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Performance Analysis of Antennas for
Hand-Held Transceivers Using FDTD

Michael A. Jensen, Student Member, IEEE, and Yahya Rahmat-Samii, Fellow, IEEE

Abstract—The design of antennas for hand-held communica-
tions devices depends on the implementation of simulation tools
that can accurately model general topologies. This work presents
the analysis of small antennas mounted on hand-held transceivers
using the finite-difference time-domain (FDTD) method. The
key features of the FDTD implementation are discussed, with
particular emphasis placed upon modeling of the source region.
The technique is used to predict the gain patterns and broad-
band input impedance behavior of monopole, planar inverted
F, and loop antenna elements mounted on the handset. Effects
of the conducting handset chassis, the plastic casing around
the device, and lumped elements integrated into the antenna
design are illustrated. Experimental results are provided to verify
the accuracy of the computational methodology. The concept
of antenna diversity is discussed, and key assumptions and
expressions are provided that characterize the multipath fading
fields. Several computational examples demonstrate the diversity
performance of two receiving antennas on a single handset.

I. INTRODUCTION

HE recent efforts aimed at improving available personal

communications services have generated an increased
interest in the performance of compact antenna structures
mounted on hand-held devices. The characterization of such
antennas is dependent upon the development of simulation
tools that can accurately model general topologies, including
wires, dielectrics, conductors, and lumped elements. In an ef-
fort to meet these simulation needs, attention has been focused
on the use of the finite-difference time-domain (FDTD) [1], [2]
methodology for antenna analysis [3]-[14]. Although past con-
tributions in this arena have demonstrated the effectiveness of
the FDTD approach in characterizing antenna configurations,
only a limited amount of research has appeared relating to the
simulation of practical antenna geometries operating in their
true radiating environment.

This paper presents an investigation of the monopole, the
planar inverted F' antenna (PIFA) [15], and the loop antenna
[16] (see Fig. 1) mounted on a hand-held transceiver using
the FDTD technique. The radiation pattern, gain, and in-
put impedance for these radiators are computed for several
different topologies to illustrate the effects of the handset
conducting chassis, the plastic casing surrounding the unit,
and passive lumped elements integrated into the design on the
antenna performance. A new source model is proposed that
considerably reduces the time required to obtain the transient

Manuscript received June 1, 1993; revised February 17, 1994. This work
was supported by ARPA under Contract DAAB07-93-C-C501.
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Fig. 1. (a) Typical handset geometry showing the monopole and PIFA
elements. Configuration and dimensions for the (b) monopole, (c) dual PIFA,
and (d) top-mounted loop on the handset.
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antenna response. Experimental data is provided for several of
the configurations to validate the effectiveness of the FDTD
for this class of problems. Due to page limitations, issues such
as the interaction with the operator’s tissue can not be detailed
in this paper and as such are left to other publications [17].
Because hand-held communications equipment must often
operate in a multipath fading environment, efforts to improve
the data transfer reliability have motivated the implementa-
tion of antenna diversity schemes in these devices [18]-[24].
Therefore, the concept of antenna diversity is discussed, and
key equations and assumptions used to describe the multipath

0018-926X/94$04.00 © 1994 IEEE
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phenomenon are provided. Computational results are presented
that illustrate the diversity performance of multiple small
antennas mounted on a single handset.

II. FDTD IMPLEMENTATION

The FDTD [1] technique is a numerical approach that uses
discrete approximations of Maxwell’s time domain equations.
The resulting algebraic equations can be used to track the
time evolution of the fields within a given spatial region.
The derivation as well as the practical implementation of this
algorithm are well covered in past literature [1]-[14] and as
such will not be covered in this paper.

