bore sight and
from these measurements the gain, at bore sight, of all three antennas can be cal-
culated. To measure the radiation pattern one of the reference antennas was held
static, first in the vertical and then in the horizontal position, while the AUT was
rotated through 180°. These s9; measurements were taken at 1° intervals. From
these measurements the right-hand and left-hand circular polarized gain could be
calculated.

For far-field measurements a separation of % between antennas is required. As
a distance of 5m could be achieved between the measured antennas in the anechoic
chamber, the measurements are an accurate representation of the far-field behavior
of the antenna.

Figure 5.7 shows the measured s;; of the antenna. It shows a s;; < —15dB
bandwidth of 4.84%. Pattern measurements were taken at the center frequency of
1.541G H z and at the edge of the —15dB-band at 1.562G H z which falls outside the
required bandwidth of 2.2%.
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Figure 5.7: Measured s;; of the antenna input versus frequency.
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Figure 5.8: Measured Right-hand (RHP) and Left-hand (LHP) polarized gain versus
radiation angle.
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5.5 Results

In this section the measured and simulated results are compared and the differences
are explained. Figure 5.9 shows the right-hand and left-hand polarized gain for both
the simulation and the measurements at the center frequency. The simulations were
conducted with an infinite ground plane and as the ground plane can not support
a circularly polarized mode, the gain in the horizontal direction (at # = 90° and
—90°) is linear as can be seen from figure 5.9, where the simulated right-hand and
left-hand polarized gain is equal at —6d B each. In contrast the finite ground plane
used in the measurements does not have this effect and the right-hand and left-hand
polarized gain differs by more that 10dB in the horizontal direction. Except for this
difference the right-hand polarized gain for the simulated and measured response
are in good agreement. A perfect feed network was used in the simulations as
apposed to the imperfect feed network used in the measurements. This explains
the much higher left-hand polarized gain measured. Figure 5.10 shows the right-
hand and left-hand polarized gain for both the simulation and the measurements
at the upper limit of the frequency band. The feed network is frequency sensitive
and, at the higher frequency, the measured left-hand polarized gain is higher and
degrades the performance of the antenna.

The anechoic chamber was designed for a measurement range of 2 — 18dB and
this explains the measurement noise on the lower gain measurements.

Figure 5.11 shows the simulated and measured s;; of the antenna. A slight
frequency shift occurred between simulation and measurement. This could be con-
tributed to slight variations in the relative permittivity of the feed network substrate
as well as the effect of the finite ground plane used in measurement.

The antenna was simulated in FEKO with a finite ground plane to confirm this.

Figure 5.12 shows the effect of the finite versus the infinite ground plane.
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Figure 5.9: Measured and simulated right-hand and left-hand circularly polarized gain

against theta at the center frequency of 1.541GH z.
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Figure 5.10: Measured and simulated right-hand and left-hand polarized gain against

theta at the upper limit of the frequency band at 1.562GH z.
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Figure 5.11: Measured and simulated s;; for the antenna.
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Figure 5.12: Simulated s;; for the antenna with an infinite and a finite ground plane.
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5.6 Q of the single folded PIFA

It was shown in section 2.3.3 that the commonly used relation between fractional
bandwidth and Q-factor, BW = Q! does not hold true. To calculate the Q-factor
of the single folded PIFA of figure 4.3 the equivalent circuit approach, as used by
Chu (3) to define the fundamental limit on radiation Q, is used. The equivalent
circuit of figure 5.13 is proposed to model the impedance response of the antenna.

The inductor, Ly.q represents the mostly inductive pin feed, while the capac-
itor, Cpatcn, models the capacitance between the patch and ground as well as the
capacitance between the feed pin and the shorting plate. The inductor, L,atcn rep-
resents the inductance of the patch. The capacitor, C,.,q and the resistor, R,.q
models the radiating edge of the PIFA.

Feed Patch Radiating Edge
P T C T i T T TR
| . | |
Licea = 4-162 nH Lpeien = 17.21 nH

T~ Craien = 3188 PF_— C,y = 1845 pF <R 4= 10.150

O

Figure 5.13: Equivalent circuit for the single folded PIFA.

Figure 5.14 shows the input impedance of the equivalent circuit and the simu-
lated input impedance for the single folded PIFA. Near the resonant frequency of
1.61GH z the two input impedances are very similar.

