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A Numerical and Experimental Investigation of Planar Inverted-F

Antennas for Wireless Communication Applications

Minh-Chau T. Huynh

(Abstract)

In recent years, the demand for compact handheld communication devices has
grown significantly. Devices having internal antennas have appeared to fill this need.
Antenna size is a mgjor factor that limits device miniaturization. In the past few years,
new designs based on the microstrip antennas (MSA) and planar inverted-F antennas
have been used for handheld wireless devices because these antennas have low-profile

geometry and can be embedded into the devices.

New wireless applications requiring operation in more than one frequency band
are emerging. Dual-band and tri-band phones have gained popularity because of the
multiple frequency bands used for wireless applications. One prominent application is to

include bluetooth, operating band at 2.4 GHz, for short-range wireless use.

This thesis examines two antennas that are potential candidates for small and low-
profile structures. microstrip antennas and planar inverted-F antennas. Two techniques
for widening the antenna impedance bandwidth are examined by adding parasitic
elements. Reducing antenna size generally degrades antenna performance. It is therefore
important to also examine the fundamental limits and parameter tradeoffsinvolved in size
reduction. In the handheld environment, antennas are mounted on a small ground plane.
Ground plane size effects on antennas are investigated and the results from a thorough
numerical study on the performance of a PIFA with various ground planes sizes and
shapes is reported. Finally, a new wideband compact PIFA antenna (WC-PIFA) is

proposed. Preliminary work is presented along with numerical and experimental results



for various environments such as free space, plastic casing, and the proximity of a hand.
This new antenna covers frequencies from 1700 MHz to 2500 MHz, which basically

include the following operating bands: DCS-1800m PCS-1900, IMT-2000, ISM, and
Bluetooth.
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Chapter 1: Introduction

1.1. Overview

Mobile communications, wireless interconnects, wireless local area networks
(WLANS), and cellular phone technologies compose one of the most rapidly growing
industrial markets today. Naturally, these applications require antennas. This being the
case, portable antenna technology has grown along with mobile and cellular technologies.
It is important to have the proper antenna for a device. The proper antenna will improve
transmission and reception, reduce power consumption, last longer and improve

marketability of the communication device.

Antennas used for early portable wireless handheld devices were the so-called
whip antennas. The quarter-wavelength whip antenna was very popular, mostly because
it issimple and convenient [1]. It has an omni-directional pattern in the plane of the earth
when held upright and a gain satisfying the device's specifications. New antenna designs
have appeared on radios with lower profile than the whip antenna and without
significantly reducing performance. These include the quarter-wavelength helical antenna
and the " stubby” helical antenna, which is the shortest antenna available.

In recent years, the demand for compact handheld communication devices has
grown significantly. Devices smaller than pam size have appeared in the market.
Antenna size is a mgjor factor that limits device miniaturization. In the past few years,
new designs based on the Planar Inverted-F Antenna (PIFA) and Microstrip Antennas
(MSA) have been popular for handheld wireless devices because these antennas have a
low profile geometry instead of protruding as most antennas do on handheld radios.
Conventiona PIFAs and MSAs are compact, with a length that is approximately a quarter

to a haf of the wavelength. These antennas can be further optimized by adding new



parameters in the design, such as strategically shaping the conductive plate, or judiciously
locating loads.

The major limitation of many low-profile antennas is narrow bandwidth.
Bandwidth in these antennas is amost always limited by impedance matching. The
common criterion isa 2:1 VSWR into a 50-Q load. Typical conventional PIFA’s have a
5% bandwidth, but advanced designs offer wider bandwidth. A variety of techniques for
broadening bandwidth have been reported, including the addition of a parasitic structure
whose resonant frequency is near that of the driving antenna structure. One example
described in the literature is a stacked microstrip patch antenna[1].

In addition to solving the problem of broadening the antenna bandwidth to the
required specifications of the system, one has to worry about developing new structures
for devices that require more than one frequency band of operation. Dual-band wireless
phones have become popular recently because they permit people to use the same phone
in two networks that have different frequencies. Tri-band phones have aso gained
popularity. Still, there exist more than three frequency bands used for wireless
applications. Table 1-1 lists a few useful wireless applications and their operating
frequencies. Systems that require multi-band operation require antennas that resonate at

the specified frequencies. This only adds complexity to the antenna design problem.

Table 1-1
Frequency Bands for a Few Wireless Applications
Wireless Applications Frequency Band (MHz) Bandwidth (MHz)
Cellular Telephone 824-894 70 (8.1%)
GSM-900 890-960 70 (7.6%)
DCS-1800 1710-1880 170 (10.6%)
PCS-1900 1850-1990 140 (7.3%)
IMT-2000 1885-2200 315 (15.5%)
ISM (including WLAN) 2400-2483 83 (3.4%)
Bluetooth 2400-2500 100 (4.1%)




New applications are arising that will be included in mobile phones. One
prominent example is Bluetooth. An potential use for Bluetooth is the ability to walk into
an office and set the mobile phone to synchronize with diary and email information on
the desktop PC. Therefore, designing an antenna that has multiple frequency bands of
interest with one of them in the Bluetooth operating band is a useful structure in today’s

handheld wireless applications.

1.2. Organization of the Thesis

This thesis reports some preliminary work on a new wideband compact antenna
for handheld wireless devices. In addition, a number of issues on electrically small and

low-profile antennas in handheld environments are reviewed and studied.

The first design issue is to choose antennas that are suitable for the handheld
environment. The candidates should be small and low-profile. Two potential candidates
for such an environment are MicroStrip Antennas (MSA) and Planar Inverted-F Antennas
(PIFA). These antennas are analyzed in detail in Chapter 2 with various theoretical

models. Design issues are described as well.

Small antennas generally have narrow impedance bandwidth, which often limits
their widespread use. Chapter 3 treats techniques that can broaden antenna bandwidth.
The technique described uses parasitic elements. The analysis of such a structure is
performed by computing the capacitance between the parasitic and the driven elements.
Two widely used techniques are the edge-coupling structure and the capacitively-fed

structure techniques.

Reducing antenna size generally degrades antenna performance. It is therefore
important to examine the fundamental limits and parametric tradeoffs involved in size
reduction. Chapter 4 reviews the work that has been done over the past five decades on
the fundamental limits on the radiation Q of small antennas. This work is based on Chu



and Harrington’s theory. It was expanded using a time-domain formulation introduced by
Caswdll [2].

In a handheld environment, antennas are mounted on a small ground plane.
Therefore, models of antennas on a ground plane with infinite extent are not useful.
Chapter 5 investigates ground plane effects on antennas. Results from a thorough
numerical study on the performance of a PIFA with various ground plane sizes and
shapes is reported. The commercialy available method of moments software package
called IE3D is used to compute the numerical results. Measurements are also reported for

comparison.

Finaly, a new wideband compact PIFA antenna (WC-PIFA) is proposed.
Preliminary work is shown in Chapter 6. Experimental results were obtained for various
environments such as free space, a plastic casing, and in the proximity of a hand. The
results show a wide bandwidth that covers frequencies ranging from 1700 MHz to 2500
MHz. This basically covers DCS-1800, PCS-1900, IMT-2000, ISM, and Bluetooth.

Chapter 7 gives asummary of conclusions and suggestions for future work.

1.3. References

[1] L. Setian, Practical Communication Antennas with Wireless Applications,
Prentice Hall PTR, New Jersey: 1998.

[2] E.D. Caswell, W.A. Davis, and W.L. Stutzman, “Fundamental Limits on Antenna
Size,” Submitted to IEEE Trans. Ant. Prop, April 2000.



Chapter 2: Overview of Low-Profile Antennas

2.1. Introduction

Microstrip antennas and planar inverted-F antennas are increasing in popularity
for persona wireless applications. The advantage of these two types of antennas is their
low-profile structure. Therefore they are good candidates for embedded antennas in hand-
held wireless devices. This chapter describes the two antennas and examines various
models of analysis performed in the past as well as the antenna characteristics. A design
procedureis aso illustrated for each antenna type.

2.2. The Microstrip Antenna

2.2.1. Introduction

A class of antennas that has gained considerable popularity in recent years is the
microstrip antenna. A typical microstrip element isillustrated in Fig. 2-1. There are many
different types of microstrip antennas, but their common feature is that they consist of
four parts:

» avery thin flat metallic region often called the patch;

» adielectric substrate;

* aground plane, which is usually much larger than the patch; and

» afeed, which supplies the element RF power.

Microstrip elements are often constructed by etching the patch (and sometimes the
feeding circuitry) from a single printed-circuit board clad with conductor on both of its

sides.
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SUBSTRATE. €. p,

Figure 2-1. Geometry for atypical rectangular microstrip element [2].

The length of the patch (L) is typically about a third to a half of a free-space
wavelength (Ao), while the dielectric thickness is in the range of 0.003A\, to 0.5A,. A
commonly used dielectric for such antennas is polytetrafluoral ethylene (PTFE), which
has a relative dielectric constant of about 2.5. Sometimes a low-density cellular
“honeycomb” material is used to support the patch. This material has a relative dielectric
constant near unity and usually results in an element with better efficiency and larger
bandwidth [2] but at the expense of an increase in element size. Substrate materials with
high dielectric constants can also be used. Such substrates result in elements that are
electrically small in terms of free-space wavelengths and consequently have relatively
small bandwidth [2] and low efficiency [3].

The reasons microstrip antennas have become so popular include the following:

1. They arelow-profile antennas.

2. They are easily conformable to nonplanar surfaces. Along with their low
profile this makes them well suited for use on high-performance airframes.

3. They are easy and inexpensive to manufacture in large quantities using
modern printed-circuit techniques.

4. When mounted to arigid surface they are mechanically robust.

5. They are versatile elements in the sense that they can be designed to produce a
while variety of patterns and polarizations, depending on the mode excited

and the particular shape of patch used.



6. Adaptive elements can be made by simply adding an appropriately placed pin
between the patch and the ground plane. Using such loaded elements, the
antenna characteristics can be controlled.

These advantages must be weighed against the disadvantages which can be most
succinctly stated in terms of antenna quality factor, Q. Microstrip antennas are high-Q
devices with Q values sometimes exceeding 100 for thinner elements. High-Q elements
have small bandwidths. Increasing the thickness of the dielectric substrate will reduce the
Q of the microstrip element and thereby increase its bandwidth. There are limits,
however. As the thickness increases, an increasing fraction of the total power delivered
by the source goes into a surface wave. This surface-wave contribution can aso be
counted as an unwanted power loss since it is ultimately scattered at dielectric bends and
discontinuities. Such scattered fields are difficult to control and may have a deleterious
effect on the pattern of the element [2]. One also needs to be aware that microstrip
elements are modal devices. If the band of the element is so large that it encompasses the
resonant frequencies of two or more resonant modes, the pattern is likely not to be stable
throughout the band even though the VSWR at the input could be acceptably low.

There are severa theories for microstrip antennas that have varying degrees of
accuracy and complexity. Among these, two give the best physical insight: the
transmission-line model [7] and the Cavity model [5]. More rigorous and complex
methods for analyzing the behavior of microstrip elements are the method of moments
and finite-difference time domain. Of these, the simplest is the transmission-line model.
The cavity model, though somewhat more complex, gives a deeper insight into the

operation of microstrip antennas.

2.2.2. Transmission Line Model for Microstrip Antennas

The transmission-line model leads to results that are adequate for most
engineering purposes and entaill less computation. Although this method has its

shortcomings, particularly in that it is applicable only to rectangular or sgquare patch



geometries, the model offers a reasonable interpretation by giving simple expressions of
the antenna’ s characteristics.

The basic concept of a simple transmission-line model is shown in Fig. 2-2. This
model is for a rectangular patch fed at an arbitrary point on the y-axis. The patch is
characterized as a microstrip transmission-line with a length L, width W, and thickness t.
The radiating edges are along the width dimension of the patch and of length W. They are
modeled as narrow dots radiating into a half-space. The width of the dlot is, for the sake

of convenience, assumed to be equal to the substrate thicknesst.

_Feed Point | ¥

Figure 2-2. Rectangular patch antenna fed at arbitrary point on thy y-axis and its equivalent
circuit [8].

As a result, the rectangular patch antenna can be represented by two admittances
connected by an equivalent microstrip transmission line, as shown on the lower half of
Fig. 2-2, where the characteristic impedance Z, and the propagation (34 constant for the

fundamental mode in the microstrip transmission line are approximated by [8]



z =L t 2.1)

and

By =koyE. (22)

where 17, and k, are the wave impedance and propagation constant in free space,

respectively; &, denotes the corresponding effective dielectric constant, and is related to

theintrinsic dielectric constant &, of the substrate as follows [8]:

1

e 1
g =5 t1E 1@&12lj2 2.3)
2 2 w

The capacitive component, B, and the conductive component, G;, which form each
admittance, are related to the fringing field and the radiation loss, and are respectively
approximated by [1]

::koAIVG£- 24

W <0.354,

G, = -—=—, 0351, sW<s2) 25
" 1204, 6077 ° ° 3

W
1204,

2, <W

where Al signifies the line extension due to the fringing effect. This value can be

approximated by using the following equation:

ot (£, +0.3)(W/t +0.264)
(e, —0.258)(W/t +0.8)

Al =0.41

(2.6)



From the equivalent circuit in Fig. 2-2, the input admittance of this patch antenna can be
shown to be the following [8], if it is regarded as two dlot antennas connected by a

transmission line having characteristic admittance and propagation constant of Yo and /3,

approximated by (2.1) and (2.2):

Y=Y, (G, +B) + I, ten(B, L) Y, (G, +iB) + Yo tan(f, L) 27
YO+J(Gr +JB)tan(ﬁng) YO+J(Gr +JB)tan(/BgL2)

where L; and L, are the respective distances from each patch edge to the feed point. In

this case, the resonant condition is given by
Im{y } =0 (2.8

where Im{Yir} represents the imaginary part of Y;,. From (2.8), the following condition

can be derived:

2Y,B
tan(S3,L) =—62 " 802 vz
r 0

(2.9)
The condition above is used to determine the resonant frequency when the patch length L
is given, or, conversely, to determine the resonant length L when the desired operating
frequency is given. Considering this resonant condition, (2.7) is reduced by substituting
(2.9) into it asfollows[6]:

G? + B? N

Yo = 2G| c0s* (B, L)+ sinz(,Bng)—YEsin(Z,Bng (2.10)
0

n

2
0

The accuracy of the transmission-line model strongly depends on the accuracy of

the approximations for the circuit parameters, G;, B, G, and B, where

10



Y, =G, +jB, (2.12)

A more accurate transmission-line model can be used, namely the three-port
transmission-line model. This model can include the mutual coupling between the two
sots that has been neglected. That results in a more accurate approximation of the circuit
parameters [8].