In this work, the FDTD algorithm has been implemented
to allow modeling and simulation of 1) very general radi-
ating element geometries with dielectrics, wires, and planar
conductors, 2) the conducting handset chassis, 3) the plastic
casing surrounding the device, 4) the antenna feed, 5) lumped
elements for tuning, and 6) multiple radiators for diversity.
The technique is applied with Mur’s second-order absorbing
boundary condition at the outer computational domain bound-
ary [11]. Far-zone gain and radiation patterns are computed
using an integral near- to far-field transformation equation
[12], [13]. The FDTD notation used in the following is similar
to that provided in [9]. Note that Az, Ay, and Az denote the
spatial grid discretization sizes and At represents the time
step size.

A. Antenna Source Implementation

Typically, the excitation for wire-fed antenna geometries
within the FDTD framework is performed using a gap voltage
model in which a voltage is introduced in one cell of the
feeding wire [3]. For a z-directed wire, the excitation electric
field relates to the source voltage V,(t) through the expression

Vs(nAt) = —E7, ; 1Az e

where the cell at (4, j, k) is located at the antenna feed point.

In this work, we present a new feed model that simulates
a coaxial feeding cable. As seen in the side view of the
coax illustrated in Fig. 2, a gap voltage is introduced in the
coaxial center conductor, and the standard FDTD relations
are used within the coax to propagate the fields toward the
antenna. At the end of the coax, special interfacing relations
are required to update the radial electric and circumferential
magnetic fields. The relation for the circumferential magnetic
field H; ;% shown in Fig. 2 is derived using the integral
forms of Maxwell’s equations and assuming a 1/p dependence
of the fields, as discussed in [8]. Using this approach, the
modified time-stepping equation assumes the form

n+1/2 _ —-1/2
Hz,i,j,k - :wk
At 1
T B L. G VLN
PV A 0y Ay ll’l(Ay/’T‘a)

nlAz
At
 w(Ay/2)In(Ay/r,) [
where r, and 7 represent the radii of the coax inner and outer
conductors, respectively. When computing the radial electric

Eiik— E;L,i,j—l,k] 2)

1107

Hyijk
/
y

) ANN

N\

N Eyijk-1
N

gap voltage
source " N% e outer

N~ conductor

absorbing

(DU N
boundary

2ry,

Fig. 2. Cross sectional view of the simulated coax and the grid used to
determine the interface time-stepping equations.

field Fy; ;jxr—1 in Fig. 2, the standard FDTD relations are
used with the modification that H, ; ;r — (Ay/rs)Haijk
to align Hy; ;i with H;;r—1. The parameters 74, 7o,
and e within the coax are chosen to represent a desired
characteristic impedance. Similar relations can be derived for
the other circumferential magnetic and radial electric fields at
the interface. Because reverse propagating modes in the coax
are excited by the source voltage and by reflections from the
coax-antenna transition, it is essential to terminate the coax
with an absorbing boundary condition, as implied in Fig. 2.

For the simulated coax, the feed point voltage is obtained
from the computed radial electric field using

, Tp Th n
‘/s(’n,At) = —2* In (E) Ey,‘i,j,k—l' (3)
The current in the wire for both source models can be obtained

using a discretized form of Ampere’s Law that assumes the
form

Ii((n+1/2)At) = (Hn+l/2 _ gtz )Az

zyigk T i itk
n+1/2 n+1/2
+(Hy 1 = Hyi i) Ay. 4

The time offset of At¢/2 between the source voltage and
current is generally neglected since it is assumed to be small.

Both source models discussed above appear to give virtually
identical results in terms of input impedance and antenna gain.
However, the simulated coaxial model provides two distinct
advantages. First, it allows examination of the antenna input
impedance at a point within the feeding transmission line
rather than solely at the coax-antenna transition. Second, it has
been observed in this study that the fields near the antenna
terminals decay more rapidly in time for the coaxial model
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Fig. 3. Cumulative probability distribution for two-branch antenna diversity
with maximal ratio combining for several values of the envelope correlation
coefficient pe. The Rayleigh reference for one antenna is provided for
comparison.

than for the gap voltage model. In general, the time required
for the terminal current to reach 1% of its peak value for the
simulated coax is 30% to 60% of the time required for the
standard gap model.

