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Abstract—The design of a two-element antenna for portable
transceivers is considered. The antenna consists of a dipole ter-
minated with a parallel loop-capacitor combination. The antenna
has a single feed at a point on the loop opposite the junction and
does not require external combining circuitry. The capacitor cre-
ates a phase shift between the dipole and loop currents, thereby
greatly reducing the probability of deep nulls in the received signal
when the antenna is deployed in free-space or in the vicinity of
a fixed reflector, where standing wave patterns occur. Theoretical
and simulation studies based on multiple incident/reflected plane
wave fields typical of multipath environments are used to quan-
tify the reduction in null probability. Simulation results are pre-
sented for three antenna types: a dipole antenna, a loop-dipole an-
tenna without a capacitor, and the loop-dipole antenna with ca-
pacitor. The results are verified by field measurements on an auto-
mated outdoor test range, where the incidence angle and distance
from the reflector are varied. With a single incident plane wave,
the loop-dipole-capacitor (LDC) design reduces the probability of
deep nulls in the received signal by up to two orders of magnitude
at low signal-to-noise ratios (SNRs) when compared with the stan-
dard dipole antenna and the loop-dipole antenna without the ca-
pacitor. The performance advantage of the new design decreases
as the number of incident waves increases; however, it performs at
least as well as the dipole antenna in all cases studied.

Index Terms—Antenna measurements, mobile antennas, multi-
path channels, wire antennas.

I. INTRODUCTION AND BACKGROUND

T HIS paper describes the design and performance of a two
element antenna intended for portable transceivers. It is as-

sumed that the antenna is operated in an electromagnetic field
consisting of one or more incident/reflected wave pairs such
as are commonly found in urban environments near planar re-
flecting surfaces (e.g., external walls of buildings). The resulting
field pattern can either be responsible for deep fades, or ex-
ploited by antennas such as the one discussed here. The antenna
is designed to reduce the probability of deep nulls in the re-
ceived signal, compared to a dipole antenna, when used over a
wide range of field polarization and incidence angles, and over
a range of antenna positions relative to a fixed reflector. Com-
bining of the colocated antenna elements is realized through
the use of passive components so that no special signal pro-
cessing electronics are needed to use the antenna and so that the
antenna has a single feedpoint. The antenna, therefore, can be
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made plug-in compatible with preexisting portable communica-
tion devices, without the need for additional electrical interfaces
or circuitry other than a simple matching network. The design
has potential practical application as a plug-in replacement for
the monopole antennas typically provided by transceiver man-
ufacturers.

The antenna configuration studied in this paper is shown in
Fig. 1. The loop and dipole elements respond to theand
and field components, respectively, where the-axis is aligned
along the dipole (Fig. 2). For electrically small antenna ele-
ments, the loop and dipole are effectively combined in series
so that the antenna output voltage magnitude is

(1)

In this equation, is a gain constant having units of length,
is the impedance of free-space,is the extra phase introduced
between the loop and dipole contributions by the capacitor, and
the antenna geometry has been adjusted to provide equal dipole
and loop voltage magnitudes when .

The motivation for a two-element antenna will be discussed
next. Consider a single plane wave propagating along the-axis
with a -oriented electric field of amplitude . The axis of
the two-element antenna is in the-plane tilted at an angle
with respect to the-axis. Thus, the field components along the
-axis are and . If
(i.e., no capacitor), the antenna output voltage according to

(1) is , which is independent of the antenna tilt angle
as well as being independent of position along the-axis.

This property is the reason why such a two-element antenna
is desirable. Note however, that setting gives

, which produces a null at .
If however, the antenna is placed in front of a per-

fect reflecting plane with normal along the -axis,
the fields become and

, respectively, where
is the propagation constant and is the distance from

the reflector. If , the antenna output voltage is
, which is

zero for certain values of and periodic distances from the
reflector. If a capacitor is introduced and , the two
contributions add in quadrature and the antenna output voltage
is

(2)

and the nulls disappear.
It appears that nulls can be suppressed under both conditions

(with and without reflector) by choosing a value ofclose to
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Fig. 1. Loop-dipole-capacitor (LDC) antenna design.