As mentioned previoudly, the rectangular patch antenna is represented by two
slots separated by a distance L. In this case, each slot can be thought of as radiating the
same field as a magnetic dipole with a magnetic current of

M = 23 = %z (2.12)

where the factor 2 arises due to the positive image of magnetic current, in the near by
ground plane, and V, is the voltage across the slot. The total radiation field is obtained by
multiplying the field due to a single slot by an array factor representing the arrangement
of the two-dlot array. When the coordinate system shown in Fig. 2-2 is employed, the
final result is[8]

Sin(kotsinej

g R 2 kL .

E(0) = -4V Wk cos —2—sin@ 2.13

© 0 AR (kotsinej {2 j 213)
2

in the E-plane and

. (koWsinej
_o§in T
g R 2
E(6) =Nk, = (kWsin@
0
2 J

cos@ (2.14)

in the H-plane.
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2.2.3. Cavity Model for Microstrip Antennas

Although the transmission-line model discussed in the previous section is easy to
use, it has some inherent disadvantages. Specifically, it is only useful for patches of
rectangular design and it ignores field variations along the radiating edges. These

disadvantages can overcome by employing the cavity model.

The cavity model treats the region between two paralel conductor planes,
consisting of a patch radiator and a ground plane, as a cavity bounded by the electric
walls and a magnetic wall along the periphery of the patch. Once the field distribution is
known, Huygens' principle can be applied to the magnetic wall of the cavity. Radiation
field can then be evaluated. This method is most suitable for analyzing patch antennas
having geometries for which the corresponding wave equation can be solved by the
method of separation of variables. However, this method is applicable for any arbitrary
shaped patch antennas in general.

The geometry of the analytical model is illustrated in Fig. 2-3. In this figure, an
arbitrarily shaped patch is located on the surface of the grounded dielectric substrate of

thickness t and dielectric constant &, , where C denotes the boundary line of the patch

radiator, S is the area surrounded by the boundary line C, an n is the unit vector, outer
normal to the boundary. The magnetic cavity model works best for a thin substrate. In
this case, the TM modes are superior in the cavity. The cavity model makes the following

assumptions:

1. The éectric field is z-directed, and the magnetic field has only a transverse
component in the cavity.

2. Since the substrate is assumed thin, the fields in the cavity do not vary with z.

3. Thetangential component of the magnetic field is negligible at the edge of the
patch.

4. The existence of a fringing field can be accounted for by dlightly extending
the edges of the patches.

12



Z(Xq. yq): Feed Point
Figure 2-3. Arbitrarily shaped patch antenna and coordinate system [8].

If an e'“ time variation is assumed, the fields from a z-directed current source at

the point (Xq,yq) satisfy the following Maxwell’ s relations:

(02 +K2)E, = -jwud (%, Va) (2.15)

H=—) 0 xGE) (2.16)
WU,
where [, is the transverse component with respect to the z-axis of the del operator, z is

the unit vector in the z-direction, and k is k, /¢, . The relations above satisfy the electric

wall condition because E = E,z . The magnetic wall condition on the sides of the cavity

can be satisfied by the following Neumann boundary conditions:

%€ _p (2.17)
on

The expression in (2.15) is an inhomogeneous wave equation that can be solved

by finding eigenfunctions, ¢, that satisfy the following homogeneous wave equation

(02 + (k)2 Jp =0 (2.18)

13



for the boundary condition in (2.17). In this homogeneous wave equation, k" is the
eigenvalue that corresponds to the eigenvector ¢’ . Therefore, if N modes exist in the

cavity and N eigenvectors are derived, the solution to (2.18) is given by
N
E.(xy)=> A" (xy) (2.19)
1=1

For an antenna with one input terminal, the values of the coefficients are expressed as

/23 (1*
Al =X M | (2.20)

t . 1 q

jaC + +g®

where

MO =25, (x.y)

C=¢ soi
t
m_ 1 (2.21)
(@")C
KO
WV =
eSS

In (2.20), S is the effective area of the cavity including the extension due to the fringing
fields, and g is the factor that accounts for conductor, dielectric and radiation loss given

by [8]

g =90 +g{’ +g" (2.22)

where

14
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tu, | w
gy = aCtan(d) (2.23)
28,
9! ===PRY

t

and Rsisthe real part of the surface impedance of the conductor walls, and P$) iswritten

as
PO = %Re{”(Eﬂ) ng'))-lisinededqo} (2.24)
where
EY =gHO xR (Oseng (2.25)
HY = %t[Zce{% coseﬂi (Axz)p® (r)e’ Rl (2.26)

and R isthe spherical coordinate unit vector in ther direction. In (2.25) and (2.26), r is

a vector from the coordinate origin to a reference point on the periphery of the patch
antenna, ¢ (r) isthe value of the eigenfunctions at the end of ¥, 7,is the impedance of

free space, and k, is the free space wave number. The conductor and dielectric losses, g.”
and g4 are due to the power dissipated in the copper walls and dielectric substrate,

respectively, from the fields interior to the cavity [14].

The input impedance of a microstrip patch antennais given by [8]

(2.27)




Substituting (2.20) into (2.19) determines the field of the MSA. The expressions
(2.25) and (2.26) give the contribution of each mode in the cavity to the radiating fields.
The total radiated field is the sum of the contributions from each resonant mode in the

cavity, given by

I n
Eo =Y AYE] -0 (2.28)

n=1

|
E,=> AVED « ¢ (2.29)

n=1

N

where 0 and ¢ are unit vector in the & and ¢ directions in polar coordinates,

respectively.

This section has presented the magnetic cavity model as a method of analysis
applicable to planar microstrip antennas. In the next section, a design procedure is

described for microstrip patch antennas.

2.2.4. Design Procedure

The main design goal for a microstrip patch antenna is to determine the substrate
properties and patch dimensions necessary to satisfy the specific performance
characteristics over the required frequency band. The usual design procedure, however,
only takes resonant frequency into account, and does not consider the required
bandwidth. The designer is forced to obtain the required bandwidth with a step-by-step,
or trial-and-error, design technique. Before completing the design procedure, however,
one needs to find a way to determine the location of the feed point to match to the
characteristic impedance of the MSA. The feed can be easily located by using another

design chart obtained by numerical calculation or experiment [8].
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In the typical procedure, the thickness and the dielectric constant of the substrate
are known. Then, a patch antenna that operates at the required resonant frequency can be
designed by following the flow chart shown in Fig. 2-4 [8], where (@) is for rectangular
MSA and (b) isfor acircular one. In the rectangular case, as shown in Fig. 2-2, we know
that the greater the width W, the higher radiation efficiency becomes. However,
excessive width is not desirable because the influence of higher order modes becomes
significant and the original characteristics may suffer some degradation as a result. This
implies that there exists an optimum value for the width. The ideal width for practical use
can be determined from the design flow chart in Fig. 2-4, although the value may not be

optimum.

)

i 2 s
ﬁ'ﬂ ‘
T Qu: 18412Ai0o
— " 2n /o
- o_
L= 20 | I
t
where tey+03)1 ¥ +0264)
ate0aiz T . .
fam T 2t Qe T
s aE A 0=Ge[ 175, {4n (3 )+1.7726}]

END END
o} b

Figure 2-4. Flow chart based on usual design procedure [8] (a) for a rectangular patch antenna

and (b) for acircular patch antenna.

To introduce the bandwidth parameter into the procedure, consider the equivalent
circuit of any patch antenna shown in Fig. 2-5. In this paralel resonant circuit, the
following expressions (2.30) and (2.31) describe the relationships for a VSWR less than
p between the unloaded quality factor Q of the circuit and the relative bandwidth B;,
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defined as f”f_ f where f, and f; are the upper and the lower frequency points of the

c

band, respectively, where the VSWR is equa to p, and f. is the center frequency of the
band [4]:

QuB, =\/<,8p—1)[1—§J (2:30)

where Qo isthe unload Q and S isthe coupling coefficient, defined by
G,
=— 231
B G (2.31)

Go is the conductance of the transmission line and G’ is the conductance of the patch
antenna. Note that (2.30) gives the maximum value for the product of bandwidth and Q

factor. The maximum value can be obtain by [4]

p’-1
B = 2.32
QO r Zp ( )
when the following condition is satisfied for the coupling coefficient:
p°+1
B=p, = 5 (2.33)
p
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Figure 2-5. Equivalent circuit with single port terminal when mode #1 is dominant [4].

These relationships are illustrated in Fig. 2-6. Figure. 2-6 (@), representing (2.32), shows
that one can obtain the unloaded Q required for the antenna when the desired bandwidth
and VSWR are specified. In Fig. 2-6 (b), representing (2.33), the position of the feed
point can be determined when its characteristic impedance is given, or the characteristic

impedance necessary for the feed line when the position of the feed point is given.

However, experiments and simulations reported in [4] give the following
relationship for patch antennas, when Sisthe physical area of the patch radiator:

Qo = Fl(é,er] (2.34)
JSt, = F{@,gr] (2.35)

These relations imply that both the unloaded Q and the product of the resonant frequency

Js

fo and the square root of the physical patch area can be expressed as a function of —

and ¢, . These characteristics can be arranged in the form of design charts for every patch

shape. For example, Figs. 2-7 and 2-8 depicts (2.34) and (2.35) in such a form for a
square patch.
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Figure 2-6. Design chart to determine maximum value of (a) Qo.B; and (b) coupling coefficient

p, = o versusdesired VSWR () [4].
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Figure 2-7. Design chart to determine unloaded Q value versus ﬁ with &, as a parameter for
t

square patch antenna [4].
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Figure 2-8. Design chart to determine unloaded Q value versus E with &, as a parameter for
t
sguare patch antenna [4].

By using these four design plots, a square patch (L=W) antenna for a specified
bandwidth can be designed. That is, the unloaded Q value necessary for the antenna to
satisfy the desired VSWR over the specified bandwidth is found from Fig. 2.6 (a) or from

(2.32). Next the parameter VS is determined from Fig. 2-7 according to the selected
t

dielectric constant &,. Then, the product fo\/g is obtained from Fig. 2-8 because S
t

and €, have aready been determined. The patch area S can be computed for the specified

resonant frequency fo. Finally, the substrate thickness t can be determined from the value
Vs,

t

Before concluding the design process of patch antennas, the location of the feed
point has to be determined. Suzuki [9] reported the ssimple dependence of the input
impedance of the patch antenna on the location of its probe feed point. Numerical

computation and experimental results of this input impedance and probe feed location
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relation are illustrated in Fig. 2-9 for both square and circular patch antennas at the
resonant frequency of the lowest-order mode. In this figure, the solid line represents the
relative impedance variation for a square patch as the feed point is moved along the y-
axis at x=0 and the broken line is for acircular patch as it is moved along the radial axis

a @=¢,. Note that the curves are dslightly different. This relationship can also be

approximated by the following expression [8]:

Rln(o’y) ~ Rln(y) :COSZ|:7—T(Q
R.(0Y,) RY(Y.) 2L

r 2
Ra(r %) _ Ry(r) _ "1(1'84161)
Ro(@. %) R,(@ | J,(1841)

- 1)} (Square patch) (2.36)

(Circular patch) (2.37)

where Y. and a are the y and r coordinates of the effective patch edge previousy
discussed, respectively. R® and R, (a) represent the input impedances at the physical

edge, such as (0,L/2) for the square patch and (a, ¢, ) for the circular one.

In the case of a square patch antenna, it is useful to know the input impedance as a
function of feed location x along the edge of the patch, as shown in Fig. 2-10. Numerical
simulations of this variation calculated using the method of moments are depicted in Fig.
2-10. The feed point is moved along the x-axis at y=L_,/2=L/2 with the antenna

operating resonant frequency of the TMp mode. This impedance variation can also be
approximated by

Ro(6Ye) _ Ru(¥ _, Cosz[’_T(Q _% (2.39)
R.(0Y,) RY 2w

The dots in Fig. 2-10 denote values obtained from (2.38), which, in this case, agree with

the numerical ssmulation values.
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Figure 2-9. Input impedance variations calculated using the method of moments for square and

circular patch antennas, when the feed point is moved along the y-axis [9].
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antennas, when the feed point is moved along edge [9].
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By using the results in Figs. 2-9 and 2-10, the feed location can be determined to
match the impedance condition if the input impedance at the patch edge, R for the

square patch or R (a) for the circular patch, is known. An expression of this impedance

is found in [9] as a function of the dielectric constant &, of the substrate used and the

unloaded Q factor:

RY or R, (a) = F;(Q,. ¢,) (2.39)

Figure 2-11 shows some numerical simulation results of (2.39) for the square and circular

patch antennas [9] as a function of unloaded Q with &, as aparameter.