III. ANTENNA DIVERSITY

The use of antenna diversity to mitigate the detrimental
effects of signal fades in a multipath environment is a topic
of considerable interest to designers in the personal wireless
communications industry. For two antennas on a single re-
ceiver, the diversity performance is most commonly evaluated
by investigating the correlation coefficient p,—a statistical
value indicating the similarity in the voltages received by the
antennas. Because a great deal of literature exists that contains
a statistical description of multipath fading fields as well as
relations for the correlation coefficient [18]-[24], only a brief
presentation relating to these topics will be presented here. In
all expressions, the variables § and ¢ are taken with respect
to a coordinate system oriented with the z-axis perpendicular
to the earth. The following basic assumptions concerning the
incoming multipath fields are used in deriving expressions for
the value of p,:

1) The fading signal envelope is Rayleigh distributed.

2) Orthogonal polarizations are uncorrelated.

3) Each individual polarization is spatially uncorrelated.

4) The field arrives in the horizontal (§ = 7 /2) plane only.

5) The time-averaged power density per steradian

S(6,4) = Se(6,¢)8 + S,(0,¢)¢ is constant in the
horizontal plane such that S(r/2,¢) = Sg + 53¢ =
constant.

Using these assumptions, the correlation coefficient for the
signals received by the two antennas can be expressed as [18]

_ 15T Ara($)dg
°T 27 21 1/2
{157 411(0)d9 3™ 432(0)do}

p &)
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where

Apg(¢) = TEp(7/2,$) Egy(m/2, )
+E¢P(7r/2’ ¢)E;q(ﬂ/27 ¢) (6)

and Ey,(8,¢) = Egy(0, $)0+E,,(8, $) is the vector radiation
pattern associated with antenna #p. The envelope correlation
coefficient, which is the measured quantity in antenna diversity
experimentation, is approximately the magnitude squared of
the voltage coefficient [18], or

pe = |ps|?. (7

The parameter I" in (6) is the cross-polarization discrimina-
tion (XPD) [21] of the incident multipath field and is given
by

_ 55

r=2¢
S¢

®

where Sg and S7 are identified in Assumption 5 above.
In an urban environment, it is often assumed that either
polarization is equally likely, resulting in a XPD of I' = 0 dB
[18]. However, there is still some speculation concerning the
polarization characteristics of the incident field at the mobile
antenna [22]-[24]. In light of this, the computations performed
for this paper will be presented for a broad range of XPD
values.

Fig. 3 shows the cumulative probability distribution of the
signal-to-noise ratio (SNR) normalized to its time average
({SNR}) for various values of p. and for two branch antenna
diversity. Maximal ratio combining, in which the two signals
are received, co-phased, properly weighted, and added, is as-
sumed in this plot. Also shown is the Rayleigh distribution that
corresponds to a single antenna in the multipath environment.
As can be seen, reducing the envelope correlation coefficient
improves the probability distribution of the received SNR. For
example, when no diversity is used, the Rayleigh distribution
predicts that the received normalized SNR will be above —23
dB 99.5% of the time. If two antennas are used with p, = 0.6,
the SNR increases to —12 dB at the 99.5% reliability level. In
light of this, the goal in diversity antenna design is to minimize
pe to the extent possible using a combination of spatial, angle,
and polarization diversity. .

The method for computing the vector patterns E, and E,
depends upon the type of diversity combining used on the re-
ceived signals. For example, if switched or selection diversity
is to be implemented, the pattern El should be determined
as the pattern for element #1 radiating in the presence of
element #2 which is open circuited. For other combining
techniques, the pattern should be computed for element #2
terminated with a matched load (absorbing boundary in the
FDTD computation). For these computations, each pattern is
obtained for the respective element radiating in the presence
of a parasitic rather than excited second antenna in order to
model the case of one antenna receiving while the second is
positioned in a multipath fade [18].