Fig. 2. Simulation and field-test geometry.

. This is supported by results in Section II-A, which show
that substantial reductions in null probability occur for

when a reflector is present, and for
when no reflector is present.

The antenna design shown in Fig. 1 is optimized for opera-
tion at a frequency of 475 MHz, whereas typical portable trans-
ceivers (including cellular and PCS handsets) operate at fre-
quencies between 900 and 2000 MHz. The lower operating fre-
quency for our experimental prototype was chosen in order to
avoid interference with cellular telephone signals during out-
door field tests and because test fixtures were more easily fab-
ricated for a larger sized antenna. However, simulation studies
suggest that the substantial reductions in null probabilities we
observe at 475 MHz can also be realized at higher frequencies by
simple geometric scaling of the design (including the capacitor),
followed by slight adjustments to the relative element lengths to
account for differing wire length-to-thickness ratios.

Although due to its single output port the configuration in
Fig. 1 cannot be described as a diversity antenna, it is nonethe-
less related to several previously published designs for field and
polarization diversity antennas. A dual-port loop-dipole config-
uration was suggested as early as 1946 [1] and was also used
more recently in [2] as an automobile rooftop antenna in a po-
larization diversity drive-test study. Subsequently, the author of
[3] pointed out that the diversity gains reported in [2], which
were initially attributed primarily to polarization diversity, were
also caused by elevation diversity resulting from the loop-dipole
antenna’s elevated position over a ground plane. An important
related three-port configuration is Pierce’s energy density an-
tenna [4], where three orthogonal loops (plus a ground plane) re-
spond to , , and . Alternate implementations of the en-
ergy density antenna with monopole-slot combinations appear
in [5]–[7] and a switched-diversity approach with two loops, in-
tended for pager applications, is discussed in [8]. Recent papers
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oriented toward hand-held transceivers, such as [9], include an
analysis of the diversity gain versus antenna angle from the ver-
tical. Reference [9] considers portable antenna design via the
FDTD simulation method and studies various combinations of
two antennas mounted on either side of a hand-held transceiver.
Diversity gain in [9] is predicted based on far-field gain pat-
tern measurements, under a Rayleigh assumption on the inci-
dent fields.

A unique feature of the design process described in this paper
is the combined use of moment-method antenna simulations and
one or more incident waves or incident/reflected wave pairs. The
moment-method gives far-field gain patterns, which are then
used to predict antenna performance in the presence of a fixed
reflector by superimposing responses to incident and reflected
waves. This approach uses different assumptions about the an-
tenna reception environment than those used in recent mobile
antenna design papers. Specifically, we assume that in many sit-
uations a small number of dominant paths determine the elec-
tromagnetic field environment at the portable transceiver. For
each of these, the incident and reflected waves are related by
boundary conditions on nearby reflectors. This contrasts with
the commonly used assumption of a Rayleigh distributed inci-
dent field [8]–[11]. The approach used here is specifically in-
tended for multi-element antenna design in that all necessary
field components are computed in order to predict the magni-
tude and phase of the antenna response. By contrast, previous
multipath studies [15]–[17] are focused primarily on either pre-
dicting antenna coverage patterns or on spatial diversity recep-
tion and generally give only the power of the component
([15], however, does predict several more detailed properties of
the multipath channel from a ray-tracing simulation, including
the total received power in the vertical and horizontal-field
components). We also note that the present version of our simu-
lation permits only a single reflector, whereas [15]–[17] permit
multiple rectangular reflectors aligned in typical indoor office or
outdoor city-block configurations. Finally, we note that analysis
of diversity antenna performance in the presence of a reflecting
plane was considered in [5]; however, that work did not allow for
an arbitrary polarization of the received field, and derived only
bounds on the signal amplitudes, as opposed to the cumulative
distribution functions (cdfs) that are both derived theoretically
and measured experimentally in this paper.

