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Abstract—This paper investigates the advantages offered by
radiation pattern diversity using a new physics-based analysis
that takes into account the complex radiation patterns of the
transmit(Tx) and receive(Rx) diversity antennas in conjunc-
tion with an accurate deterministic, coherent, and polarization
preserving propagation model for a complex indoor scenario.
Unlike techniques that utilize spatial diversity, radiation pattern
diversity offers a unique opportunity to achieve compact diversity
antenna systems especially with the advent of enabling antenna
miniaturization techniques. In this work, a co-located antenna
radiation pattern diversity system is proposed and its performance
is analyzed using an accurate physics-based diversity analysis
technique. The proposed analysis technique utilizes an efficient
deterministic propagation model modified by incorporating the
complex gain of the Tx and the complex effective heights of the
Rx antennas into the rays launched and received by the antennas
in a coherent manner. The proposed system is realized and tested
in complex indoor scenarios based on which complex correlation
coefficients between various channels and the effective diversity
gain are computed which are then utilized as a figure of merit for
improved channel reliability. For the scenarios considered, it is
shown that the apparent diversity gain is at least 9.4 dB based on
measured results.

Index Terms—Antenna pattern diversity, co-located antennas,
diversity analysis, near-ground propagation.

I. INTRODUCTION

A N aspect of wireless communication that is of paramount
importance is reliable connectivity unhampered by signal

fading caused by scatterers such as walls, buildings and other
obstacles. For power limited ad hoc networks in complex
environments such as indoor and urban environments, various
phenomena including multipath, diffraction from sharp corners
and edges and scattering from other obstacles contribute to the
fading and distortion of electromagnetic waves that severely
limit the coverage and reliability. The signal that arrives at a
receiver operating in such environment is the sum of the direct
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path between Tx and Rx antennas attenuated by penetrable
objects as well as signal components scattered by indoor ob-
stacles. Because of the difference in path length among the
various signal components and in the absence of a direct signal,
the received electric field will have uneven spatial distribution
and significant fluctuations. This phenomenon is called fast
fading and results in intermittent signal drop-offs causing the
communication channel to be unreliable. A viable approach to
mitigate fast fading is the use of antenna diversity systems. An-
tenna Diversity is a communication method utilizing multiple
antennas to receive and/or transmit signals to capture statisti-
cally independent copies of the signal to compensate for the
multipath interferences. Diversity systems enable improvement
in signal-to-noise-ratio (SNR) without increasing the transmit
power.
In the literature, there are five different types of diversity

techniques that can be used to improve channel reliability: spa-
tial, temporal, polarization, frequency, and radiation pattern. Of
these, only spatial, polarization and pattern make for a practical
implementation in WLAN antenna systems. In [1], an analysis
of a spatial diversity system based on simulations and measure-
ments is presented. The performance of a dual-antenna handset
for which different antenna types were utilized is investigated
with particular focus on industrial, scientific, and medical (ISM)
band [2]. In [3], a test system to experimentally determine the
complex correlation coefficient between two antenna branches
is proposed and was utilized to evaluate the polarization diver-
sity performance of different antenna pairs in Rayleigh and Ri-
cian distributions which are often used to model indoor envi-
ronments. In [4], experiments where antenna separation, polar-
ization, and pattern were varied independently were carried out
and the performance of the diversity system is analyzed. Other
researchers have also reported analysis results of various diver-
sity systems based on measurement and stochastic indoor prop-
agation models [5]–[8]. For small wireless devices, spatial di-
versity scheme is not an option due to limited space on such
devices. In a rich multipath environment where signal fading
is strong and signal’s direction of arrival to the receiver is di-
verse, radiation pattern diversity is most suitable. Pattern diver-
sity often refers to antenna systems composed of two or more
arrays with beams pointing in different directions to collect sta-
tistically independent rays arriving from different directions.
Again for small wireless platforms such solution is not appro-
priate. Small common aperture antennas withmultiple feeds that
can produce almost orthogonal radiation patterns are envisioned
for these applications [9], [10].
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Fig. 1. Schematic of a radiation pattern diversity using two antennas having
omnidirectional and broadside radiation patterns, respectively.