Authorized licensed use limited to: Brigham Young University. Downloaded on February 3, 2009 at 11:48 from IEEE Xplore. Restrictions apply.
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IV. COMPUTATIONAL AND EXPERIMENTAL RESULTS

In the following computations, the source function used is a
sinusoid modulated by a Gaussian envelope that is expressed
as

E(t) = cos(w,t)et /27" ©)

where the parameter 7 controls the pulse width. Because this
forcing function results in a frequency spectrum described by a
Gaussian centered at w, and with variance 1/ 72 itis possible
to simply control the center frequency and bandwidth of the
excitation. In the computations that follow, 7 is chosen such
that 1/72 = the bandwidth of interest. For single frequency
computations, 7 — 00 is used.

The experimental measurements provided have been per-
formed at the University of California, Los Angeles, an-
tenna measurement laboratory. Impedance measurements are
obtained from a Hewlett-Packard 8510B network analyzer.
Pattern measurements are performed in a smail anechoic
chamber configured for far-field measurements. In all of the
examples, the wire used has a radius r, given by

2r, = 0.9195 mm (10)

which corresponds to the radius of the inner conductor for
RG402/U 50  semirigid coaxial cable.

A. Monopole Antenna

The monopole is perhaps the most commonly used antenna
for hand-held devices because of its broad-band characteristics
and simple construction. Fig. 1(b) illustrates the geometry for
such a configuration, where the monopole is centered on the
handset in the z-direction and is offset a distance « in the
y-direction. Fig. 4 compares the computed input impedance
versus frequency with experimental measurements for the
dimensions given in the figure caption. The small handset
dimensions result from a frequency scaling that boosts the
operating frequency of the device to 6 GHz. The computations
performed use the simulated coaxial line discussed in Section
II. As can be seen, very good agreement exists between the
two sets of data, with only slight discrepancies occurring in the
reactance near the upper end of the band. These curves also
illustrate the broad-band nature of the monopole near its first
resonance frequency, where the impedance is nearly matched
to a 50 2 feeding coax.

The effect of the conducting handset chassis on the
monopole radiation pattern is an important consideration
in the design of antennas for practical applications. Fig. 5
provides the é-polarizcd patterns normalized to the antenna
gain for the monopole on the handset at a frequency of
6 GHz. The experimental data shown extends only across
the upper hemisphere because brackets in the measurement
facility interfered with the lower hemisphere measurements.
Here again, good correlation exists between the computed
and measured results. For comparison purposes, the gain
pattern for a 2.5-cm dipole antenna, whose pattern shape
corresponds to that of the monopole on an infinite ground
plane, is also shown. As can be seen, the presence of the
chassis alters the radiation pattern. Simulations of this nature
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Fig. 4. Computed and measured input impedance versus frequency for the
monopole on the handset illustrated in Fig. 1(b) for the parameters @ = 1 c¢m,
b=2cm,c=3cm, h =1.25 cm, and @ = 1 cm. These small dimensions
result from frequency scaling the handset to operate at 6 GHz.
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Fig. 5. Computed gain patterns at 6 GHz compared to measured data in the
upper hemisphere for the geometry of Fig. 1(b) with the dimensions given
in the caption of Fig. 4. The gain patterns for a 2.5-cm dipole are provided
for comparison.

provide considerable insight into the radiation behavior of the
antenna/transceiver system.