This equivalent circuit was fed by a 1V source with a 50() source resistance
and at a frequency of 1.61GHz. From this the currents through all elements where
calculated. The inductors store magnetic energy and the capacitor store electric

energy. The average energy stored by an element is given by

W, = LIPL
: (5.6.1)

_1
w?2C
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Figure 5.14: Simulated impedance and impedance of the equivalent circuit for the single
folded PIFA.

where W, is the average magnetic energy stored by an inductor and W, is the
average electric energy stored by a capacitor. The power radiated by the antenna

is equal to the power dissipated in R,.q and is given by

Prag = 2I° Ryaa - (5.6.2)

At resonance the average stored magnetic and electric energies are equal and

the Q-factor is given by

Q=wn (5.6.3)

Prod

This gave a Q-factor of 21.85 for the single folded PIFA, which has a relative
size of kr = 0.603. Figure 5.15 shows this result along with the famous antenna by
Goubau (12). The Q-factors of two electrically small dipoles of the same relative

sizes are also given as reference along with the fundamental limits defined by Chu
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(3) and McLean (7), as given by Hansen (1).

10

= ==Chu
McLean

O folded PIFA

O dipolel

0O dipole2
Goubau Antenna

10°F

Figure 5.15: Q versus relative size for the folded PIFA and other electrically small
antennas against the limits proposed by Chu and Mclean.

It is clear from the figure 5.15 that the Q-factor of the single folded PIFA is a

significant improvement on the Q-factor of a dipole of equivalent relative size.
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5.7 Arraying the antenna element

The antenna element is intended for use in a phase steered array and as such
simulations of a 9-element rectangular array were conducted. To reduce the effect of
mutual coupling between elements on the performance of the antenna, the elements
were placed a half wavelength apart. Figure 5.16 shows the FEKO model of the

9-element rectangular array.

Figure 5.16: Simulation model of 9-element rectangular array.

By applying a different phase to each element the beam of the antenna is steered
in the # and ¢ directions. Figure 5.17 shows the simulated right-hand polarized
gain of the 9-element rectangular array phase steered to § = 45°. The gain of an
single element is also shown.

With this array setup it was not possible to steer the main beam much wider
than 60°. At these low angles the effect of the mutual coupling between the elements

might be playing a role. This drop in performance can clearly be seen in figure 5.18,
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Figure 5.17: Right-hand polarized gain for the single element and the 9-element rect-
angular array phase steered to 0 = 45°

where the array was phase steered to 85°. The main beam is directed at less than
60° and the reflected beam (at —60°) is also larger than in the case of the beam
steered to 45°.

While the main beam can not be steered down to 85°, there is still a significant
increase in the gain of the array compared to the single element at that low angle.
As the simulation was conducted with a infinite ground plane the right-hand and
left-hand simulated gain will be equal at 90°, limiting the array’s performance at
low scan angles. Just as the single measured element performs better than the
simulation at low angles (see figure 5.9, p 59), the same could be expected from a
constructed array with finite ground plane.

It is clear from the above that more work will have to be done on implementing

the 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 rect-
angular array phase steered to § = 85°
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Chapter 6
Conclusion

The effect of reducing the size of an antenna on its performance was illustrated by
presenting the theoretical limits on the performance of electrically small antennas.
Expressions for the theoretical limits on the bandwidth, gain and efficiency of elec-
trically small antennas were presented. The radiation Q-factor of electrically small
antennas was examined and, as it relates to bandwidth, this gave a fundamental
limit on the bandwidth performance of an electrically small antenna. Similarly
fundamental limitations were proposed for the achievable gain and efficiency of an

electrically small antenna.

Through a study of the performance behavior of various electrically small an-
tennas a more practical view of these performance limitations was presented. While
many techniques have been used to reduce antenna size, it is clear that this size

reduction can not be continued indefinitely.

From both the theoretical and practical examinations it became clear that much
care should be taken when reducing the size of an antenna. Antenna engineers
should always be mindful of the fundamental limitations of the antenna structures
they are considering to avoid time wasted attempting to improving the performance

of an electrically small antenna already performing close to its limits.

The design of an electrically small circularly polarized planar antenna element

for use in a phase-steered array was presented successfully. By adapting the Pla-
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nar Inverted-F Antenna an array of four sequentially rotated elements in a cross
formation was fitted into the radian sphere to qualify the antenna as electrically
small. The four arms of the antenna were fed with sequential phase shift to achieve

circular polarization with the electrically small planar structure.

While the performance of this antenna is limited by the fundamental limitations

on small antennas, an acceptable performance was achieved.
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