A thorough and accurate analysis of a diversity system needs
three main components: the Tx and Rx antenna radiation pat-
terns (phase and amplitude), the multipath coherent propagation
model and the calculation of a figure of merit for the perfor-
mance of the diversity system such as complex and envelop cor-
relation coefficients and/or diversity gain. Existing simulation
based diversity analysis techniques especially from the com-
munication system society model the indoor or other multipath
channel using a stochastic model such as Rayleigh and Rician
distributions. While these probabilistic models provide gener-
alized approximations to the indoor channel, such models do
not accurately capture all the propagation mechanisms such as
angle of arrival and polarization, and hence diversity analysis
techniques based on such models inherently lack the informa-
tion needed to assess the true performance of a given diver-
sity system. For example, for near-ground antennas, propaga-
tion supported by Norton surface waves have to be captured
for accurate field calculations. Specifically, for Tx and Rx an-
tennas located less than a wavelength above ground, wave
propagation is dominated by Norton surface waves [11], [12].
The other aspect of diversity system is the design of a common
aperture radiation pattern diversity antenna. Recently, different
types of antenna topologies with radiation pattern diversity have
been reported [13], [14]. In such literature, one antenna has om-
nidirectional radiation pattern, and the other antenna has broad-
side radiation pattern, as depicted in Fig. 1. While the antenna
geometries in the literature provide the desirable isolation be-
tween two antennas, they are based on multi-layer structures,
that cannot be easily fabricated and are not easily amenable to
miniaturization. This paper introduces a new approach to design
an antenna with a small form factor and co-polarized radiation
pattern diversity.
In this paper, we discuss a new diversity system analysis

approach that takes into account the complex radiation pattern
of the Tx and Rx diversity antennas and make use of an accurate
deterministic, coherent, and polarization preserving propaga-
tion model for a complex indoor scenario. One advantage of
this approach is that for a diversity system deployed in com-
plex scenarios the performance can be quantified accurately
since all the propagation mechanisms are accounted for. In
Section II, the new physics-based pattern diversity analysis
approach will be introduced. The propagation modeling with
specific focus on near-ground antennas will also be discussed.
An accurate near-ground indoor propagation model that can

accurately capture scattered field components from indoor
obstacles while fully taking into account the Norton surface
waves will be discussed as well. An example analysis of a
near-ground diversity system based on this model will also be
presented. In Section III, the design of a co-located radiation
pattern diversity antenna will be described which is used in a
pattern diversity measurement system. Finally, in Section IV,
the diversity measurement system to measure the amplitude and
phase of the received field needed for computing the complex
correlation coefficients will be presented.

II. PHYSICS-BASED SIMULATION AND ANALYSIS
OF PATTERN DIVERSITY SYSTEMS

As it was alluded to in the previous section, the objective of
this section is to discuss a new approach to analyze the per-
formance of a diversity system. This technique will be utilized
to investigate the performance of the pattern diversity system
based on a common aperture pattern diversity antenna described
in Section III. Of the various diversity techniques mentioned in
the previous section, for small platforms, spatial diversity is not
possible. However, it is possible to use a small antenna with two
or more feeds to generate different radiation patterns. The main
idea of pattern diversity approach is to utilize antenna systems
with different ports that radiate electromagnetic fields in mutu-
ally exclusive (almost) directions and when positioned in mul-
tipath environments can receive the fields in mutually exclusive
directions. This results in simultaneous field measurements that
are statistically uncorrelated and thus can be utilized to improve
the wireless connectivity.
The block diagram in Fig. 3 shows the proposed diversity

analysis technique. In this section, the steps for calculating the
open circuit voltage at the Rx ports and the complex cor-
relation coefficients between the various channels is described.
We will then discuss two sets of results: 1) a near-ground sce-
nario where the antennas are within a wavelength above ground,
and 2) a case where the antenna heights are greater than a wave-
length. At the frequency of operation used for this analysis (400
MHz), if the antenna heights are above (75 cm), the ray-
tracing approach is a good approximation. For the near-ground
case, we will utilize an efficient propagation model that we de-
veloped for this application.