O 20 40 60 80 100
Qo

Figure 2-11. Relationship between input impedance at edge, dielectric constant, and unloaded Q
for (a) square patch and (b) circular patch [10].

2.2.5. Summary

This chapter introduced two basic methods of analyzing microstrip patch antennas
based on the transmission line model and the cavity model. These models are easier to
understand than the numerical analysis methods, such as the method of moments or the
finite-difference time domain, and give more insight on the behavior and characteristics
of the antennas. A design procedure that takes the bandwidth and feed location into
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account were presented as well. The design charts were generated using data from

simulations results and experiments.

2.3. The Planar Inverted-F Antenna

2.3.1. Introduction

The Planar inverted-F antenna (PIFA), as shown in Fig. 2-11(a), is currently in
use as an embedded antenna in some radiotel ephone handsets, especialy in Japan. It is
one of the most promising antenna types because it is small and has alow profile, making
it suitable for mounting on portable equipment. The PIFA typically consists of a
rectangular planar element, ground plane, and short-circuit plate of narrower width than
that of the shortened side the planar element. The PIFA can be thought of as a
combination of the inverted-F (IFA) and the short-circuit rectangular microstrip antennas
(SC-MSA), as shown in Fig. 2-11. Both the IFA and SC-MSA have small bandwidths,
but the PIFA has sufficient bandwidth to cover popular communication bands (about
8%). The PIFA is an IFA with the wire radiator element replaced by a plate to increase
the bandwidth. The IFA is known as a “shunt-driven” inverted-L antenna-transmission
line with an open end [10]. The PIFA also can be viewed as a short-circuit microstrip
antenna resonated with the TM 9o dominant mode. The length of the rectangular element
is halved by placing a short-circuit plate between the radiator element and ground plane
at the position where the electric field of the TM 100 mode is zero [2]. When the width of
the short-circuit plate is narrower than that of the planar element, the effective inductance
of the antenna element increases, and the resonant frequency becomes lower than that of
a conventional short-circuit MSA having the same sized planar element [2]. As a result,
the size of the short-circuit MSA can be further reduced. With the width of the short-
circuit plate reduced, the final structure resemblesa PIFA.

Studies on the conventional PIFA have been performed in recent years. However,

no simple model providing a clear understanding of its behavior and characteristics exists
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at the present time. Numerical analysis is the primary method for evaluating PIFA
performance. This chapter presents the analytical characteristics of a PIFA when the
width of the short-circuit plate and size ratio of the planar element are varied. The
analysis assumes that the size of the ground plane is infinite or large enough to be

considered asinfinite. Finite ground plane effects are discussed in Chapter 5.

=/

@

s

|
I I
() (©

Figure 2-11. The PIFA antenna in (a) combines elements of the IFA antenna in (b) and MSA

R i £

antennain (c).

2.3.2. Analysis Model

Figure 2-12 shows the structure of the PIFA, which is formed by a rectangular
element placed paralel to and above a ground plane and a short-circuit plate. The
excellent work on the analysis of the PIFA by [8] uses spatial network method (SNM) to
generate numerical results. The SNM, which is a three-dimensional time-domain
numerical analysis method, is discussed in detail in [11]. The antennais broken up into
three-dimensional cubical grid whose size length is Ad . The size of the analysis volume
is set large enough so that the numerical results converge because the extent of the
gridding affects the results of the analysis. This assumes also that the ground plane is

large enough so that it can be considered as infinite in extent.
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Short-Circuit Plate
Probe Feed

Figure 2-12. Structure of the planar inverted-F antenna.

The spatia network method, proposed by N. Yoshida, et al. [12] in the late 1970s,
presents a model of a wave propagation mechanism based on the difference form of
Maxwell’s equations. In considering these equations in a three-dimensional space, at each
discrete point, each field variable is assigned to satisfy the mutual relationship between
the variables derived from the equations. The resultant arrangement of the variablesis the
same as in the FD-TD and TLM methods, as is the correspondence of each component
equation in Maxwell’s equations to each of the respective points, which are identified in
Fig. 2-13 as A, B, C, D, E, and F. In the spatial network method, an equivalent circuit is
constructed on the following three principles. First, it is assumed that the interval
between the discrete points is a one-dimensional line. Second, every point is treated as a
node where the continuity law for electric or magnetic currents holds. Finaly, the
medium conditions are expressed as lumped elements. To realize the network on these
principles, al electromagnetic variables correspond to circuit variables at each node. This
correspondence is shown in Table 2.1 [12]. By using these equivalent circuit variables,

each component in Maxwell’s equation assigned at each node is transformed into two-
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dimensional transmission equation. This equation expresses the transmission of the plane
wave perpendicular to the direction of the equivalent voltage defined at each node. The
Bergeron method [12] is then used to solve for three-dimensional electromagnetic fields
in the time domain using the equivalent circuits of the fields.

T
dd bb B

A ”l.f‘_._ dd-

cl

Figure 2-3. Three-dimensional cubic lattice network (Ad: the interval of spatial discretization
[12].
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Table 2.1
Correspondence between the field variables and Medium constants and the circuit variables and constants
at each node in the equivalent circuit [12].

Electric Node Magnetic Node
Maxwell’s equs. (Variables Maxwell’s equs. |Variables
OH: OH:_  0E, _ oE. oE.  oH, —
3z 9z ot V= Ey 9z ax Mot Vit= Hy
OF, __ 3H: _ 0H, _  OE: —
An -‘az = — 3t Ii=—H: Fu — 3z = & 3t i*= E.
9E, _  OH. — oHy |, 9E: —_
a.l' —-"'l—in—at 1.:= Hr aI = Es at [z = El
OH, 0H,  _OE: _ 3E, 0E:__ 0H, _
dy 8z & at V= Ex 8x oy He ot Ve H
OF:_ _ 0H, _ OH;_ , OE: —
Da 3z ﬁ—,ﬂoa li= Hy B ay = & at Iy*=-E.
9E: dH. _ 3H: _BE, _
T "M Iy=—H: ez % I*= Ey
oHy 0H._ _3JE: — 0E. dEy _ 09H: .
oz 5y = £, at Vi=—E: 3y 3z Ho at Ve*=—H:
Es dHs _ 8H.  _9E, .
Ex "5;——#-“5?' ly=—H-: Ca 3z £y a3t I.*= Ey
dE. _ aH, _ dH. Ok, ——_
"‘“é‘lj—'_ﬂ-u'a Ir= Hlf - ay = ] ot [y =-F;
Permittivity Co=¢64/2 Permittivity Le*=¢,/2
Permeability Lo=11,/2 Permeability Co*=p,/2
Polarization AC=¢ox./2:d4d Magnetization AC*=ptoxm/2+4d
Conductivity G=a/2-4d Magnetic Conductivity'G*=0*/2-4d

2.3.3. Field and Current Distribution

Fig 2-14 illustrates the distribution of the electric field Ey, Ey, and E, computed
using the spatial network method [11] for different cases where the width of the short-
circuit plate is changed as 2Ad, 4Ad, 8Ad, and 12Ad, respectively, when the planar
element has the size of L;=L,=16Ad and H=4Ad. The result shows clearly that the
dominant electric field E; is zero at the short-circuit plate and is considerably large at the
opposite edge of the short-circuit plate. The peaked parts of the electric field distributions
Ex and E, are located at the feed point. Also, the electric fields are generated at all open-
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circuited edges of the planar element. These fringing fields are the radiating sources in
PIFAs.

Ex Ey EZ

Figure 2-14. Distribution of the electric fields E,, E,, E, at the x-y plane, where observed plane is
at the height of 25Ad from the ground plane for E, field and 2Ad for E, and E,
fields computed using SNM [8].

The surface current distributions at resonance were computed using SNM and
reported in [8] for various widths of the short-circuit plate. Fig. 2-15 shows the current
distribution intensity and direction: the upper, middle, and lower distributions show the

surface current on the upper surface, the underneath surface of the planar element, and
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the ground plane, respectively. The black dot shows the probe feeding point. The arrows
show the direction of the current and its intensity is proportional to the arrow length. Fig.
2-15 points out two important results related to the intensity of the surface current and the
effective length of the current flow. Very large current flows underneath the planar
element and on the ground plane. These currents contribute to the interior electric and
magnetic fields, between the planar element and the ground plane. The intensity of the
current on the upper surface of the planar element is relatively small. When the width of
the short-circuit plate is narrowed, the current distribution changes and the effective
length of the current flow on the short-circuit plate and planar element becomes longer.
Conseguently, the resonant frequency is reduced. Therefore, a PIFA that is smaller than
the short-circuit MSASs can be designed.
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(a) W=2Ad, F=1Ad (b) W =8Ad, F=4Ad (c)W=16Ad, F=8Ad

(short-circuit MSA)

Figure 2-15. Surface current distribution on the PIFA of Fig. 2-12 for L,=L,. The black dot shows
the feeding point. [8].
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2.3.4. Resonant Frequency

As mentioned previously, the resonant frequency depends on the width of the
short-circuit plate. To see this effect, simulations were performed by [8] on a PIFA for
various short-circuit plate widths, W. Figure. 2-16 shows resonant frequency versus the
short-circuit width W for a PIFA with the following dimensions: L1=L,=16Ad , H=2Ad,
Ad =4 mm. Note that the frequency f; is the resonant frequency when W=L;. As
predicted, the resonant frequency f, decreases as the width is decreased. From these
results, one may quantitatively determine that the size of the PIFA can be reduced beyond
that of the short-circuit MSA.

1.0 T ! T 1 Y
—— calculated .
09} ©° measured i
08 | .
w
e
W
0.7 .
[e] L] = 16Ad
Lz = 16Ad
06 H=2Ad
) Ad =4mm
f1=1015 MHz
05 1 L 1 1
0.0 0.2 0.4 0.6 08 1.0
W/,

Figure 2-16. Normalized resonant frequency versus normalized shorting plate width W for PIFA
in Fig. 2-12. f; is the resonant frequency for PIFA with dimensions W=L,. Data were
computed using SNM [8].

The PIFA resonant frequency f; is aso influenced by the size ratio of the planar

element, L1/L,. The ratio of resonant frequency, f;, to the resonant frequency, f;, is shown
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in Fig. 2-17 as afunction of shorting plate width for various values of top plate width L,
while the other parameters L, and H remain fixed, 16 Ad and 2Ad, respectively, with
Ad =4 mm. For this simulation, the PIFA is tuned to a resonant frequency of 1 GHz with
W/L,=1.0. This plot shows that as the plate width L; increases (as measured by L1/L,) the
resonant frequency decreases, i.e., f/f; decreases, for a fixed W. Another noticeable
behavior in the plot is that there is in inflection point in the resonant frequency curves for
L1/L, greater than 1.0. This inflection point occurs at L1-W=L, [8]. This behavior can be
explained by examining the current direction in Fig. 2-18 on the surface underneath the
planar element. The current flows mainly from the short-circuit plate to the opposite
open-circuited edge for the case when L;-W<L,. However, the direction of the current
changes when L;-W> L, [8]. This affects the effective length of the current flow, as shown
inFig. 2-18.

fr/f]

H=2Ad
B Ad = dmm

0.2 . L . L . 1 .
0 8 16 24 32

WxAd)

Figure 2-17. Normalized resonant frequency versus the width of short-circuit plate for various

size ratio of the planar element. Results are calculated by [8].
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Figure 2-18. Variation of surface current flow underneath the planar element due to size ratio of
planar element and width of short-circuit plate [8].

The resonant frequency of the PIFA is proportional to the effective length of the
current distribution. There are two cases in which it is easy to formulate an expression of
the resonant frequency with respect to the size of the PIFA. The first case is when the
width of the short-circuit plate W is equal to the length of the planar element, say L1. This
corresponds to the case of the short-circuit MSA, which is a quarter-wavelength antenna;
see Fig. 2-11(c). The effective length of the MSA is Lo+H where H is the height of the
short-circuit plate. The resonance condition then is expressed by

A

L, +H :7" (2.2.1)



where A is the wavelength. Resonant frequency associated with W=L, calculated from
(221)is

f=_C
© AL +H)

(2.2.2)
where c is the speed of light. The other caseisfor W=0. A short-circuit plate with awidth
of zero can be physically represented by a thin short-circuit pin. The effective length of
the current isthen L;+L,+H. For this case, the resonance condition is expressed by

H+Q+H:%- (2.2.3)

The other resonant frequency that is part of the linear combination is associated with the

case O<Wk L, and is expressed as

Cc
f, = 224
24, +L, +H-W) (224

For the case when 0<W/L;<1, the resonant frequency f; is alinear combination of
the resonant frequencies associated with the limiting cases. The resonant frequency f; is

found using the experiment for f; and f, above in the following [8]:

f,=rf, +@-r)Lf, for % <1 (2.2.5)

2

and

fo=r*Of, +@Q-r)¥, for %>1 (2.2.6)

2
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where r = W and k = L . The above equations agree well with the measured results [8].
1 2

2.3.5. Bandwidth

The bandwidth of a PIFA depends on a few parameters, specifically the size ratio
of the planar element L./L,, the height of the short-circuit plate H, and the ratio W/L;. Fig.
2-19 shows the dependency of the relative bandwidth for a VSWR<1.5 on relative height
of the short-circuit plate H/A, for the width W of the short-circuit plate equal to L;,
corresponding to the short-circuit MSA. As illustrated in the figure, the bandwidth
increases with the height of the short-circuit element and with the size ratio of the planar
element L,/L,. The next figure, Fig. 2-20 shows the dependency of the bandwidth on the
ratio WIL; where the width of the short-circuit plate is shorter than that of the planar
element L;. Bandwidth decreases with the decrease of the short-circuit plate width. The

dashed line represents the case for the short-circuit MSA.