To summarize, the key contributions of this paper are: 1) a
new two-element antenna design for portable transceivers fea-
turing passive combining and a single feedpoint, which exploits
known phase relationships between the incidentand fields
in a multipath environment in order to reduce the probability
of deep fades in the received signal; 2) a new approach to sim-
ulating antenna performance in multipath environments, using
antenna gain-pattern simulation together with superposition of
incident fields near a fixed reflector to derive cdfs of the received
signal envelope under random variations of incidence angle, dis-
tance from reflector, antenna inclination, and field polarization;
and 3) field measurements of antenna performance that confirm
the results predicted by simulation.

The rest of the paper is organized as follows. Section II com-
pares the assumptions used in the present antenna design to
the more commonly used Rayleigh assumptions. Section II also

presents theoretical results that motivate the design. Section III
presents details of the simulation environment used to optimize
the design and Section IV summarizes the experimental set up
for the field tests. Section V provides simulation results and
field test measurements for three contrasting antenna designs:
a dipole, a loop-dipole without capacitor (referred to as the LD
antenna) and the loop-dipole with capacitor shown in Fig. 1 (re-
ferred to as the LDC antenna). Section VI presents conclusions.
The Appendix provides a derivation of the cumulative distribu-
tion function of the LDC antenna in the reflecting plane envi-
ronment.

II. DOMINANT PATH MODEL AND DESIGNCONSIDERATIONS

The design assumptions in this paper reflect the fact that
fading statistics encountered in outdoor urban or suburban
environments are frequently not Rayleigh [10], [12]–[14]. A
suggested explanation for this fact is that the number of
multipath components may not be high enough to yield Rayleigh
statistics at the portable transceiver. Table I compares two sets
of assumptions about the transceiver’s reception environment:
the dominant path model, used in our simulations and field
tests, and thecontinuous source Rayleigh model, used in recent
papers on diversity antenna design [9], [10]. The continuous
source Rayleigh model is a statistical method for describing
the multipath environment at the transceiver and works very
well when there are a large number of uncorrelated incident
waves.

However, when only a small number of paths exist, it is pos-
sible to improve upon designs based on Rayleigh assumptions
by taking into account known phase relationships between the
electric and magnetic fields. This point is mentioned in [10],
where it is pointed out that two antennas receiving signals 90
apart in phase can almost completely eliminate the effects of
fading. In this case, the envelope correlation coefficientbe-
tween the two antenna voltages is0.92, a result inconsistent
with the Rayleigh assumption, which implies . Field
measurements of frequently turn out to be negative [10], [13],
[14], a fact that motivates our attempt to define a more realistic
set of modeling assumptions.

A. Theoretical Cumulative Distribution Function of the LDC
Antenna

The capacitor in Fig. 1 introduces a phase shiftbetween the
voltages on the loop and dipole elements. For the geometry of
Fig. 2, under the assumptions of perfect reflection from the
plane and a single vertically polarized incident plane wave (i.e.,

), the field components and along the axis are

(3)

(4)

where is an arbitrary phase. We now consider the series com-
bination of voltages from loop and dipole and show that the op-
timum value for when the antenna response is averaged over
inclination and distance is . The voltage magnitude
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TABLE I
MULTIPATH MODEL COMPARISON

from the series combination is given by (1). Without loss of gen-
erality we set the gain constant so that ranges be-
tween 0–2 V. Then after some manipulation, we obtain

(5)

where . To evaluate average antenna perfor-
mance, we assume that and are independent and uniformly
distributed between and . This models the case where
is fixed and and are unknown. Under these conditions, it
is shown in the Appendix that the probability density function
(pdf) of is

(6)

where denotes the complete elliptic integral, i.e.,
. In general, has two singu-

larities. However, for only the third and fourth cases of (6)

apply, giving a single singularity at , while for ,
only the first, second, and last cases apply, giving a single sin-
gularity at . Also, for all except

, where the limit is . Hence,any nonzero phase shift
will significantly reduce the probability of deep fades compared
to the case . By contrast, a dipole receiving only the
field (3) has pdf

(7)

The dipole pdf has a single singularity at , which sig-
nificantly increases its fading probability compared to the LDC
antenna.