A. Calculation of Rx Open Circuit Voltage and Complex
Correlation Coefficients

Here, we will discuss the steps required to calculate the
complex correlation coefficients between the different channels
(e.g., the horizontal and vertical pattern channels as illustrated
in Fig. 2). First, the complex radiation pattern of the Tx antenna
system for all directions, i.e., the complex normalized electric
field values (in the far-field) computed as a function of and ,
are imported. For each value of and , rays are launched by
taking into account the complex pattern data in that direction.
All the rays are then used as sources to illuminate the multipath
propagation environment in which the antennas are operating.
For each Tx-Rx arrangement, an accurate deterministic propa-
gation model is used to calculate the electric field incident on
each Rx antenna element as a function of and (these angles
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Fig. 2. Schematic of a radiation pattern diversity system in a hallway (side
view) environment.

Fig. 3. Diagram of the proposed physics-based diversity system analysis ap-
proach, and are received field, open circuit at the Rx channel
and antenna effective height, respectively. and are the heights of the
Tx and Rx antennas.

are with respect to the location of the Rx antenna). The real
and imaginary parts of the incident electric field in conjunction
with the effective Rx antenna height is used to calculate the
open circuit voltage at each Rx antenna port.
The effective height of the antenna can be expressed in

terms of a matched load , the complex pattern of the Rx an-
tenna , the complex polarization vector of the Rx an-
tenna , free space impedance , and the wavelength
as

(1)

The polarization matching factor and the intermediate vari-
ables ( and ) based on the definition given in [15] are
given by

(2)

(3)

where and are the components of the polarization vec-
tors of the incident field and the receive antenna, respectively.

We can then calculate the open circuit voltage by in-
cluding the polarization mismatch factor as

(4)

where is the complex received electric field at the location of
receive antenna element. Finally, if and are the open circuit
voltages at the two ports of the receive antennas, the complex
correlation coefficient between the two channels can be com-
puted using

(5)

where represents the expected value operator calculated
using the spatial samples of and .
Another parameter commonly used to quantify the effective-

ness of a given diversity system is diversity gain. Apparent di-
versity gain is the ratio between the received SNR of the com-
bined signal and that of the best branch for a given outage rate
(given by the corresponding CDF curves) [16]. In this paper,
the diversity gain is calculated by using a selection combining
criteria with maximum apparent diversity gain of 10.48 and an
outage rate of 1% [17]–[19]. As described in [20], the apparent
Diversity Gain(ADG) is given by

(6)

B. Simulation Result of the Pattern Diversity Antenna in a
Complex Indoor Scenario

In this section the performance characteristics of the pro-
posed co-located pattern diversity antenna system is studied
through simulation of wave propagation in a complex multi-
path indoor environment. A two story office building shown in
Fig. 4 is used for analyzing the performance of the proposed
system. Two different propagation solvers are utilized. The first
set of results presented in this section is based on a commercial
ray-tracing based propagation solver called EM.CUBE [20]. In
the next section a propagation model that we developed to an-
alyze near-ground diversity systems is utilized. The building
structure consists of several rooms where the walls are mod-
eled as lossy dielectric slabs having a thickness of 50 cm. The
dielectric properties of the walls is assumed to be that of a brick
wall ( and ). The Tx and Rx pattern diver-
sity antennas used for this simulation are co-located monopole
and compact bowtie patch antennas. A detailed description is
included in the next section. The complex building structure
shown in Fig. 4(a) is modeled using EM.CUBE and for each
radiating elements of the Tx pattern diversity antenna data are
imported. For each new Rx position, the electric field corre-
sponding to rays that are incident on the Rx antenna are cal-
culated as a function of and . The incident electric field is
exported and is used to compute the open circuit voltage at each
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Fig. 4. (a) Simulation geometry (ceiling and ground not shown but are included
in the simulation), (b) the top view and the Tx-Rx configurations for diversity
system simulation analysis, and (c) signal coverage when Tx is at Position 1 on
a plane parallel to the ground at 1-m height.