10

[=<]
T

1.5) (%)

=

Relative Bandwidth (VSWR

% 0.01 0.02 0.03 0.04 0.05 0.06
H/Ap
Figure 2-19. Computed bandwidth of the PIFA when short-circuit plate is equal to L, (in the case
of short-circuit MSA) [8].

36



L1 =16Ad

8 L2 =16Ad -

Relative Bandwidth (VSWR= 1.5) (%)

0 0.01 0.02 0.03 0.04 0.05 0.06
H/Ag

Figure 2-20. Computed Bandwidth of the PIFA when short-circuit plate width is narrower than L
(8.

2.3.6. Design Procedure

The previous section presented the influence of the geometry parameters of the
PIFA on its electrical performance based on numerical results. The resonant frequency of

the antenna can be computed using equations (2.2.5) or (2.2.6).

With the help of Figs. 2-19 and 2-20, the size of the PIFA can be determined. As
an example, consider the design of a PIFA for the cellular band (824-894 MHz) with a
resonant frequency f,=859 MHz and a bandwidth of at least 70 MHz (8.14%). Using Fig.
2-19 for the case L,/L, = 2.0 with 8.2% for a VSWR < 1.5, one finds the height of the

short-circuit element to be /\i =0.045, or H = 15.7 mm for the resonant frequency f, =
0

859 MHz. This is the case when W = L; and Equation (2.2.6) reduces to (2.2.2). L, can
then be computed from (2.2.2) and is equal to 71.6 mm. The other parameters are then W
= L; = 143.2 mm. In all case so far, the PIFA is assumed to be mounted on an infinite
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ground plane. Figure. 2-21 shows the VSWR of the designed PIFA using the method of
moments code IE3D [15]. The computed resonant frequency and impedance bandwidth
are 865 MHz and 65 MHz (7.5%), respectively. This result shows that the procedure
gives good results.

The PIFA design using the procedure illustrated above is not unique. One
can find many cases in which the specifications are satisfied. Currently, a design
procedure to optimize the size of a PIFA does not exist. A more thorough study of the
parameters of the PIFA has to be performed to further characterize the antenna.
Nonetheless, the general behavior of the PIFA is well understood with the results in the
previous sections.
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Figure 2-21. Computed VSWR for a PIFA operating in the Cellular band designed using the

procedure mentioned in this section. It is computed using IE3D [13]. The dimensions
of the PIFA are L;1=W=143.2 mm, L,=71.6 mm, H=15.7 mm.
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2.3.7. Summary

The characteristics and geometry parameter influence of a PIFA on an infinite
ground plane were presented in this chapter. In this analysis, the distributions of the
electric fields between the planar element and the ground plane have been presented with
respect to the short-circuit width. This result is useful in understanding the behavior of
radiation characteristics in PIFAs. The surface current distribution was also examined.
Also shown were the characteristics of the resonant frequency and bandwidth with

respect to the size ratio of the planar element, short-circuit width, and antenna height.
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Chapter 3: Techniques for Widening the Bandwidth of
Microstrip Antennas

3.1. Introduction

Antennas such as microstrip antennas and PIFAs have found many applications
because of their low-profile and conformal geometry. Despite their many attractive

features, however, narrow bandwidth often limits more widespread use.

The analysis of microstrip and planar inverted-F antennas were discussed in
Chapter 2. A design procedure for each antenna type accounting for the bandwidth was
illustrated. It was shown for both antenna types that bandwidth can be increased by
increasing the height of the antenna. However, there are some limitations on how high the
antenna can be. Current applications require the antenna volume to be small. Therefore,
increasing the height of the antenna may not satisfy the size specifications for the
required bandwidth. However, performance can be degraded when the height is
increased. For instance, in the case of microstrip antennas, the increase in substrate
thickness leads to excitation of surface waves which causes loss in radiation efficiency
[1]. If a substrate is used in the microstrip antenna, one can increase the bandwidth by
lowering its dielectric constant value. Figure 2-7 shows such a behavior for microstrip
antennas where the unloaded Q is proportiona to & and the bandwidth is inversely
proportional to Q. However, increasing the bandwidth using this technique can cause

some practicality issues such as increase in antenna cost.

A technique for improving the bandwidth of low-profile antennas that does not
significantly increase the volume or degrade the performance is to use parasitic elements.
Parasitic elements are designed to resonate close to the resonant frequency of the driven

radiator element, leading to a desirable tuned response. The result is a wider effective
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impedance bandwidth of the antenna. It is also called double-resonance phenomenon
technique [2]. This chapter gives a brief analysis of antennas with double tuning showing

afew configurations that have been widely used.

3.2. Numerical Analysis

There are numerous papers dealing with the analysis of the parasitic elements
placed close to a driven antenna element. Both quasi-static and full-wave analyses have

been reported. However, no simple and accurate design equations are available.

One approach to the analysis is to compute the capacitance that exists between the
parasitic and the driven antenna elements. Consider the microstrip line geometry shown
in Fig. 3-1. The capacitances can be expressed in terms of even and odd mode values for
the two modes of propagation [3]. The distribution of the capacitances of the microstrip
lines is shown in Fig. 3-2 for the two modes. The even-mode capacitance, shown in Fig.

3.2(a), can be divided into three types as
Ceen =C, +C; +C, (3.1

where C,, is the parallel plate capacitance between the strip and the ground plane, C; is
the fringing capacitance obtained from uncoupled microstrip line, and C; is the fringing
capacitance due to the presence of another microstrip line. These capacitances are
expressed by the following equations [3]:

C, =& — (3.2

r

C, :% JErer 1CZ, —Cp] (3.3)
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C
= & (3.4)

1+A{jtanh(lOJ Er e
S H

where ¢, & &1, and Zp are the speed of light in free space, the effective dielectric constant

C, =

of the substrate, and the characteristics of impedance of the line, respectively.
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Figures 3-1. Geometry of the rectangular patch antenna coupled with a parasitic element [3].
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Figure 3-2. Distribution of capacitances of (a) even-mode and (b) odd-mode propagation. [3]

The expression for C; is obtained empirically such that the resulting value of even-mode
capacitance is comparable with numerical results. The value A in the expression (3.4) for

Cr isgiven by [3]



A= exp[- 0.1exp(2.33 - 2.53W / H | (3.5)
The odd-mode capacitance, shown in Fig. 3.2(b) is expressed by [3]
Coww =C,+C; +C, +C, (3.6)

where Cga and Cyy are the capacitances for the fringing fields across the gap in the air
region and in the substrate region, respectively. They are computed from the following

equations [3]:
K(k") S/H , 2
=, ——=, k= andk'=+/1-k 3.7
® 0 K(Kk) S/H+2W/H 37
EE s 0.02 1
C., =—2"In| cothh — | |+ 0.65C, | ——./&, +1—-— 3.8
“ [ (4Hﬂ f[S/H ' 53} (38)

where the ratio of the complete elliptic function K(k) and its complement K(K') is given

i|n[21+‘/q 0<k?<05
K(K) m | 1-Jk
K _ T , 3.9)
KO | T 7] 05<k?<1
In[z1+ k}
1-Jk

When the widths of the two microstrip lines differ, as shown in Fig. 3-3, the even-
mode and the odd-mode capacitances (3.1) and (3.6) are modified because the asymmetry
of the structure gives rise to different propagation characteristics to the lines. In this case,
there are four impedances corresponding to two modes on two different lines. The
following expressions are the modified version of the even- and odd-mode capacitances

accounting this asymmetry [3]:

Ceveni= Cpi+ Gii+ C's (3.10)
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Couai =Chi T Cs ¥ Cyylwom, +Calwam, (3.11)
2 2

where i=1, 2 mean that the corresponding capacitance expression should be evaluated at
the strip width Wy and W.. The coupling capacitances Cy, and Cyqy are evaluated using the
mean value of the strip widths. Vaues computed from these expressions are close to the

numerical results [3].
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Figure 3-3. Configuration for asymmetric coupled microstrip lines.

Once the capacitances are known, the impedances for the even and odd modes are
computed separately using the cavity model as previously discussed. The resultant input
impedance of the system is given by

Zin= Zin,even + Zin, odd (3-12)

The impedance bandwidth is then found by computing the input impedance at each
frequency.

Full-wave analysis can aways be used to give accurate results using the integral
eguation technique [4]. Even though it is accurate, full-wave analysis does not give
insight on the parasitic-element effect, as obtained with the capacitance-computation
analysis. The next section illustrates several configurations of antennas using parasitic

elements for widening the bandwidth.
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3.3. Configurations

Probe-fed small antennas have bandwidth limits due to the inherent inductance
introduced by the probe. The solution is to provide a mechanism to cancel out this probe
inductance. One technique is to add parasitic e ements. Indeed, the coupling between the
driven structure and parasitic elements adds capacitance to the structure. The
configuration of coupled parasitic element structure antennas can be classified into two
categories. the parasitic element is either placed laterally or vertically to the main driven
element. They are adso called edge-coupled structure and capacitively fed structure,
respectively.

3.3.1. Edge-Coupling Structure Antennas

The antenna geometry shown in Fig. 3-4 represents a parasitic edge-coupled
element microstrip antenna [5]. Various experiments were carried out in [5] to study the
effect of gap-width on the performance this antenna structure. In initial experiments,
theoretical impedance using the capacitance-calculation technique and experimental
impedance do not match accurately. This discrepancy is attributed to the fact that this
technique of computing the capacitances between the elements was derived from
quasistatic calculations. Several values were changed in the expressions for the
capacitances to match the experiments. Fig. 3-5 depicts the VSWR of the antennawith a
thickness substrate of 0.159 cm, adielectric constant & = 2.2, and L;=L, dightly different
than L. The bandwidth of the antenna is 225 MHz (6.9%) at fo = 3.27 GHz. To further
increase the bandwidth, the parasitic elements have unequal lengths (Li#L,). This
produces a triple-resonance phenomenon and widens the bandwidth (10% at f, = 3.29
GHz), as illustrated in Fig. 3-6. For comparison, a single-element rectangular patch
microstrip antenna is analyzed at the corresponding resonant frequency and substrate

specifications. The experimental bandwidth isfound to be 65 MHz, or 2%.
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Figure 3-4. Antenna geometry of an MSA using edge-coupled parasitic elements.
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Figure 3-5. Theoretical (dashed curve) and experimenta (solid curve) results for the VSWR.
Theoretical values were calculated using Green's function approach and the

segmentation method [10].

a7



1 ) 1 1
N 315 32 325 33 335 34 345

FREQUENCY (GH2)

Figure 3-6. Theoretical (dashed curve) and experimental (solid curve) results for the VSWR for
the MSA with unequal-length parasitic elements. Theoretical values were calculated
using Green's function approach and the segmentation method [10].

3.3.2. Capacitively-Fed Structure Antennas

There have been numerous reports on using feeding techniques other than probe
feeding in low-profile antennas. The capacitively feed technique has been a topic of
recent interest. In the open literature, this technique has different names such as non-
contacting feed or stacked-plate arrangement, but they all describe the same phenomenon
of coupling between two elements in the structure. Such a technique is widely used with
microstrip antennas (MSA). The configuration of a stacked MSA—or equivaently,
capacitively fed MSA—is shown in Fig. 3-7. It consists of a ground plane, a radiating
patch, and a patch located between the ground plane and the radiating patch. The middle
patch is probe-fed. The advantage of this configuration over the edged-coupled structure

isthat the increase in volume is not significant or zero.



Parasitic patch

Layer 1

Layer 2 i
Ground plane

Capacitor Patch

Probe feed

Figure 3-7. The capacitively fed microstrip antenna element.

A good parametric study of this antenna structure was performed in [8] using the
method of moments to model the antenna. The structure has a square radiating patch with
dimension 82.5 mm centered at the z-axis and 6.85 mm above alarge ground plane, and a
square capacitor patch located between the radiating patch and the ground plane. The
antenna is probe-fed with 50-Ohm characteristic impedance, as shown in Fig. 3-7. The
probe, positioned at (X, Yp) = (22 mm, O mm), is connected directly into the center of
capacitor patch. The substrates in both layers have a dielectric constant & =1 (air). Figure
3-8 depicts the calculated and measured impedance and reflection coefficient of the
antenna for a square capacitor patch with dimension L, = 20 mm and a distance D¢ =
2.15 mm separating the capacitor and radiating patches. Numerical values were computed
using the method of moments. Figure 3-8 shows that the measured and computed values
are in good agreement. The resonant frequency is defined as the frequency at maximum
resistance and the bandwidth as the band between the two frequency points where the
amplitude of the reflection coefficient is—10 dB (VSWR < 2).
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Figure 3-8. Impedance and reflection coefficient of a capacitively-fed microstrip antenna of Fig.
3-7 for a square capacitor patch with dimension L, = 20 mm and a distance D, =
2.15 mm separating the capacitor and radiating patches [8]. Numerical values were

computed using the method of moments.
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Figure 3-9 shows the computed resonant frequency, resonant impedance, and
bandwidth as a function of the capacitor patch size for afixed position of the probe (x, =
22 mm) and for three distances D, between the radiating patch and the capacitor patch (1
mm, 3 mm, and 6 mm) using the method of moments. The plots show the following
results: neither the size of the capacitor patch nor the distance between the radiator and
capacitor patches significantly affects the resonant frequency and the bandwidth; the
effect of the capacitor patch on the resonant impedance, however, is strong. The resonant
resistance value drops considerably with increasing separation Dy;.
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Figure 3-9. Resonant frequency, impedance, and bandwidth of a capacitively-fed microstrip
antenna of Fig. 3-7 as a function of the size L, of the capacitor patch for a fixed
position of the probe x, and for three distances D, between the radiating and

capacitor patch [8]. Numerical values were computed using the method of moments.
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Figure 3-10. Resonant frequency, impedance, and bandwidth of a capacitively-fed microstrip

antenna of Fig. 3-7 as a function of the capacitor patch size L. for a fixed distance
D, between the radiating and capacitor patches and for three position of the probe x,
[8]. Numerical values were computed using the method of moments.