Fig. 3 shows cdfs for the LDC and dipole antennas,
computed by numerical integration of (6) and (7). The figure
shows that phase shift provides the greatest reduction
in null probability. For example, the probability of a signal fade
26 dB or more below maximum is about 10 for the dipole,
but only about 10 for the LDC, a reduction of almost two
orders of magnitude. Alternatively, at a fixed fading probability
of 10 , the LDC with provides about 32 dB of
gain over the dipole and even the relatively small phase shift of

realizes most (27 dB) of the available gain.
We have also computed the theoretical pdf of the

LDC antenna in free-space (without reflector), assuming a
single-incident plane wave, with inclination angleuniformly
distributed between and

(8)
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Fig. 3. Theoretical cdf of received voltage magnitudeV from the LDC antenna in the vicinity of a reflecting wall, for various values of the capacitor-induced
phase shift
. The cdf of the dipole antenna is also shown for comparison.

Fig. 4. Theoretical cdf of received voltage magnitudeV from the LDC antenna in free-space for various values of the capacitor-induced phase shift
.

Fig. 4 shows the cdf corresponding to . Although a
value of makes the antenna response invariant to,
values and still achieve most of the avail-
able gain over the dipole. We conclude that choosing

gives the best overall performance for the LDC an-
tenna, with or without the reflector.

III. SIMULATION ENVIRONMENT

The simulation environment consists of two separate sim-
ulations. An antenna is first designed using Mininec Profes-
sional for Windows [18]. Mininec is a moment-method pro-
gram applicable to thin-wire antennas with the capability of
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including lumped elements, as required by our LDC antenna.
From Mininec, far-field amplitude and phase relationships are
obtained and used as parameters in a multipath simulation.

The multipath simulation assumes one or more incident
plane waves and a reflecting surface. The reflector consists of a
perfectly conducting -plane (Fig. 2). As such, the tangential

-fields at the surface must be zero and the reflection coeffi-
cients are and . is the coefficient for the

-field parallel to the plane created by the propagation vector
and the surface normal and is for the -field perpendicular
to the same plane [19].

The incident Poynting vectors are assumed to lie in the
-plane. Except for the reflector, the simulation assumes

free-space; in particular, the -plane is not treated as a
ground plane. These assumptions eliminate ground reflections
and eliminate effects due to the antenna’s elevation pattern.
The necessity of eliminating elevation pattern effects when
studying antenna response to polarization alone has been noted
previously in [3]. In our case, we study the antenna’s response
to multiple incident waves with independent polarization and
incidence angles under the assumptions listed in Table I.

The multipath simulation allows independent randomization
of each incident wave’s polarization and incidence angles, and
of the distance of the antenna under test (AUT) from the re-
flector. All three parameters may also be set as constants, or
uniformly stepped through a range of values. The number of
incident waves may also be varied. An operating frequency is
specified to calculate phase changes due to the reflector and
movement of the antenna.

The - and -fields at the AUT are calculated by summing
the incident and reflected plane waves. Equations for the field
components received by a-oriented antenna (i.e., ) for
a single incident/reflected wave pair are as follows:

(9)

(10)

, , and , are the far-field complex gain coefficients
corresponding to the incident and reflected paths and are com-
puted in the Mininec simulation.

By incorporating the gain coefficients into the multipath sim-
ulation, the correct complex constants of proportionality be-
tween and are included and thus,

for the simulated loop-dipole configurations is found by

(11)

where and are given in (9) and (10), respectively.
for the simulated dipole antenna response is simply equal to.