Rx ports based on the effective antenna heights of the Rx an-
tenna elements.
In the first case of the simulation of the diversity system, the

Tx and Rx antennas are deployed along the corridor on the first
floor of the building where the location of the Rx antenna is
changed along Rx path as shown in Fig. 4(b), and the trans-
mitter is located at Tx position 1. This case is chosen to analyze
the performance of the diversity system when there is a line of
sight (LoS) between the Tx and Rx antennas. By following the
procedure described above, the open circuit voltages at the Rx
antenna elements are computed. As can be seen in Fig. 5, the

curves show the uncorrelated variation of the various chan-
nels. In Fig. 5(a), the monopole is used as the Tx antenna and
the two curves show the channels created when the monopole
and patch antennas are used as a Rx antennas. For this scenario
(LoS case), the vertical channel is mainly supported by the rays
that bounce back and forth between the ground and the ceiling.

Fig. 5. Computed open circuit voltage values at the outputs of a radiation di-
versity antenna composed of co-located patch and monopole antenna (a) when
monopole antenna is transmitting and (b) when the patch antenna is transmitting.

The horizontal channel is mostly from multiple reflections from
the side walls.
A case where there is no line of sight between the Tx and Rx

antennas as shown in Fig. 4(b) is also simulated (Tx position
2 and Rx path). In this case the received fields are mainly sup-
ported by the walls, ground and ceiling of the center hallway
similar to the LoS case, but instead of the direct path, edge
diffraction and penetration through walls also contribute to the
NLoS case.

C. Near-Ground Propagation Modeling and Analysis

For near-ground transceivers deployed in multipath envi-
ronments, electromagnetic wave propagation is dominated by
Norton surface waves. In order to accurately calculate electric
field coverage in complex propagation scenarios such as indoor
environments, these higher order waves and their interactions
with building walls and other indoor obstacles have to be cap-
tured. Full-wave solutions are computationally inefficient for
indoor propagation simulations. The most commonly used field
prediction techniques are based on ray tracing routines which
are based on geometrical optics (GO). Ray tracing approaches
are inadequate for evaluating signal coverage of transceiver
nodes very close to the ground (less than a wavelength above
ground) since such routines neglect higher order surface
waves. For this reason we need to devise a technique that can
efficiently capture the higher order surface waves and their
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interactions with the obstacles. Our approach for calculation
of near-ground wave propagation and scattering is based on a
physical optics solution where an asymptotic approximation of
the Dyadic Green’s function for a half-space dielectric medium
is utilized. In our recent work, we developed a near-ground
indoor propagation approach that fully takes into account the
higher order Norton surface waves [12]. The field components
scattered from indoor obstacles such as walls are computed
using a physical optics approximation in conjunction with an
efficient solution of the half-space Dyadic Green’s function.
In this work, we extended this model to make it more ef-

ficient by taking into account the dominant scattering mecha-
nisms when calculating scattering from indoor obstacles. The
modified approach is implemented for hallway geometry sim-
ilar to Fig. 2. Essentially, the geometry consists of the ground,
ceiling and two side walls as shown in Fig. 2. When a radia-
tion pattern diversity antenna (will be described in the next sec-
tion) having two radiating elements as depicted in Fig. 1 is po-
sitioned in one end of this hallway very close to the ground,
there will be a vertical and horizontal channel that are sup-
ported. The proposed propagation technique calculates the di-
rect path between Tx and Rx, by radiating the current distribu-
tion on the Tx antenna using the Dyadic Green’s function for a
half-space medium discussed above. The first order reflections
and multiple scattering from side walls are calculated based on
the image method. In all the calculations, the surface waves are
included. The open circuit voltage for each channel (when Rx
antenna is Monopole or Patch) are calculated following the pro-
cedure described in the previous section. The resulting correla-
tion coefficient is less than 0.1.