In Fig. 3-10, the separation distance D between the two patches of Fig. 3-7

remains fixed. The resonant frequency, impedance, and bandwidth are computed as a
function of the capacitor patch size L. for three positions of the probe x, feeding in the
center of the capacitor patch. From thisfigure, the following behavior can be concluded:

(i)

(i)

If the capacitor patch is sufficiently small, the effect of its size is
negligible; it only affects the resonant frequency when the edge of the
capacitor patch comes close or goes beyond the edge of the radiating
patch (when L. and D, large).

If the probe feeding the center of the capacitor patch is located at a
sufficient distance from the center of the radiating patch, the size of
the capacitor patch does not affect the bandwidth of the antenna. If this
distance reduced, the bandwidth increases.
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(iii)  Theresonant resistance increases with the size of the capacitor patch if
its size is sufficiently small. Once the edge of the capacitor patch
comes close or goes beyond the edge of the radiating patch, the
resonant resistance starts decreasing with increasing the capacitor
patch size.

(iv)  The position of the capacitor patch x, does not affect the resonant
reactance.

The behavior in (i) and (iii) can be explained by the fact that once the capacitor
patch is no longer completely shielded by the radiating patch, it starts to radiate and the
combination of both patches acts as a larger radiating patch, which lower the resonant
frequency, as well as the resonant resistance.

Figure 3-10 depicts important results that can facilitate the design of a matched
capacitively fed structure. It is seen, indeed, that for each patch separation, there exists a
capacitor patch size for which the resonant reactance is zero, independent of the probe
position. A design procedure for a matched capacitively fed microstrip antenna can be

obtained from this property:

1- Design the basic microstrip antenna without the capacitor patch for the
specified resonant frequency f. and bandwidth;

2- Choose a patch separation D,

3- Determine the capacitor patch size for which the resonant reactance is zero;

4- Determine the position x, of the probe feeding the center of the capacitor
patch for which the resistance at f; is 50 Q.

It is important to keep in mind that the separation distance D should not be
chosen too large. Figure 3-9 showed that a large separation yields a large capacitor patch
size for which the resonant reactance is zero and a small resonant resistance. A small

resonant resistance may make the design impossible to match it to 50 Q. Note also that
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the last step introduces a small shift in resonant frequency. This can be corrected by
modifying slightly the radiating patch size.

As far as the substrate of the two layers are concerned, it has been shown that
thick, low dielectric constant laminates tend to give the largest bandwidth responses and
good surface wave efficiencies [7]. It has been found that using higher dielectric constant
substrate for the lower layer tends to give enhanced results. The thicker the lower layer,
the greater the bandwidth. However, the thicker the lower layer, the less capacitive the
impedance of the patch can become. Thus, if the lower substrate is too thick, when the
parasitically coupled patch is positioned onto the configuration, the overall impedance
trend will appear inductive and the impedance control and, hence, achievable bandwidth,
will be limited.

The technique of capacitively feeding the microstrip antenna is a popular method
for enhancing the impedance bandwidth. A structure of probe-fed stacked patches
achieving a bandwidth of 25% was reported in [7]. Other variations of capacitively fed
MSA can even reach a bandwidth of 30% [9]. Figure 3-11 illustrates severa
configurations of the structure. They are called short-circuit stacked MSAs. They are
also considered as a variation of capacitively fed PIFAs.

Ground Ground

Figure 3-11. Variations of stacked patch antennas. They are aso called short-circuit stacked MSA
[11].



3.4. Summary

This chapter illustrated techniques of widening the bandwidth of low-profile
antennas. The widely used technique consists of adding parasitic elements to the antenna
structure. The technique is also called the double-resonance phenomenon technique. The
analysis of this technique can be obtained using either quasi-static and full-wave integral
equations method. It was pointed out that no accurate closed-form expression exists to do
the analysis. The quasi-static method consists of computing the capacitances due the
addition of parasitic elements. However, it only gives approximate results because of the
complex computation of the capacitances. Nonetheless, this method shows some insights

of how the structure behaves.

The coupled parasitic element structure can be classified into two categories: The
edge-coupled configuration and the capacitively fed or stacked patch configuration. Each
configuration was analyzed and the numerical results obtained gave some insights on
how the structure behaves to facilitate the design procedure.
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Chapter 4. Fundamental Limits on the Radiation Q of
Small Antennas

4.1. Introduction

Electrically small antennas are antennas with geometrical dimensions that are
small compared to the wavelength of the radiated electromagnetic field. More
specifically, the term “eectrically small antenna’ includes any antenna that fits inside a
sphere of radius a = 1/k where k is the wave number associated with the electromagnetic
field [1], the so-caled radian sphere. The radiative properties of electrically small
antennas were first investigated by Wheeler [2]. Later, using a very comprehensive
theory, Chu [3] derived the minimum radiation quality factor Q of an antenna, that is
enclosed inside a sphere of a given radius. In 1960, Harrington [4] extended Chu's theory
to include circularly polarized antennas. Later, Collin [5] and Fante [6] derived exact
expressions for the radiation based on the evanescent energy stored around an antenna.
McLean [7] corrected an error in Chu's approximate expression and re-derived the exact
expression using non-propagating energy. Most recently, Caswell [8] re-derived the
fundamental limit on radiation Q using a time-domain approach.

This chapter reviews the work on the fundamental limit concept on the radiation
Q of an antenna over the past decades. Chu, Harrington, MacL ean, and Caswell’swork is
summarized to show the concept of the fundamental limit applied to practical small

antennas.

4.2. Overview of Theoretical Investigations on the
Fundamental Limits

Due to the importance of small antennas, there have been severa theoretical

investigations of antenna size and performance over the past five decades. Reducing
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antenna volume generally degrades antenna performance. It is therefore important to
examine the fundamental limits and parameter tradeoffs involved in size reduction.
Certainly at some point performance specifications cannot be met if the allocated volume
for the antenna region is reduced too much. It is well known that size reduction is
obtained at the expense of bandwidth and efficiency. However, this must be quantified in

order to have useful guidelinesin the search for ways to produce more compact antennas.

The concept of Chu's work was to place an antenna inside a sphere of radius a
that just enclosed the antenna and then to represent the fields outside the sphere as a

weighted sum of spherical wave modes. Then radiation Q can be computed from [3]

2
N, s,
Prad

Q= 4.2
200N
P T~ W >W,

rad

where W, and W, are the time-average, nonpropagating, stored electric and magnetic
energy, respectively, w denotes radian frequency, and P,y denotes radiated power. Chu
assumed that all of the stored energy is outside the sphere enclosing the antenna.  This
leads to the minimum possible radiation Q since any stored energy inside the sphere
would increase the radiation Q of the antenna. However, the calculation of this radiation
Q is not straightforward because the total time-average stored energy outside the sphere
isinfinite just asit is for any propagating wave or combination of propagating waves and
nonpropagating fields [3]. Chu addressed this by deriving an RLC equivalent ladder
network for each spherical waveguide mode and then radiation Q is computed from the
stored energy in the inductors and capacitors of the equivalent circuit network. However,
thisis still atedious computation if many modes exist. So, Chu approximated the system
as an equivalent second-order series RLC network and solved the problem assuming that

the antenna only excitesthe n = 1 mode. The radiation Q expression then is
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where the algebraic error cited by McLean [7] has been accounted for. Chu also showed
that an antenna which excites only the n = 1 mode has the lowest possible radiation Q of
any linearly polarized antenna.

MacLean [7] re-examined this fundamental limit in order to achieve the highest
possible accuracy because it makes little sense to speak of approximate fundamental
limits. McLean then presented an exact expression for the minimum radiation Q. Like
Chu, he assumed that the antenna radiates only one mode, in this case the n = 1 spherical
mode. The fields of this mode are equivalent to the fields radiated by a short dipole
antenna. He computed the stored energy due to the total fields and then subtracts the
stored energy due to the radiated fields, leaving only the non-propagating stored energy

from which theradiation Q is determined. The resulting expression for Q is

_ 1 .1
Q= (ka)® "a (43)

This relationship between the radiation Q and the antenna size represented by ka
is plotted in Fig. 4-1. The family of curves includes the dependence of antenna radiation
efficiency, . The top curve is the plot of (4.3) and is for 100% radiation efficiency
(e=1). It shows that for small electrical sizes, say for ka<l, Q increases dramatically as

sizeisreduced.
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Figure 4-1. Fundamental limit curves of radiation Q versus ka. The top curve is a plot of (4.3)
and isfor efficiency, € =1, or 100%.

Caswell [8] re-formulated the theory using the time-domain approach. The
classical derivation of the fundamental limits assumed that the electric and magnetic
stored energies are completely orthogonal. However, this is not the case for an antenna.

For the time-domain derivation, the definition of Q givenin (4.1) is modified as follows

_ wmax|(W, +W, |
=

rad

Q (4.4

Computing the peak stored energy in the time domain assuming that the antenna radiates

only one mode, n = 1, givesthe fina result for radiation Q [limit 8]:

1 1 1 1

- + 4 |+ 4.5
2k’a® ka V4k®a® k?a? (45)

Q
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Figure 4-2 shows the minimum radiation Q of (4.3) as derived by MacLean
compared to the Q in (4.5) for 100% efficiency. For small ka, both curves converge to the
same value. However, as ka increases, the curves diverge. The commonly accepted size
limit for small antennas is ka = 1. At the size, the ratio of the two curvesis Qus/Quz) =
1.31.

l 0 T T

- - Z| == Time-Domain

JE R R R

=
Q

Figure 4-2. Comparison of the classical fundamental limit Q based on (4.3) versus the time-
domain fundamental limit based on (4.5).

The family of fundamental limit curvesin Fig. 4-1 can be explained as follows. A

point for an antenna is located on the graph using the Q value for the antenna and its ka
value at midband. The enclosing radius, a, of an antenna includes any images of the
antenna in a ground plane. Realizable antennas have Q vaues above the curve
corresponding to the efficiency of the antenna, e . That is, points corresponding to

realizable antennas must lie above the curves. The curves are also used to find the size

limit for a given bandwidth. For example, an antenna with 10% bandwidth (Q =10) and

100% efficiency must have ka > 0.5. This means a must be larger than 0.081 .
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4.3. Comparison of Small Antennas

The fundamental limits presented in the previous section are based on theory and
several assumptions are involved. It is therefore important to compare this theory to
actual antennas in order to see if the fundamental limits are also useful for practical
antennas. In this comparison, the time-domain fundamental limit curves based on (4.5)
are used. The antennas used are found in the literature or are fabricated at the Virginia
Tech Antenna Laboratory. Table 4-1 lists these antennas.

Bandwidth is an important parameter of interest for antennas and is related to the
radiation quality factor Q. From a terminal standpoint the antenna can be viewed as a
circuit device. Viewing the antenna as a resonant, parallel RLC circuit, fractional
bandwidth is ssimply the inverse of Q,

BW,,; =1/Q (4.6)

BW;sgs denotes the 3-dB bandwidth of the antenna and is defined as

f, —f
BW, = Uf -
c

(4.7)

where f, and f_ correspond to the upper and lower 3-dB points and f_ is the center
frequency, f. = (fU + fL)/ 2, of the frequency band of interest. The 3-dB point is where

the signal is 3 dB below its peak value. Once bandwidth is determined, Q can be found
from (4.6).

In practice, antenna bandwidth is often defined by VSWR = 2. Because Q is
defined by the 3 dB points of the equivalent circuit model, Q is not just the inverse of the
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VSWR = 2 bandwidth, asin (4.6). The relationship between Q and VSWR is determined
asfollows[9]:

VSWVR-1

Q= BWgr vV VAR 48
For VSWR = 2, (4.7) reduces to
1
= - 4.9
= B (4.9)

Figure 4-3 shows the bandwidth-size performance vaues for the practical
antennas listed in Table 4-1, along with the fundamental limit curve based on (4.5) for
100 % radiation efficiency. It is desirable for an antenna point to be as close to the
desired efficiency curve as possible. A point that falls on the curve indicates that the
antenna has achieved maximum bandwidth for its size. The example antennas shown in
Fig. 4-3 represent a wide variety of antennas and none exceed the fundamental limits.

Thus, we can conclude that the fundamental limits appear to provide realistic limits.
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Table 4-1
Characteristics of antennas used to examine bandwidth-size rel ationships

Radius of Enclosing Center Frequency Bandwidth
Antenna Sphere (a) ( fc) (VOWVR< 2)
/2 Dipole[10] 12 300 MHz 36 MHz
Goubau [11] 0.166A 300 MHz 75 MHz
IFA [12] 3.909 cm 923.5 MHz 17 MHz
DIFA [12] 3.926 cm 917 MHz 30 MHz
PIFA 3.774 cm 859 MHz 70 MHz
A2 Patch[1] 2.237cm 3.03 GHz 32 MHz
Foursquare [13] 1.670 cm 6.0 GHz 2.12 GHz
10° — S e — p—— I
It o S e S B o[+ i
R T W Wl W oo C - S A Goubau H
F-—tA\-Y----- e - === - = ===-1 v IFA H
*********** - - -~~~ ---—-------—-—----1 + DFFA 3
,,,,,,,,,,,, L ___________Jd______1 O PIFA H
: : : % Patch
””””” :"""f""”"””””””l”””’ + Foursquare [

Figure 4-3. Comparison of several practical antenna (Q,ka) values (see Table 4-1) to the
fundamental limits curve based on the time-domain equation (4.5).