To simulate the field test cases presented in this paper, the
AUT is oriented with the dipole element parallel with the-axis
(i.e., ) and one incident plane wave is specified. The
wave’s -field polarization is set at , while incidence
angle varies randomly from 45 to 45 and the distance
varies randomly from 0.124 to 0.524 m and is independent of.
One million trials are run and the data is collected in the form of

a histogram and converted to a pdf. The simulation results are
presented in Section V below.

IV. FIELD TEST CONFIGURATION

Verification of the simulation results was performed on the
antenna test range at Larsen Electronics, Vancouver, WA. In the
test configuration (Fig. 5), an aluminum reflector screen with a
width of 3.76 m and a height of 1.85 m was mounted on a turn-
stile, perpendicular to an asphalt surface. A movable wooden
arm, parallel to the ground, and attached to the turnstile, ex-
tended a short distance in front of the screen for mounting the
AUT. A dipole source antenna was placed above the center of
an asphalt surface 5.82 m from the screen when the turnstile
was in the 0position. The dipole source was oriented vertically
while the AUT was rotated 45from vertical; this arrangement
preserved the simulation environment’s 45angle between the
incident -field and the dipole axis . The fixed angle of 45
was chosen to limit the experiments to within our allotted test
range time, and because 45is a typical vertical inclination angle
when hand-held transceivers are used in the field.

Before evaluating the experimental setup, the main object of
the work should be reviewed. Of most interest here is the sup-
pression of nulls due to interference between incident and re-
flected plane waves at various field points, angles of incidence,
and AUT orientations. Hence, the absolute amplitude of the in-
cident wave and the absolute response of the AUT were relevant
only to ensure a detectable signal and sufficient dynamic range
for null measurements. What is important is that the incident
wave arrives in a horizontal plane and has approximately con-
stant amplitude and that the environment of the AUT consists of
incident and reflected plane waves of roughly equal amplitude
over the set of parameters varied during the experiment.

The turnstile/screen had a radius of 3.44 m, so the exact
distance from the source antenna to the screen’s center (and,
hence, the incident wave amplitude) varied as the turnstile
rotated. However, this was considered negligible since, as
mentioned above, the most important field characteristics at the
AUT were the relative phase and amplitude of the incident and
reflected waves. The turnstile radius did cause some difference
in the incidence angle; for a 30turnstile angle, the angle of
incidence with respect to the normal of the screen was actually
approximately 45. Therefore, the data collected for turnstile
angles of 30 to 30 was compared to simulation data for

to .
In the experiment, the centers of both the AUT and the dipole

source were placed 16 cm (about 0.25 wavelengths) above the
asphalt surface. The asphalt was assumed to have a dielectric
constant of 2.68 and a conductivity of zero [20]. The antennas
were placed near the ground to eliminate interference nulls due
to ground reflections, and to ensure that all waves (including
ground reflections) arrived at the AUT in the horizontal plane,
thereby eliminating effects due to the antenna’s elevation pat-
tern (see, e.g., [3], where it is shown that little or no elevation
pattern decorrelation of loop and dipole envelope voltages oc-
curs if their heights above a ground plane are less than or equal
to 0.25 ). The incidence angles of the ground reflected rays
varied between 2.85and 3.46; the minimum occurred when
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Fig. 5. Field test setup at Larsen Electronics.

the turnstile was at 30and when was 0.124 m. At these angles
of incidence, the ground reflection coefficient for vertically
polarized waves is about0.80 and the antenna response (to
first order) is equal to the response from the nonground waves
times a path gain that accounts for the ground wave interfer-
ence [21, p. 341–46]. In our case, when the turnstile is at 0,
is about 0.21 for both the direct and reflected paths and varies
by no more than 5% as varies over its full range. The spe-
cific value of is not important as long as its variation with

is small, because the experimental objective was to examine
the relative response of the AUT to different incident/reflected
wave pairs.