III. RADIATION PATTERN DIVERSITY ANTENNA DESIGN

This section shows the design of a common aperture antenna
in a small space having radiation patterns that are significantly
different and almost orthogonal. This difference is measured by
the envelop cross-correlation between the radiation pat-
terns in the far-field. This can be done numerically if the theo-
retical radiation patterns of both antennas are known
in all directions based on

(7)

where represents the Hermitian product. Also, and
are radiation patterns of antenna 1 and 2. In practice, it

is difficult to know the radiation patterns for arbitrary antennas.
To calculate the envelop correlation in this case, a relation be-
tween radiation patterns and scattering matrix (S-matrix) has
been established [21] and is given by

(8)

The above formula assumes uniformly distributed radio channel
and lossless antennas [17]. Based on [18] and the efficiency
values in Fig. 8, since the total efficiency of the proposed an-
tenna is high over the operating impedance bandwidth, the ef-
fect of the losses on the diversity performance is assumed to be

Fig. 6. Geometry and design parameters of the proposed radiation pattern di-
versity antenna: (a) Monopole antenna, (b) bow-tie patch antenna, (c) proposed
radiation pattern diversity antenna, and (d) top-view of the proposed antenna.

small. The proposed antenna system consists of two radiating el-
ements: one with omnidirectional radiation pattern in horizontal
plane and the other one with a radiation pattern mainly in the
broadside direction as depicted in Fig. 1. It should also be noted
that the proposed antenna is a single-mode antenna which is re-
quired to justify the use of (8). Fig. 2 shows a simple geometry
where the proposed antenna could be used to produce two chan-
nels with relatively small correlation. To realize the omnidirec-
tional radiation pattern, a monopole antenna is chosen. The
second antenna, which needs to have a broadside radiation pat-
tern was chosen to be a bow-tie patch. By using this antenna,
the area of the patch can be reduced by more than 60%, com-
pared to a conventional microstrip antenna. This results in
reducing the total dimension of the proposed diversity antenna.
In order to make the two antennas co-located in a small space,
the monopole antenna is placed in the middle of the bow-tie
patch antenna fed by a co-axial line with the outer connector of
the co-axial line connected to the bow-tie patch. This enables
high isolation between the two antenna feeds since electric po-
tentials are zero in the middle of the bow-tie patch antenna and
at the bottom of the monopole antenna.
The resulting envelope correlation between the two different

radiation patterns from the proposed antenna system is quite
small. In addition, considering the difficulty of impedance
matching of the monopole antenna with stacked ground plane
(bow-tie patch and its ground plane), the concept of the sleeve,
which is a well-known technique for improving bandwidth
and obtaining impedance matching, is applied [23]. In this
geometry, a short section ( in Fig. 6) of the coaxial cable
protruding over the bow-tie patch antenna acts as an impedance
transformer. Also, the bow-tie patch antenna is designed on the
air substrate to obtain low dielectric loss. Since the geometry of
the bow-tie patch antenna is symmetric in terms of XZ and YZ
planes, omnidirectional radiation pattern of the monopole
antenna is preserved. Through a parametric study using a
full-wave simulator, Ansoft HFSS 13.0, the two operating
frequencies of the two antennas are designed to be same.
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Fig. 7. Proposed pattern diversity antenna designed and fabricated for the
400-MHz diversity system.

Fig. 8. Simulated radiation efficiency of the two antenna elements in the pro-
posed common aperture co-polarized radiation pattern diversity antenna system.

Design parameters are shown in Fig. 6. The values are given
by mm, mm, mm,
mm, mm, mm, mm, and

mm. In order to consider ohmic loss, conductivity of
copper is used in all metallic traces in the full-wave analysis.
Fig. 9 shows the 3-D radiation patterns of the proposed antenna
at 400 MHz. The radiation patterns are calculated by exciting
one antenna while the other antenna is terminated with 50 Ohm
and vice versa. It should be noted that the bow-tie shape and the
small ground plane which has a dimension of causes the
broader beam of the patch antenna compared to a half-wave mi-
crostrip antenna. Based on the simulated design parameters, the
pattern diversity antenna is fabricated and measured, as shown
in Fig. 7. As can be seen in Fig. 10, the measured S-param-
eters show good agreement with the simulated S-parameters.
It should be noted that (7) is a fundamental definition for the
envelop correlation. But, for component level diversity perfor-
mance analysis, (8) which is the conventional approach as de-
scribed in [17]–[19], can be used. Phase and amplitude informa-
tion of the S-parameters are used to calculate the envelop cor-
relation between the two different radiation patterns. The
value of the calculated envelope correlation based on simulated
results is shown to be as low as 0.0002 or dB at 400 MHz.