4.4. Summary

The classical theory of the fundamental limits on radiation Q based on Chu,

Harrington, and MacLean’s work and the time-domain approach from Caswell were



presented. Even though there was a small difference in two theories for large ka, the goal

of this chapter to review and point out the concept of the fundamental limits on the

radiation Q of small antennas. A few examples of practical antennas were illustrated on

the fundamental limit curves to show that these curves provide redistic limits. Finally,

the fundamental limits may be used as a guide for creating antenna specifications so that

a search for unrealistic antenna can be avoided.
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Chapter S: Ground Plane Effects on the Performance of
the PIFA

5.1. Introduction

Studies of the effects of ground plane size on antenna performance are not new.
The first investigations date back to the 1950s; see [5-10]. Most work focused on the
characteristics of a monopole antenna mounted on a finite circular ground plane. Later,
effects of the ground plane on other antenna types were studied, such as microstrip
antennas [1-3]. Current applications require antennas to be mounted on small ground
planes such as found in handheld communication devices. Models for antennas on a

ground plane with infinite extend are not sufficiently accurate for such applications.

Investigations of the effects of ground plane size on planar inverted-F antennas
have not been reported. Some work was performed on PIFAs mounted on a conducting
box of fixed size [4]. However, none of the studies showed the antenna behavior as a
function of conducting box size, or as a function of antenna position and orientation on a
finite ground plane.

This chapter first discusses models available to analyze antennas on a ground
plane with finite extent. Results from previous work will be shown to verify that these
models are accurate. Then results from investigations on the performance of a
conventional PIFA mounted on ground planes with various sizes and shapes will be
discussed. Orientation and position of the antenna on a fixed-size ground plane will be
analyzed as well. The purpose of this study is to illustrate the characteristics of the PIFA
on a finite ground plane such as resonant frequency, bandwidth, gain, and radiation
patterns. These illustrations are very useful in the design a PIFA for applications
requiring a small ground plane. Specificaly, the results reveal the tradeoff between PIFA
geometry and ground plane size with electrical performance.
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5.2. Theoretical Models

Severa investigations have been reported for a monopole at the center of a
conducting circular ground plane in free space. Experimental measurements of
impedance were performed [5-7]. A few theories were used to model this problem
including spheroidal functions, but the two mostly widely used techniques are the
methods of moments and the geometrical theory of diffraction (GTD). They can also be
combined to form a hybrid technique [6-8]. The philosophy behind this approach is to
model only the antenna portion of the problem using the method of moments and then to
model the finite three-dimensional body containing the antenna using the GTD method.
In this way, the formal combination of these two useful computational methods result in
the usual moment method impedance matrix being modified to properly account for the
GTD contribution in the solution for the antenna current distribution.

For the idealized case of a ground plane of infinite extent, the antenna may be
modeled by the method of images. However, for an antenna mounted on a ground plane
of finite extent, the outer edge of the ground plane diffracts incident radiation in all
directions and consequently currents on the ground plane and antenna differ from those
for an infinite ground plane. At the outer edge of the ground plane, the currents on the top
and bottom faces of the ground plane are equal in magnitude but opposite in direction
because the net current must be zero at the edge. Outer edge diffraction becomes
increasingly significant with decreasing size of the ground plane because of increasing
magnitude of the currents on the ground plane faces at the outer edge. Edge diffraction
can ater the input impedance by more than 100 percent and directive gain in the plane of
the ground plane by more than 6 dB from the values for a ground plane of infinite extent
[9]. The following discussion illustrates the accuracy of the models previousy

mentioned.

Richmond [10] developed a model of a monopole antenna mounted at the center

of acircular disk using the sinusoidal-Galerkin moment method. The geometry is shown
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in Fig. 5-1. Caculations using this method are then compared to the experimental
measurements. Richmond assumes the wire representing the monopole to be a hollow
tube and the circular disk ground plane with infinitesimal thickness rather than the
thickness of the experimental device. Figure 5-2 illustrates the impedance of the
monopole on a circular disk versus the disk radius. The computed values of impedance
show satisfactory agreement with the measurements of Thiele and Newhouse [6].
Richmond’s calculations are also compared to experimental measurements by Meier and
Summers in 1949 [5], as shown in Fig. 5-3. Again, excellent agreement is apparent.
Computations shown in this figure were performed using a monopole length h = 0.229 A,
which is dlightly greater than the length h = 0.224 A of the monopoles measured by Meier
and Summers. The length h used in this model was adjusted to give best agreement with

measured data.
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Figure 5-1. Cross sectional view of monopole fed via a coaxial cable through the center of a

circular disk.

69



TO T
25— T 4 —
i
L/
Fi
I
N —
" R 4
= o
= 30— i-/"-i =]
o -
-
-
/I
T
-~ _a”
[ pad / ]
’/
o
- o T ek mamie Cfy o o
IR AR __‘rl
40 I
20—
® 20—
s 20
-
o
8 10
xz
L
-
o
<
E 0
DISK RADIUS: co0.07S5m
WIRE RADIUS: o = 0.OQ 5EB8m
MONOPOLE LENGTH: h=Q, 28 A
—i0— —
—e MEASUREMENTS BY THIELE
— CALCULATIONS BY RICHMOMD
—20 | ] | 1 |
[+ 0.8 0.2 0.3 0.4 0.5 o6

DISK RADIUS %)

Figure 5-2. Resistance and reactance of monopole at center of circular disk in free space along

with experimental measurements by Thiele and Newhouse [10].
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with experimental measurements by Meier and Summers[10].
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5.3. Finite Ground Plane Size Effects on the Conventional
PIFA

5.3.1. Setup Description

This section presents results from extensive investigation using the method of
moments into the effects of a finite ground plane on the performance of a PIFA. In
addition, measurements were made to confirm computational results. The structure of a
PIFA is shown in Fig. 5-4. It consists of a square conducting plate with dimensions 20
mm x 20 mm and a short-circuit plate with a 5-mm width and 10-mm height. These
dimensions are selected to give a resonant frequency in the PCS band. They are fixed
during all computations and measurements. Using the design procedure for PIFAS in
section 2.3.6, the resonant frequency of the antenna is 1875 MHz for an infinite ground
plane. At that frequency, the PIFA dimensions in terms of wavelength are G=0.125A,
H=0.065A, and S=0.03125A. The PIFA is mounted at the center of a square ground plane
with variable side length L. The following ground plane sizes L are used to measure the
characteristics of the antenna: 20, 40, 60, 80, 100, 120, 140 mm. The metal used to
construct the PIA is brass. The conducting plate thickness used in the experiments is
0.381 mm. The PIFA is probe-fed using an SMA connector with probe radius of
0.635mm. The location of the probe is on the x-axis as shown in Fig. 5-4 and at adistance

px from the shorting plate so that the antennais matched to 50 Q at resonance.
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Figure 5-4. Geometry of the PIFA with a square conducting plate of G=20mm and a short-circuit
plate whose width and height are S=5mm and H=10mm, respectively, mounted on a

finite square ground plane with dimension L.

5.3.2. Numerical and Experimental Results

The software used to model the structure is IE3D from Zeland Software Inc. [11].
It isamethod of moments electromagnetic simulator. The PIFA of Fig. 5-4 was evaluated
using IE3D for each ground plane size L. The probe modeled in IE3D has a radius of
0.635mm and is fed along the x-axis at the position p, where the antenna is matched at
resonance to 50 Q at the port located on the ground plane. The SMA connector is not
modeled in the structure. Resonant frequency, impedance bandwidth, location of the
probe, and gain are recorded. Impedance bandwidth is defined as the frequency band
between the lowest and the highest frequencies that have a 2:1 VSWR, and is calculated

using
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BW = fy
f

x100% (5.1)

where f, and f; are the upper and lower frequencies, respectively, that have aVSWR of 2,
and f; is the frequency with the lowest VSWR.

Impedance measurements was performed with the HP8720C Network Analyzer.
The impedance was adjusted to account for the phase delay associated with the distance
between the SMA connector and the location of the ground plane so that computed and
measured results are at the same location. Numerical and experimental data are presented
in Table 5-1. Representative results are shown in Figs. 5-5 and 5-6 for impedance
characteristics of the PIFA with ground plane size of L = 80mm. From Fig. 5-6, it can be
concluded that simulation yields a resonant frequency that is 2.62% below the measured
value. The result shows excellent agreement between the numerical and experimental
values, which gives confidence in the accuracy of the moment method computational
model. Graphical representations of the data in Table 5-1 are presented in Figs. 5-7, 5-8,
and 5-9 for the resonant frequency, bandwidth, and gain, respectively, with respect to the

ground plane size in terms of wavelength.

Table 5-1

Computed and Measured Values of the PIFA Characteristics for Various Ground plane sizes.

Square Probe location Resonant Frequency Bandwidth for 2:1 Peak Gain (dBi)
Ground plane Px (mm) fr (MHz) VSWR (MHz)
size L (mm) Computed Measured Computed | Measured Computed

20 17 2343 2440 99 102 1.25

40 18 2013 1987 81 68 1.30

60 20 1956 1905 92 76 1.24

80 21 1943 1892 93 94 2.69

100 22 1928 1886 96 97 3.46

120 2.8 1950 1899 135 109 4.24

140 35 2015 1942 196 168 4.41

160 3.0 1991 151 4.10

180 3.0 1980 146 4.25

200 34 2015 182 4.95
infinite 29 1980 148 457
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Figure 5-5. Smith chart displaying computed and measured impedance of a conventional PIFA
shown in Fig. 5-4 mounted at the center of a square ground plane of 80-mm length
and probe-fed at 2.1 mm away from the short-circuit plate.
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Figure 5-6. Computed and measured VSWR of a conventional PIFA shown in Fig. 5-4 mounted

at the center of a square ground plane of 80-mm length and probe-fed at 2.1 mm
away from the short-circuit plate.
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Figure 5-7. Computed and measured resonant frequency of a conventional PIFA for various

square ground plane sizes in term of wavelength.
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Figure 5-8. Computed and measured impedance bandwidth for 2:1 VSWR of a conventional

PIFA for various square ground plane sizes in term of wavelength.
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Figure 5-9. Computed peak gain of a conventional PIFA for various square ground plane sizesin

term of wavelength.

Previous work from other authors [5-10] showed that the impedance of an antenna
oscillates with ground plane size and converges toward a value as the ground plane size
increases, as shown in Fig 5-3. Since resonant frequency and impedance bandwidth are
related to the impedance of the antenna, they should have the same behavior; this is
demonstrated in Figs. 5-7 and 5-8. In fact, the resonant frequency and bandwidth of the
PIFA oscillate as the ground plane size increases and converges to the values for that the
PIFA mounted on an infinite ground plane. From Fig. 5-7, the size of the PIFA ground
plane has no significant influence on the resonant frequency unless the ground plane is
reduced below about 0.2A. However, Fig. 5-8 shows that ground plane size has a strong
influence on bandwidth. Popular wireless bands require about 8% bandwidth. This
bandwidth is achieved by a square ground plane of at least L=0.8\; see Fig. 5-8. This

relatively large ground plane size can be limiting factor in PIFA design.

The gain is affected strongly by the ground plane size as shown in Fig. 5-9.
Rather than increasing uniformly with the ground plane size, the dependence is complex.
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The gain is lowest when the ground plane size is comparabl e to the upper plate size of the
PIFA. As the ground plane size increases, the peak gain increases and reaches a
maximum at about L=0.9A, for ground plane sizes less than one wavelength. The gain at
that size is 4.45 dBi, which is close to the gain for an infinite ground plane. For most
wireless handheld applications, 3-dBi gain is usually required. To achieve 3-dB gain, the
ground plane size of a PIFA should be at |east a half wavelength (L= 0.5 A); see Fig. 5-9.

Radiation patterns of the PIFA mounted at the center of each ground plane were
computed at resonance to illustrate the radiation behavior. Patterns were also measured
using the Virginia Tech indoor anechoic chamber for the PIFA mounted on the square
plane of size L = 80 mm (0.5 A). As indicated in Fig. 5-10, there is good agreement
between measured patterns and IE3D simulations. This gives confidence in using IE3D to

examine antenna parameter influences.

Figure 5-11 shows computed total Eq 3-dimensional radiation patterns for each
ground plane size. The figure shows that the direction of maximum radiation is
significantly affected by ground plane size. As the ground plane increases in size, the
back radiation (6=180°) becomes smaller and disappears when the ground plane size is
infinite. Fig. 5-12 shows this change in direction of the PIFA maximum directivity in the
x-z plane for a few ground plane sizes. For the infinite ground plane case and when the
ground plane size is the same size as the PIFA upper plate, maximum directivity occurs at
the horizon. For these two cases, the antenna acts like a short monopole and a short
dipole, respectively, since it is known that power is radiated from the short-circuit plate
element where the current is concentrated. For the other cases, the peak directivity varies

from 6=315° to 8=335° for the ground plane size less than a wavel ength.