Since the direct line of sight path between the source dipole
and the AUT was only 0.16 m above the asphalt and the reflected
wave was assumed to be a plane wave for the simulations, the
finite extension of the ground plane below this path must be con-
sidered. This effect is considered by first assuming (as a worst
case) that the asphalt surface can be ignored and then calculating
the actual field at the AUT. It can be shown using equivalence
theory that the difference between a perfect reflected wave (due
to an infinite reflector) and the actual reflected wave (due to a
finite reflector) at any point in front of the reflector is equal
to the value of the diffracted field at a distancebehind the
reflector. This diffracted field can be estimated using Fresnel
diffraction theory [21]. Using an average distanceof 0.32 m, it

is found that the Fresnel argument is approximately0.52 from
which the difference between the perfect and actual reflected
waves is calculated to be smaller than10 dB compared to the
incident wave amplitude. Thus, while the reflector is not per-
fect, it is a reasonable approximation to the simulation results.
A similar analysis shows the other dimensions of the reflector
are large enough that diffraction can be ignored.

The foregoing discussion demonstrates that the field test con-
figuration in Fig. 5 is roughly equivalent to the free-space simu-
lation environment of Fig. 2, except that the source is attenuated
by the path gain . The source attenuation will not affect the
shape of the measured antenna response histograms—only their
absolute gain. While diffraction from the bottom of the screen is
not completely negligible, the relatively good agreement we ob-
serve between the simulated and experimental pdfs Figs. 8–10
suggests that the essential features of the simulation have been
captured experimentally. The deviation between measured and
simulated pdfs for the LDC antenna at small signal levels could
be attributed to a nonperfect reflected wave in the experiment.

The free-space equivalence of our field test setup also as-
sumes minimal depolarization of the vertically polarized source
wave by rough surface scattering. The well-known Rayleigh
criterion states that surfaces with protuberances below critical
height , where is the incidence angle, will
not exhibit rough surface scattering. In our tests, where ,
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Fig. 6. Far-field gainE for the LDC antenna.

the critical height m, well above the 2–5 mm protu-
berances in the test-site asphalt. The lack of rough surface scat-
tering at low incidence angles is also noted in [22], where scat-
tering cross-section curves for slightly rough sea surfaces are
presented.

The basic goal of this research was to eliminate fading prob-
lems by a simple passive combination of antenna elements. As
such, no matching networks were designed for any of the an-
tennas. To collect field test data, the source dipole was fed with
a 475-MHz signal at 15 dBm from a HP8656A signal gener-
ator. An RF receiver tuned to 475 MHz and a PC data-collec-
tion system automatically recorded the AUT output signal as the
turnstile rotated. For theth antenna, where values
denote the dipole, LD, and LDC antennas, respectively, the re-
ceiver gain was set at a level sufficient to record the full dy-
namic range of the antenna response, without saturation at the
high end or loss of lock at the low end. Theth antenna’s data
consisted of decibel readings relative to the receiver gain. Be-
cause the antennas were not matched, the receiver gainswere
unequal. The data were obtained by setting the AUT support
arm to a specific distancefrom the screen and then collecting
decibel readings at incidence angle increments of 0.1as the
turnstile rotated. The location of the AUT was then moved 0.02
m for another pass. A total of 21 data collection runs per antenna
were completed as the distancewas stepped from 0.124–0.524
m.

V. SIMULATED AND FIELD-TEST RESULTS

The three-dimensional (3-D) far-field gain patterns and
for the LDC antenna of Fig. 1, computed by Mininec simu-

lation, are shown in Figs. 6 and 7, respectively. The patterns are
reasonably isotropic in azimuth. When the relative phase angle

between loop and dipole voltages is exactly 90, the LDC an-
tenna radiates a linearly polarized-field oriented 45 from its
dipole axis; for , as is the case with the antenna in Fig. 1,
the radiation is elliptically polarized.