Fig. 9. 3-D radiation patterns of the proposed radiation pattern diversity
antenna: (a) when the bowtie patch antenna is transmitting and the
monopole antenna is matched with 50 Ohm (broadside radiation pattern),
and (b) when the bowtie patch antenna is matched with 50 Ohm and the
monopole antenna is transmitting (omnidirectional radiation pattern).

Fig. 10. Measured and simulated S-parameters of the proposed pattern diver-
sity antenna.

Based on the measured data, the value of the envelope correla-
tion is found to be as low as 0.0013 or dB at 400 MHz. The
difference between simulated and measured envelope correla-
tion values is due to the cable effects which can affect the radia-
tion performances of the antennas, leading to the slight increase
in the interaction between two feeds. Furthermore, inaccuracies
in the fabrication of the monopole antenna (which is not strictly
perpendicular to the ground plane) cause increased coupling be-
tween the two antennas. It should also be noted that the envelop
correlation was calculated based on (7) and the HFSS pattern
data which came out to be 0.0592. The discrepancy with the re-
sult from (7) is caused by assumptions made when (8) is derived
[22].

IV. RADIATION PATTERN DIVERSITY MEASUREMENT
SYSTEM AND RESULTS

A. System Configuration

In order to investigate indoor wave propagation of radiated
fields from the proposed diversity antennas, a system that can
accurately measure the amplitude and phase of the received
signal is designed and fabricated at 400 MHz. The operating
frequency of 400 MHz is chosen considering the allowable size
of the antenna and characteristics of indoor wave propagation as
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Fig. 11. Schematics of (a) the transmitter and (b) receiver utilizing the proposed
diversity antennas.

Fig. 12. Photographs of (a) fabricated diversity antenna and (b) receiving
module.

a function of the operating frequency. Fig. 11 shows schematics
of a transmitter and a receiver utilizing the proposed diversity
antenna. When one Tx antenna is connected to a signal gener-
ator (ON), the other is terminated to 50 Ohm (OFF). Received
signals at both receiving antennas are recorded. In other words,
while only one transmitting channel is ‘ON’, signals at both
intended and unintended receiving channels are recorded. By
calculating the correlation between the two signals received
from two different antennas, the ability of the proposed diver-
sity system to increase channel capacity is evaluated. In the
receiver, the received 400 MHz signals are down converted
to 20 MHz and the signals are sampled by a highly sensitive
16-bit, 2-channel A/D converter. Since the A/D has a maximum
available sampling rate of 80 Mbps, the signal was down-con-
verted to 20 MHz. With this receiver set up, the received data
can be easily compared to each other and processed to calculate
the correlation. Bandpass filters (BPF) are used to get rid of
outer noise signals. Also low noise amplifiers (LNA) and IF
amplifiers are used to satisfy the detectable sensitivity of the
A/D converters. Also, before carrying out the measurements,
we have characterized the Rx channels by directly connecting
the BPF (Fig. 11) to signal generator to make sure the two
channels provide similar attenuation and phase variations.
Fig. 12 shows the photographs of the fabricated antennas and
receiving module. In order to realize a channel established
by near-ground wave propagation, the diversity antennas are
positioned near the ground, about 10 cm ( at 400 MHz)
above the ground.

B. Measurement in Complex Indoor Scenarios

Using the measurement system discussed in the previous sec-
tion, the propagation measurements are performed in a com-
plex rich multipath indoor environment. Fig. 13 shows the floor
plan of the 3rd floor in Electrical Engineering building at the

Fig. 13. Floor plan of the Electrical Engineering building at the University of
Michigan where the measurements were carried out. A table listing the Tx and
Rx positions for each measurement scenario is also included ( are the
starting and ending points of each Tx path and is the difference between
consecutive Tx positions).