An important effect of edge diffraction due to a finite ground plane is that high
cross-polarization is introduced, as shown in Fig. 5-13. For the case of an infinite ground
plane and when the ground plane size is the same as that of the upper plate, the PIFA
polarization is purely linear in the 6-direction, similar to a dipole, and no polarization

appears in the @-direction. However, cross-polarization appears for other ground plane
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sizes and can become significant, as illustrated in Fig 5-13. High cross-polarization can
be useful for applications where the antenna is positioned randomly and its polarization
may not be aligned with incoming signals. Applications such as for hand-held devices

require linear polarization response in all directions for good performance.
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Figure 5-10. Computed (solid curve) and measured (dashed curve) normalized radiation patterns
of the PIFA at 1943 MHz (from simulations) and 1890 MHz (from measurements)
mounted on a square ground plane of size L = 80mm in the (a) elevation (¢=0°) E-
plane, (b) elevation (¢=90°) E-plane, (c) elevation (¢=90°) H-plane, and (d) azimuth
(6=90°) E-plane. Refer to Fig. 5-4 for the structure geometry.
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Figure 5-11. Ey radiation patterns of the PIFA at resonance (see Table 5-1 for resonant
frequencies for each case) mounted on a square ground plane whose lengthis (a) L =
20mm (0.156A), (b) L = 60mm (0.391A), (c) L = 100mm (0.643)), (d) L = 140mm
(0.94017), (e) L = 180mm (1.188N), (f) L = . Refer to Fig. 5-4 for the structure
geometry.
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....... L = 100mm
L = 140mm
L = 180mm
=== = infinite

Figure 5-12. Computed Eg radiation patterns at resonance (see Table 5-1 for resonant frequencies
for each case) in the x-z elevation plane (¢=0°) for ground plane size is L = 20mm
(0.156)), L = 60mm (0.391)\), L = 100mm (0.643\), L = 140mm (0.940M), L =
180mm (1.188)), and L = . Refer to Fig. 5-4 for the structure geometry.
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Figure 5-13. Computed E, radiation patterns at resonance (see Table 5-1 for resonant frequencies
for each case) in the x-y azimuth plane (6=90°) for ground plane size is L = 20mm
(0.156A), L = 60mm (0.391A), L = 100mm (0.643\), L = 140mm (0.9407), L =
180mm (1.188)), and L = . Refer to Fig. 5-4 for the structure geometry.
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5.3.3. Other Configurations

The previous section discussed a PIFA mounted on a square ground plane. Two
other configurations were modeled for the case when the ground plane is not square.
Figure 5-14 shows the two rectangular ground plane cases: W= L/2and W= 2L.
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Figure 5-14. Configurations of the structure for rectangular ground plane: (a) W=L/2 and (b)

W=2L. The other geometric parameter values remain the same asin Fig. 5-4.
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Figure 5-15. Resonant frequency of a conventional PIFA mounted on various rectangular ground

plane sizes computed using |E3D. Refer to Fig. 5-14 for the structure geometry.
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Figure 5-16. Relative bandwidth of a conventional PIFA mounted on various rectangular ground

plane sizes computed using IE3D. Refer to Fig. 5-14 for the structure geometry.
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Figure 5-17. Peak gain of a conventional PIFA mounted on various rectangular ground plane sizes
of the two configurations computed using |E3D. Refer to Fig. 5-14 for the structure
geometry.

Characteristics of the two antenna configurations are plotted in Figs. 5-15, 5-16,
and 5-17. They show behavior similar to that for the previously discussed square ground
plane. The resonant frequency, bandwidth and gain of the antenna fluctuate around the
characteristics values of the antenna mounted on infinite ground plane. Deviation from
the values for the infinite ground plane size can be significant. The resonant frequency
varies from 1930 MHz to 2100 MHz for a ground plane going from size as small as the
upper plate of the PIFA to 1 A, as shown in Fig. 5-15. More importantly, the relative
bandwidth and gain fluctuate significantly. Fig. 5-16 shows that the PIFA has a relative
bandwidth of 3.6% for a ground plane size equal to that of the upper plate and increases
to afirst maximum value of about 9% that exceeds the infinite ground plane bandwidth at
about L=0.45\, then oscillates as the ground plane size increases. For the case of

rectangular ground plane of L=2W, the bandwidth reaches another maximum at L=0.85A.
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Figure 5-18 illustrates radiation patterns for a few ground plane sizes in the x-z
plane where maximum directivity occurs. The pattern behavior is similar to that of a

PIFA on a sgquare ground plane shown in Fig. 5-12.

0 —— L =40mm
===- L = 60mm
....... |_ = 80mm
—— L =100mm
=== L =120mm
=== |_ = infinite

Figure 5-18. Computed Eg radiation patterns at resonance (see Table 5-1 for resonant frequencies
for each case) in the x-z elevation plane (¢=0°) for ground plane size is L = 40mm
(0.156M), L = 60mm (0.391A), L = 80mm (0.643)\), L = 100mm (0.940M), L =
120mm (1.188)), and L = 0. Refer to Fig. 5-14afor the structure geometry.

The influence of ground plane size on directivity was also investigated. As shown
in Fig. 5-17, the gain is about 3.5 dB lower than that for the infinite ground plane when
the ground plane is very small, i.e. L<0.2A. Directivity increases as the ground plane size
increases and reaches a maximum at L=0.8\. Notice that the peak gain at that ground
plane size is a bit above that of a PIFA on an infinite ground plane. Intuitively, one would
expect that the gain of an antenna mounted on an infinite ground plane would be larger

than that of an antenna on a finite ground plane because al the power is radiated above
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the infinite ground plane. When the ground plane becomes finite, radiation appears below
the ground plane and the directivity decreases. However, ground plane edge effects
become significant for relatively small ground plane and can produce a radiation pattern
that has alarger directivity in one direction, even though back radiation still exists.

The influence of ground plane size and shape on resonant frequency, bandwidth,
and gain were investigated for rectangular ground plane sizes smaler than one
wavelength. For a fixed PIFA size, one can select optimum characteristics or vary its
resonant frequency by adjusting the size of the ground plane. For optimum performance,
the rectangular ground plane should have a length L of about 0.45A for the case when the
short-circuit plate of the PIFA is oriented parallel to the longer edge of the ground plane
(W=2L), and alength L of about 0.85A when the short-circuit plate is oriented parallel to
the shorter edge of the ground plane (L=2W). These sizes give large bandwidth and
directivity for the same resonant frequency, about 2035 MHz. Similar characteristics
were also seen in the case of a square ground plane, shown in Figs. 5-7, 5-8, and 5-9.

5.4. Effects of Position and Orientation of a PIFA on a Finite
Ground Plane

The previous section discussed the effects of the ground plane size on the PIFA
performance. Computations and measurements were performed for PIFAs mounted at the
center of the ground plane. This section reports on investigations into the characteristics
of PIFAs mounted at different locations on a ground plane and with different orientations.
This investigation provides guidelines for designing a PIFA with a fixed-size ground
plane for optimal performance.
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5.4.1. PIFA Geometries

Two configurations were examined: the short-circuit plate parallel to the shorter
edge of arectangular ground plane and parallel to the longer edge, as shown in Fig. 5-19.
The dimensions of the PIFA are the same as in Fig. 5-4 with the rectangular ground plane
of fixed size with L=100 mm and W=50 mm. For each position and orientation of the
antenna mounted on the ground plane, the probe-feed location (py or py) is adjusted so
that the antenna is matched to 50 Q at resonance. Resonant frequency, impedance

bandwidth, and gain are then computed using the IE3D simulation code.

5.4.2. Numerical Results

The configuration in Fig. 5-19a, where the short-circuit plate is parale to the
shorter edge of the ground plane, is evaluated first. As shown in this figure, the position
of the PIFA is determined by the center of the shorting plate relative to the bottom left
corner of the ground plane, denoted by C(cy,c,). The feed location relative to the center of
the shorting plate, C, is (px.py). Computations were performed only for locations covering
one-half of the ground plane because the structure is symmetric about y = 25mm. Results
for the other half are obtained by symmetry. The location of the PIFA is such that none of
its edges extend beyond the edges of the ground plane. Therefore, ¢, can vary from 25
mm to 40 mm and ¢, can vary from 0 mm to 80 mm. Performance values computed using
IE3D are presented in Table 5-2. The data are also plotted in Figs. 5-20, 5-21, and 5-22
for resonant frequency, relative bandwidth, and gain, respectively, versus the position of
the PIFA on the ground plane. Notice that the data for the PIFA at ¢, = 40mm are not
computed because the antenna cannot be matched exactly to 50Q at resonance at that
position. Therefore, computations for these positions are omitted for consistency with
other data.

Figures 5-20 to 5-22 show clearly where the PIFA can be mounted for best
performance. Without changing the size of the whole structure, one can improve the

characteristics of the antenna by moving its position on the ground plane. The highest
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relative bandwidth and the highest directive gain at resonant frequency of 2380 MHz is
obtained when the PIFA is positioned at the longer edge of the ground plane with its
short-circuit plate in the proximity of the ground plane shorter edge. From the design
standpoint, thisis the best placement for optimal performance at that frequency.
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- — X (mm)
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X
@
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50y "
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|
| 20mm '
; !
P |
_4}_ i
Smm |
i
C (cyscy) |
_ ! > x (mm)
0| 5q 100
(b)

Figure 5-19. Geometries of the PIFA antenna configurations mounted on a L=100mm by
W=50mm ground plane with the short-circuit plate oriented parallel to (a) the shorter
edge and (b) the longer edge of the ground plane.
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Table 5-2

Computed Data for Configuration in Fig. 5-19a Where the Short-Circuit Plate is Positioned Parallel to the
Shorter Edge of the Ground Plane.

PIFA Position | PIFA Position | Probe Location from |Resonant frequency
Cy(mm) Cx (mm) strap Px (mm) (MHz) Bandwidth (MHz) | Bandwidth (%) | Gain (dBi)
35 0 53 2110 270 12.80 4.73
30 0 34 2020 175 8.66 4.73
25 0 1990 150 7.54 4.68
35 4 2220 305 13.74 4.44
30 4 33 2070 174 8.41 431
25 4 29 2050 151 7.37 4.25
35 8 8 2380 375 15.76 3.92
30 8 32 2070 167 8.07 3.69
25 8 2.8 2050 145 7.07 3.47
35 11 6 2255 288 12.77 3.35
30 11 31 2065 160 7.75 3.16
25 11 2.7 2045 140 6.85 271
35 14 4.5 2160 234 10.83 3.25
30 14 3 2060 155 7.52 2.90
25 14 2.7 2045 140 6.85 2.19
35 20 2115 210 9.93 3.30
30 20 2055 155 7.54 312
25 20 2.6 2030 135 6.65 2.95
35 30 38 2070 190 9.18 3.90
30 30 29 2015 140 6.95 4.01
25 30 2.6 2000 125 6.25 4.06
35 35 3.7 2045 182 8.90 4.01
30 35 2.8 1995 135 6.77 4.14
25 35 2.6 1985 124 6.25 4.20
35 45 32 1985 146 7.36 3.60
30 45 25 1955 113 5.78 3.75
25 45 2.3 1946 101 5.19 3.80
35 55 2.7 1970 127 6.45 2.56
30 55 21 1940 93 4.79 2.44
25 55 2 1935 85 4.39 2.40
35 65 24 1988 116 5.84 1.70
30 65 1.9 1964 85 4.33 1.77
25 65 18 1960 78 3.98 184
35 80 32 2200 200 9.09 254
30 80 2.7 2120 148 6.98 2.63
25 80 2.3 2100 131 6.24 2.39
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Figure 5-20. Computed resonant frequency versus location of the PIFA on the ground plane for

the configuration shown in Fig. 5-19a where the short-circuit plate is paralel to the
shorter edge of the ground plane.
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Figure 5-21. Computed relative bandwidth versus location of the PIFA on the ground plane for

the configuration shown in Fig. 5-19a where the short-circuit plate is paralel to the
shorter edge of the ground plane.
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Figure 5-22. Computed directive gain versus location of the PIFA on the ground plane for the
configuration shown in Fig. 5-19a where the short-circuit plate is paralel to the
shorter edge of the ground plane.

On the other hand, designing for the lowest resonant frequency for this configuration
does not give good performance, as illustrated in Fig. 5-23. For the lowest frequency of
this configuration (cx = 55 mm and ¢, = 25 mm), the structure has a low gain and
bandwidth. This demonstrates that there is tradeoff among the performance parameters

and that optimal design depends on the specifications of the antenna.

The structure configuration with the short-circuit plate paralel to the longer edge
as shown in Fig. 5-19b was also evaluated. Similar to the previous configuration,
resonant frequency, relative bandwidth, and gain were obtained from the IE3D moment
method simulator. Figures 5-24 to 5-26 illustrate the plots of frequency, bandwidth, and
directive gain, respectively, versus the PIFA position on the ground plane. Again,
computations were not performed for PIFA positions at ¢, = 10 mm because the antenna

could not be matched to 50 Q at resonance.
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Figure 5-23. Resonant frequency, relative bandwidth, and directive gain of a PIFA on a ground
plane for the configuration shown in Fig. 5-19a, where the short-circuit plate is
parallel to the shorter edge of the ground plane, versus positions C, of PIFA along
C,= 25, 30, and 35 mm. Computed values were obtained using IE3D.