Introducing a 90 phase shift between loop and dipole volt-
ages in an electrically small-oriented LDC antenna leads to
0 phase difference between and . In practice, nonzero
lengths for the dipole and loop mean that even if a perfect 90
phase shift is achieved at their junction, the phase difference be-
tween and in the horizontal plane will not be exactly zero,
but will vary as a function of azimuth angle around the loop.
For the Fig. 1 antenna, simulation shows the far-field phase dif-
ference remains within a range of45 with 63% probability,
with a maximum difference of 78. As shown in the simulation
and field-test results, even this nonideal phase difference gives a
performance gain well worth the slight increase in design com-
plexity due to the capacitor.

Figs. 8–10 present pdfs of the field-test results versus the
simulation. We now discuss the procedure used to find abso-
lute gains for the simulation and experimental data. The abso-
lute gains are needed to compare performance of the three an-
tennas and to compare simulation and field-test results. For the
simulation, the Mininec gain patterns for all three antennas are
calculated with the same input power (1 W) and at the same ra-
dial distance (10 m). Although we did not design or simulate
matching circuits for the tested antennas, the Mininec software
automatically assumes conjugate matching of the antenna to the
source when computing gain patterns. The Mininec patterns are
used by the multipath simulation to generate the necessary pdf
or cdf curves. Using identical input power and radial distance
criterion for the gain pattern calculations allows direct compar-
ison of the different antenna pdfs and cdfs from the multipath
simulation.

For the experimental data, we assume each of the tested
antennas (dipole, LD, and LDC) can be conjugate matched
to the source by a passive matching network. This is always
possible in theory, although in practice it may be difficult to
build the matching circuit. Because the simulation pdfs are
based on conjugate matched gain patterns, by normalizing (i.e.,
shifting) the test-data pdfs to fit the appropriate simulation pdf, a
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Fig. 7. Far-field gainE for the LDC antenna.

Fig. 8. Dipole pdf for = 45
�, � = �45 to 45�, andd = 0:124–0:524 m.

comparison between the three antennas becomes possible, even
though the measured relative gains are unknown. Specifically,
simulation data pdfs are created from histograms with 200
bins of width 0.015 V, with a total number of trials equal
to 1 000 000. The simulation pdfs are converted to decibel
volts by a probability transformation. Normalized histograms
consisting of 12 600 samples with 20 bins of width 1.55
dB form the experimental pdfs. Each experimental pdf is
shifted to fit the relevant simulation pdf as well as possible,
under the assumption that the experimental antennas can be

conjugate matched to the same overall gain predicted by the
simulation.

In Figs. 8 and 9, the shapes of the experimental pdfs fit the
simulation pdfs quite well, and the overall spread in test data
exceeds 27 dB in both cases. In Fig. 10, the LDC test data fits
the simulation curve for the region in which such curve exists
with an overall test data spread of 20 dB. But more importantly,
the data points below the10 dB point fall off at a much faster
rate than either the dipole or LD pdfs, indicating a significant re-
duction in signal fading with the LDC compared to either of the
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Fig. 9. LD antenna pdf for = 45
�, � = �45 to 45�, andd = 0:124–0:524 m.

Fig. 10. LDC antenna pdf for = 45
�, � = �45 to 45�, andd = 0:124 –0:524 m.

other antennas. Fig. 11 shows the experimental cdfs, computed
by numerical integration of the experimental pdfs in Figs. 8–10.
In Fig. 11, the LDC exhibits approximately a two order of mag-
nitude decrease in fading probability at the20 dB level. Alter-
nately, at a fixed probability of 10 , the LDC exhibits a gain in
excess of 10 dB over the other antennas. These significant gains

clearly illustrate the advantage of using a passive phase shifter
between the antenna elements.

In further support of our method of estimating the relative
gains of the experimental antennas by fitting their pdfs to the
simulation pdfs, we note from the Mininec simulation that the
total far-field gains of the three antennas fall within a range
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Fig. 11. cdf of test data of the three antennas.