In many applications, an inductive load is integrated into
the monopole to improve the match or reduce the antenna size.
Fig. 6 illustrates this effect by presenting the variation of | Sy |
(assuming a 50 €2 feeding transmission line) with frequency for
the monopole of Fig. 1(b). The handset dimensions are again
provided in the figure caption. The different curves represent
the results when the monopole is alone on the handset, when
a plastic casing is present, and when the plastic and a 10-
nH inductor one FDTD cell above the monopole feed point
are included. The plastic layer is modeled as a 3.28 mm
thick lossless dielectric with permittivity ¢, = 2, which is
immediately adjacent to the conducting chassis. An expanded
view of the plot about the 900-MHz resonance is provided for
clarity. These results show that the plastic exercises relatively
little effect on the monopole antenna performance at the lower
end of the frequency band and a slightly more significant effect
at higher frequencies. Also, the inductive load reduces the
resonant frequencies and improves the match, especially at

Authorized licensed use limited to: Brigham Young University. Downloaded on February 3, 2009 at 11:48 from IEEE Xplore. Restrictions apply.
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Fig. 6. Effect of the 3.28-mm plastic case and 10-nH inductor on the
variation of |S11| versus frequency for the monopole of Fig. 1(b). The
dimensions are ¢ = 1.31 cm, b = 5.25 cm, ¢ = 15.1 cm, h = 8.5 cm,
and o = 6.56 mm.

the higher frequencies. This capability of modeling lumped
elements within the FDTD simulation tool allows the design
engineer to efficiently determine proper loading strategies to
improve the performance of antennas for communications
devices.

B. Planar Inverted F Antenna

An interesting antenna topology that has received some
attention in the literature is the planar inverted F' antenna
(PIFA), a modified microstrip that allows a simple impedance
match in a low-profile design [15], [25], [26]. This geometry
is illustrated in Fig. 1(c), where the antenna is mounted on
the side of a conducting handset chassis. The short circuit
introduced at one edge of the radiating element allows the
antenna size to be reduced by a factor of two for a given
resonant frequency. Past observations have revealed that the
PIFA offers bandwidths as high as 10% when it is located on
a small ground plane or conducting chassis [15].

Fig. 7(a) depicts the geometry for a PIFA element on a finite
ground plane. The input impedance variation with frequency
for this configuration is illustrated in Fig. 7(b). Measured data
obtained from a prototype of this antenna configuration is
also presented in the figure. As can be observed, very good
agreement exists between the two sets of data. This plot also
demonstrates the excellent matich between the antenna and
coax near 900 MHz.

For an integrated antenna such as the PIFA, the effect of
the plastic case that encloses the handset is an important
consideration. Fig. 8 illustrates this by presenting the input
impedance versus frequency for the PIFA of Fig. 1(c) with and
without the plastic casing. Referring to Fig. 1(c), the antenna
located toward the positive y-axis is excited while the second
is terminated with an absorbing boundary. The plastic layer
is again a 3.28 mm thick lossless dielectric with permittivity
€, = 2. These results reveal that the dielectric loading by the
casing noticeably reduces the antenna resonant frequency and
therefore allows the element size to be reduced for a given

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 42, NO. 8, AUGUST 1994
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Fig. 7. PIFA on a finite ground plane: (a) geometry and (b) computed and
measured input impedance versus frequency.

operating frequency. Fig. 9 represents the gain patterns at 915
MHz in the principal planes for the PIFA element of Fig. 1(c)
with the plastic casing. As can be seen, the PIFA provides a
pattern very similar to that of the monopole.

C. Loop Antenna

The loop antenna is an element that has often been used in
pager devices, but to date it has found very little application in
hand-held transceivers. This is probably because the small loop
is highly inductive and difficult to match to the feed line. How-
ever, as the operating frequency of wireless communications
devices moves into higher bands, the loop becomes a viable
antenna element for these applications, particularly in designs
where balanced amplifiers must interface with the antenna. Fig.
1(d) illustrates the geometry for a wire loop mounted on the
top of a handset. Fig. 10 presents the input impedance variation
for this configuration both with and without the 3.28 mm
thick plastic casing, which completely encloses the handset
and antenna. Once again, the dielectric lowers the resonance
frequencies of the radiator. This plot further shows that though
the loop presents challenging matching requirements at low
frequencies, its impedance characteristics are well behaved
near 2 GHz, where the loop perimeter approaches 1.