Figures 5-24 to 5-26 indicate that the PIFA should be placed close to the corner of
the ground plane where the short-circuit plate is at the ground plane edge, ¢,=20 mm and
¢,=0 mm, for optimal gain and bandwidth performance. Figure 5-27 shows the
characteristics of the same PIFA versus its position C, for Cx = 20, 30, 40, 50mm.
Comparing the results of the two orientation configurations, as shown in Figures 5-23 and
5-27, the PIFA with the short-circuit plate paralel to the shorter edge of the rectangular
ground plane is preferred for obtaining higher directive gain. In fact, the maximum gain
that one can get from this configuration is about 4.75 dBi while the largest gain possible
with configuration of 5-19ais 3.5 dBi.
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Figure 5-24. Computed resonant frequency versus location of the PIFA on the ground plane for
the configuration shown in Fig. 5-19b where the short-circuit plate is parallel to the
longer edge of the ground plane. Computed values were obtained using |E3D.
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Figure 5-25. Computed relative bandwidth versus location of the PIFA on the ground plane for
the configuration shown in Fig. 5-19b where the short-circuit plate is parallel to the
longer edge of the ground plane. Computed val ues were obtained using IE3D.
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Figure 5-26. Computed directive gain versus location of the PIFA on the ground plane for the
configuration shown in Fig. 5-19b where the short-circuit plate is paralel to the
longer edge of the ground plane. Computed values were obtained using 1E3D.
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Figure 5-27. Resonant frequency, relative bandwidth, and directive gain of a PIFA on a ground
plane for the configuration shown in Fig. 5-19b, where the short-circuit plate is
parallel to the shorter edge of the ground plane, versus positions C, of PIFA aong C,
= 20, 30, 40, and 50 mm. Computed values were obtained using I1E3D.
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5.5. Summary

This chapter reviewed approaches used to simulate antennas on finite ground
planes. Among them, the method of moments and geometrical theory of diffraction
(GTD) are widely used to model antennas. Computed and experimental results for a
monopole mounted on a circular ground plane were presented to show that these
modeling techniques give good results.

The method of moments is then used to model the PIFA mounted on a finite
ground plane. Extensive simulations using IE3D and measurements were performed to
investigate the characteristics of this antenna for different ground plane sizes and shapes.
Results obtained were compared to experimental measurements done in Virginia Tech
antenna |laboratories and showed very good agreement. The influence of the ground plane

on the PIFA are summarized as follows;

* There is no significant impact of ground plane size and shape on the
resonant frequency of the antenna, except for the square ground plane case
when its size L<0.2A

* Bandwidth islow (less than 8%) for L<0.8A (square ground plane) and for
L<0.4A (rectangular ground plane)

* Gainislow for aground plane size L<0.4A

* There is a significant influence of the ground plane size on the antenna
radiation patterns

* Finite ground plane size introduces high cross-polarization along the

horizon.

Position and orientation of a PIFA on a fixed-size ground plane were studied as
well. The key of these investigationsis to help design a PIFA mounted on a ground plane
of size equal or less than a wavelength with optimal performance. It was found that the
PIFA should be placed close to the corner of the ground plane where the short-circuit
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plate is a the ground plane edge, ¢,=20 mm and c¢,=0 mm, for optimal gain and

bandwidth performance.
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Chapter 6: A Wideband Compact PIFA

6.1. Introduction

In recent years, rapid expansion of the wireless communication industry has
created a need for multi frequency band operation portable devices to meet the ever-
increasing subscriber demand. Dual-band antennas have been realized in the past, but the
great concern about these antennas is that some are designed using dua feed, which
introduces some difficulties in the feed design. Other dual-band designs cover
frequencies that are far apart, such as AMPS and PCS operating bands. The proposed
antenna offers wide bandwidth covering frequency bands that are close together using a

single non-contacting feed, in asmall, low cost, and easy to manufacture.

The previous chapters covered the following topics: the types of antennas that are
good candidates for low-profile structures; techniques for widening the bandwidth; and
ground plane effects on the antenna performance. These topics will be used to design the
proposed antenna, the wideband compact PIFA (WC-PIFA). The WC-PIFA
characteristics will be evaluated using IE3D simulations and the measured data
Performance inside a box and in the proximity of a human hand will also be investigated.
These results will then be used later to improve the antenna to combat the coupling
effects of the hand.

6.2. Geometry of the WC-PIFA

The geometry of the proposed antenna is shown in Fig. 6-1. It is based on the

conventional PIFA antenna but uses a capacitive feed instead of the conventional
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conducting probe feed. This non-contacting feed is constructed by terminating the inner
conductor of a SMA connector to a conducting plate parallel to the upper radiating plate.
A small shorting plate is placed from the center of the left edge of the radiating plate to
the center of the left edge of the ground plane, as shown in Fig. 6-1. The radiating plate,
feed plate, and ground plane have the same width. The small conducting plate parallel to
and located below the feed plate serves as the ground plane of the antenna. The new
feature of this design is its small ground plane which is part of the whole antenna
structure. It does not require any other conducting plane, such as a metal case, to perform
properly. The basic mechanism behind this simple antenna structure relies on two closely
spaced resonant frequencies to form a wider impedance bandwidth, as discussed in

chapter 3.
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Figure 6-1. Geometry of the wideband compact PIFA designed for a center frequency of 2.2 GHz.
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6.3. Numerical and Experimental Results

Figure 6-2 shows the impedance characteristics and VSWR of the WC-PIFA. The
antenna exhibits a bandwidth of 790 MHz, from 1.78 GHz to 2.57 GHz, or 36.3 %
bandwidth at a center frequency of 2.175 GHz. The bandwidth and impedance matching
of the WC-PIFA are mainly controlled by the width of the shorting plate, the distance
between the upper and middle plate of the structure, and the location of the probe feeding
the middle plate. Figures 6-3 and 6-4 show the current distribution of the WC-PIFA
antenna and its far-field radiation patterns, respectively. These figures indicate that the
main radiating element of the antenna is the ground plate where most of the current is

flowing.

The antenna was al so fabricated with the dimensions shown in Fig. 6-1. The metal
used is made of brass with a thickness of 0.016 in. (0.406 mm). It was then measured in
various environments to investigate the antenna performance subjected to coupling
effects. The antenna was first measured in free-space environment. Impedance
measurements were performed using HP8720C network analyzer. Figure 6-5 shows the
measured VSWR of the WC-PIFA along with the computed values. Good agreement
between predicted and measured results was obtained. This proves that the structure

modeled in IE3D accurately predicts the performance of the antenna.

Next, investigations of the antenna detuning due the coupling effects of a handset
and a hand were performed. The goa is to see how these effects degrade the antenna
performance. Figure 6-7 shows the measured VSWR of the WC-PIFA embedded in a
plastic box, made of Acrylonitrile Butadine Styrene (ABS), as shown in Fig. 6-6. The
figure indicates that the antenna is suitable to be embedded in plastic cases of radio

devices.
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Figure 6-2. () Impedance Characteristics and (b) VSWR of the WC-PIFA in Fig. 6-1 computed
using IE3D.
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Figure 6-5. Computed (solid curve) and measured (dashed curve) VSWR of the WC-PIFA in Fig.
6-1. Numerical values were computed using IE3D.

The plastic case does not significantly affect the antenna impedance. Although
there is a shift in resonant frequency and the higher end of the frequency band has an
increase in the VSWR, this level of VSWR is still acceptable. At the 2.4-GHz ISM band,
the VSWR is about 2.1:1. Therefore, the WC-PIFA can be used as interna antennas at

the ISM band with good performance since a 2:1 VSWR is usually considered suitable
for handheld devices.
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Figure 6-6. Measurement configuration of the WC-PIFA embedded in plastic case.
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Figure 6-7. Measured VSWR (dashed curve) of the WC-PIFA embedded in plastic case shown

in Fig. 6-6, along with measured VSWR in free-space (solid curve).
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For hand-held devices such as cellphones and pam pilot, coupling effects with
human body play an important factor in detuning antennas embedded in such devices.
Impedance measurements were performed for the WC-PIFA embedded in plastic case in
the proximity of a hand, as illustrated in Fig. 6-8. Figure 6-9 depicts this detuning effect
due to the hand. The antenna impedance mismatch level is higher at the lower end of the
frequency band. Hand coupling, however, does not affect the higher end of the band, as
shown in Fig. 6-9. The VSWR is more than 2:1 at the frequency below 2 GHz.

Figure 6-8. Measurement Configuration of the WC-PIFA embedded in a plastic cover in the
proximity of a hand.
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Figure 6-9. Measured VSWR of the WC-PIFA embedded in a plastic cover in the proximity of a
hand shown in Fig. 6-8.

Preliminary work on how to combat WC-PIFA performance degradation due to
hand coupling lead us to insert of a piece of dielectric material of 2.33 dielectric constant
between the upper plate and the middle plate, as illustrated in Fig. 6-10. The new WC-
PIFA impedance is measured in free-space environment and in proximity of a hand as
previously. Dielectric loading improves impedance bandwidth, as depicted in Fig. 6-11b.
Hand coupling effects lower the VSWR, increasing impedance bandwidth. The frequency
band for a VSWR of 2:1 ranges from 1.38 GHz to 3.3 GHz. The VSWR of the loaded
WC-PIFA in free-space environment is a bit higher than that without the substrate in
frequency band of interest. It is nonetheless tolerable.
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Dielectric substrate (e, = 2.33)

Figure 6-10. Configuration of the WC-PIFA with a dielectric layer inserted between the upper
plate and the middle plate to combat the hand detuning effects.
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Figure 6-11. Measured VSWR of the WC-PIFA with dielectric loading (solid curve) and without

dielectric substrate (dashed curve) in (a) free-space and (b) embedded in a plastic

cover in the proximity of a hand.
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Chapter 4 discussed the fundamental limit on antenna size and bandwidth. It is
interesting to see where the WC-PIFA is located on the fundamental limit curve. Figure
6-12 illustrates the comparison between various antennas found in the literature and the
WC-PIFA; see Table 6-1. As depicted in the plot, the WC-PIFA point lies on the 100%
efficiency curve. This means that the antenna reaches the fundamental limit of realizable
antennas without any loss in efficiency. Compared with the other antennas shown in the

figure, the WC-PIFA isthe best antennain terms of its size-bandwidth performance.

An important point should be made relative to calculation of antenna size — or
radius of the sphere enclosing the antenna. The sphere radius a should enclose the
antenna and itsimage if the antenna is on a large ground plane. However, since the size
of the wideband PIFA ground plane is small, the structure of the antenna, including its
ground plane, is contained in the sphere. Thus, the entire volume of the wideband PIFA is
included in the enclosing volume, whereas the conventional PIFA volume excludes its

large ground plane.

Table 6-1
Characteristics of the four antennas presented in this paper.
Ground Volume Bandwidth (%)

Antenna Feed Plane Size (wavelength)
Patch [1] Capacitive Large 63.52x 10°*A° 32
Conventional Probe Large 6.21x 103 5

PIFA [2]
Capacitively Capacitive Large 3.430 x 10*\° 10
loaded PIFA [3]
4.492 x 10 \°
WC-PIFA Capacitive Small (without ground plane) 36.3
(0.4 1) 11.23x10 A3
(with ground plane)
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Figure 6-12. Fundamental limit curve together with the points corresponding to the WC-PIFA and

several other antennas found in the literature.

6.4. Summary

This chapter introduced a novel antenna having a very wide bandwidth covering
severa useful frequency bands such as DCS-1800, PCS-1800/1900, IMT-2000, I1SM,
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WLAN. The WC-PIFA was modeled in IE3D and results were comparable to the
measurements. The antenna was tested under various environment to see how well it
performed. Prelimirary results showed that the antenna can be embedded in plastic cases
without any significant degradation in impedance matching. However, in the proximity of
a hand, the performance degrades. This detuning effect due to the hand can be however
suppressed by inserting a dielectric layer between the upper plate and the middle plate of
the antenna. In terms of antenna size-bandwidth, the WC-PIFA isis the best compared to
some other small antenna because it reaches the fundamental limit of realizable antennas

without any lossin efficiency.

6.5. References

[1] W.L. Stutzman and G.A. Thiele, Antenna Theory and Design, 2", John Wiley,
New-Y ork: 1988.

[2] K. Hirisawa and M. Haneishi, Analysis, Design, and Measurement of small and
Low-Profile Antennas, Artech House, Boston: 1992.

[3] C.R. Rowell and R.D. Murch, “A Capacitively Loaded PIFA for Compact Mobile
Telephone Handsets,” |EEE Trans. Ant. Prop., vol. AP-45, no. 5, May 1997,
pp.837-841.

114



Chapter 7:Conclusions and Recommendations

7.1. Conclusions

The purpose of this discussion was to present design issues for sized-reduced and
low-profile antennas in a hand-held environment. Potential candidates for small and low-
profile structures, such microstrip antennas (MSA) and planar inverted-F antennas
(PIFA), were presented in chapter 2. Theoretical models on these antennas were
investigated and a design procedure was presented for each of them. Techniques for
widening the antenna impedance bandwidth were discussed in chapter 3. Two widely
used techniques found in the literature are the edge-coupling technique and the capacitive
feed technique. Chapter 4 reviewed the fundamental limit on antenna size and bandwidth.
It gives the size limit of an antenna for a given bandwidth. The fundamental limits may
be used as a guide for creating antenna specifications so that a search for unrealistic
antenna can be avoided. An important effect in small handheld devices is the ground
plane effects, as discussed in chapter 5. Antennas on finite ground planes do not behave
the same as identical antennas on an infinite ground plane because the ground plane starts
to radiate as it becomes small compared to the antenna. Investigations of a PIFA on finite
ground planes of various sizes and shapes were performed in chapter 5. Finally, chapter 6
presented some preliminary investigations on a new small, low-profile, and low-cost
antennathat has a very wide bandwidth. The wideband compact PIFA (WC-PIFA) can be
used in wireless devices that require multiple frequency bands ranging from 1.75 GHz to
2.56 GHz such as DCS-1800, PCS, IMT-2000, ISM, and Bluetooth.

7.2. Recommendations

The discussion on the new wideband compact antenna, the WC-PIFA, was brief.

It was intended to present preliminary work on this antenna. Further study on its
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characteristics should be performed. The analytical aspect of the WC-PIFA should be
investigated in order to understand its basic mechanism. Coupling due to the proximity of
a human body is an important issue for antennas in handheld radio devices and should be
investigated as well. These studies will help improve the WC-PIFA performance and

robustness.
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