Fig. 12. Two path simulation cdf for� = ��=2 to �=2, = ��=2 to �=2, � = 0, jEj = 0 to 1, E = �� to �, andd = 0:100 to 0:731m.

of 2.37 dB. This gives a worst-case gain fitting error of 2.4
dB, under the assumption of a perfect conjugate matching
network for each antenna. But even if we left-shift the LDC
cdf in Fig. 11 by 2.4 dB, the LDC still exhibits approximately
a 7.5-dB gain over the other two antennas at fading probablity
10 . Thus, even if a worst-case absolute gain for the LDC is

assumed, the very significant reduction in the probability of
deep fade events exhibited by the LDC represents a distinct
design advantage.

Although the experimental results are for a single incident/re-
flected wave pair, simulations for more than one incident wave
also show cdf gains for the LDC antenna. Figs. 12 and 13 present
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Fig. 13. Four path simulation cdf for� = ��=2 to �=2, = ��=2 to �=2, � = 0, jEj = 0 to 1, E = �� to �, andd = 0:100 to 0:731m.

simulation results for two and four incident waves, respectively,
and vertical antenna inclination. These simulations use the same
Mininec gain patterns as those used to produce Figs. 8–10. For
each given source path, the following values are uniformly and
independently distributed over the following ranges:
to , to , – meters (one wave-
length), to , and to . Fig. 12 demonstrates
the advantages of the phase-shifting capacitor when two dom-
inant paths exist. Fig. 13 illustrates that, though the capacitor
gives no significant advantage for four paths, itdoes not dete-
riorate the antenna’s performance. The reduction in gain over
the dipole that occurs with the increase from two to four paths is
due to phasor addition of the loop and dipole outputs and would
not occur if magnitude addition were used. However, magnitude
addition requires an external processing circuit and power con-
nection, whereas the antenna considered here uses no external
circuitry and requires only a single feedpoint.

VI. CONCLUSION

This paper has considered the design of a loop-dipole-capac-
itor antenna for portable transceivers. The design exploits the
fact that, when only a few dominant paths exist, known relation-
ships between the incident and reflected fields can be used to re-
duce the probability of deep nulls in the received signal. A pas-
sive combiner removes the need for additional signal processing
electronics or external power connections. The phase-shift in
the combiner is optimized using design assumptions based on a
dominant path plane wave model, resulting in SNR gains of 10
dB (at a fixed fading probability of 10 ) over both the stan-
dard dipole antenna and over the worst-case choice of com-
biner phase. Antenna performance results predicted by a com-

bined moment-method and multipath simulation are confirmed
by field-test results on an outdoor test range. The experimental
results in this paper are restricted to the simple case of an an-
tenna in front of a single, perfectly reflecting wall with a single
incident wave. However, simulation results from the single re-
flector case show that the combiner phase shift retains some
performance advantage even when the number of paths is in-
creased and that the antenna with combiner always performs
at least as well as a standard dipole. Further generalizations of
the dominant path design approach used in this paper, including
more sophisticated ray-tracing models, more reflectors and real-
world reflection coefficients, may result in improved wireless
channel models and improved design methods for multi-element
antennas operating in standing wave environments.

APPENDIX

To derive pdf in (6), where voltage is given in (5),
define variables

(A.1)

so that . A simple argument, omitted here, shows
that since and are uniform on and independent,
then so are and . The symmetry of and then implies
that we need only consider values ofbetween zero and .
Thus, the pdf of is the convolution

(A.2)
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where and have the scaled arcsine pdfs

(A.3)

and

(A.4)

The support region of is . The pdfs in (A.3)
are zero outside the indicated support regions. The upper and
lower limits in (A.4), which range over the support region
of the integrand, vary with as follows:

.

(A.5)

We treat only the first case in (A.5), as the other cases are han-
dled similarly. For this case, we have from (A.4) and (A.5) that

(A.6)

where . By using [23, p. 290, eq. (4), sec.
3.147], (A.6) can be written in terms of the complete elliptic
integral

(A.7)

The last case of (6) now follows from (A.7) by using
, and the transformation . The

singularities in (6) follow from the fact that .
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