D. Diversity Performance of Dual Antennas

Determining the diversity performance of two antennas
mounted on a handset requires computation of the envelope

Authorized licensed use limited to: Brigham Young University. Downloaded on February 3, 2009 at 11:48 from |IEEE Xplore. Restrictions apply.
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1(c) with and without a 3.28-mm plastic casing enclosing the handset.
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Fig. 9. Gain patterns at 915 MHz for the side-mounted PIFA of Fig. 1(c)
with the 3.28-mm plastic casing.
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Fig. 10. Input impedance versus frequency for the loop on the handset
illustrated in Fig. 1(d) with and without the 3.28-mm plastic casing.

correlation coefficient. Consistent with assumption 4 in Section
ITI, it is assumed that the incident multipath field is confined
to a plane parallel with the horizon. To illustrate the effects
of varied orientation during operation, the handset coordinate
system is allowed to rotate about its z-axis such that its z-axis
makes an angle [ with the perpendicular to the horizon. As a
first example of this computation, the dual PIFA geometry of

1111

Fig. 11. Envelope correlation coefficient versus the XPD (I") at 915 MHz for
the dual PIFA configuration shown in Fig. 1(c) for several different handset
orientations.

Fig. 1(c) is used with the plastic casing included. The radiation
patterns at 915 MHz computed for each antenna (with the other
antenna terminated in a matched load) are incorporated into (5)
and (7) to obtain p.. The resulting values of p. are illustrated
versus the XPD (I") of the incident multipath field in Fig. 11
for several values of 8. The dependence of p. on I' implies
that significant decorrelation is produced using polarization
diversity between the two branches. Also noteworthy is the
influence of pattern diversity as the handset is rotated.

A second interesting example is the combination of the
monopole in Fig. 1(b) with one of the PIFA elements in Fig.
1(c), as implied by Fig. 1(a). The monopole dimensions are
those used in the caption of Fig. 6, and the plastic casing is
again included. The results are shown in Fig. 12 at 915 MHz
versus I' for several different handset orientations. Note that
in this case the value of p. is lower for I' = 0 dB than for
the case of the dual PIFA antenna studied in Fig. 11. This
improvement is attributed to the fact that, in contrast to the
dual PIFA configuration, the two elements used for Fig. 12
exhibit different pattern and polarization characteristics.

As a demonstration of the use of Figs. 11 and 12 for
determining the benefits of the diversity schemes, consider the
curve for 8 = 30° in Fig. 12, which predicts that p, ~ 0.3 at
T’ = 0 dB. Using this value in Fig. 3 suggests that the received
SNR for the diversity configuration is approximately 12 dB
higher than that for a single antenna in a Rayleigh fading
environment. Studies such as this aid the antenna designer
in selecting antenna configurations that will be effective in
combating rapid fading due to multipath delays in urban
environments.

V. CONCLUSION

In this work we have used the FDTD method to accurately
characterize the performance of single- and dual-antenna con-
figurations mounted on hand-held communications devices.
The key features of the FDTD implementation have been
presented, with special consideration given to the source
models used. The concept of antenna diversity has also been
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Fig. 12. Envelope correlation coefficient versus the XPD (I') at 915 MHz
for the PIFA-monopole configuration shown in Fig. 1(a) for several different
handset orientations.

discussed, and an expression relating the envelope correlation
coefficient to the radiation patterns of two coupled antennas
has been provided. The geometrical flexibility of the FDTD
algorithm has allowed simulation of the monopole, PIFA, and
loop elements operating in the presence of a conducting chassis
and plastic casing similar to what might form the body of
a transceiver handset. Comparisons have demonstrated that
the FDTD results match very well with measured data for
both radiation patterns and broad-band input impedance. We
have also demonstrated the use of the FDTD tool in deter-
mining the diversity performance of two antennas operating
simultaneously on the handset.
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