Fig. 14. Schematic showing the E-planes of both antenna elements for the
moving Tx antenna.

University of Michigan where the measurement was carried
out. The measurement environment consists of several concrete
walls and wooden/metallic objects including doors and ceil-
ings. Three different sets of measurements were performed by
varying Tx and Rx arrangements. These scenarios were selected
in order to assess the performance of the diversity system for
different levels of multipath. The positions of the Tx and Rx
antennas are given in Fig. 13. In each case the position of the
receiver system is fixed and the Tx antenna is moved along the
path shown. As noted before, the diversity system has a common
aperture co-polarized two-element antenna system. As the Tx
antenna is moved along a path (Fig. 14), the polarizations of
both antennas are kept as when the antennas’ broadside di-
rection is defined to be along the Z-axis. The magnitude and the
phase of the received signal corresponding to each channel is
then recorded as a function of the position of the Tx antenna.
For each measurement scenario, the received signals which can
be considered as complex random variables in terms of the posi-
tion of the transmitter. For example, is the signal measured
when the Tx antenna is the monopole antenna while the Rx is
the patch antenna. Finally, the complex correlation coefficient
is calculated using (5) based on 25 measurement samples.
The magnitudes of the signals for the first measurement sce-

nario are given in Fig. 15. The output signals from the two Rx
antennas (monopole and patch) when the Monopole antenna is
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Fig. 15. Measured signals for set up 1 (Fig. 13): (a) when monopole antenna
is transmitting while the patch component of the Tx antenna is terminated with
50 Ohm and (b) when the patch antenna is transmitting while the monopole
component of the Tx antenna is terminated with 50 Ohm.

transmitting while the Patch antenna is matched to a 50 Ohm
termination are shown in Fig. 15(a) (Case 1). The signals from
the other two channels (where Tx is Patch, Case 2) are shown in
Fig. 15(b). It is observed that in Case 1 where near-ground wave
propagation is excited by the monopole antenna with omnidi-
rectional radiation pattern, the fields radiated by the monopole
antenna are well received at both receiving antennas. This is be-
cause the use of a finite ground plane makes the radiation pattern
of the patch antenna broader, eliminating a desired radiation null
at . On the other hand, in Case 2 (Tx is patch), where
propagation is mainly supported by rays bouncing between top
ceiling and ground are dominantly excited by the patch antenna.
The envelop correlation coefficients between the channels for
both cases were 0.4 and 0.1 for Case 1 and Case 2, respec-
tively. The variation in the correlation values is due to both
the radiation patterns of the antenna elements and the different
propagation mechanisms that support the various channels. In
both cases, the correlation values are less than 0.5, which meets
the required industry standards. This measurement results, in
addition to the simulation analysis presented, further validate
the feasibility of using the proposed radiation pattern diversity
system in rich multi-path indoor environments.
The results of the second and third set of measurements,

which correspond to set up 2 and 3 (Fig. 13) are given in
Figs. 16 and 17. In all cases, the signals plotted as a function
of position demonstrate independently varying magnitudes.
These results show the advantage of utilizing the proposed

Fig. 16. Measured signals for set up 2 (Fig. 13: (a) received signals from the
patch antenna while the patch is transmitting (while the monopole is terminated
with 50 Ohm) and when the monopole is transmitting (while the patch is termi-
nated with 50 Ohm), (b) received signal from the monopole when the monopole
is transmitting and received signal from patch when the patch is transmitting.

radiation diversity system to create multiple channels with
minimal correlation that could be combined to improve channel
reliability in multipath environments. The complex correlation
values computed for the various pairs of channels in all three
scenarios are summarized in Table II. Based on the three set of
measurements, the two channels with lowest correlation are: 1)
when both Tx and Rx are monopole (M,M) and 2) when both
Tx and Rx are patch (P,P). This is because the first channel
is mostly supported by near-ground propagation and multiple
scattering between sidewalls, while the second channel is
mostly supported by rays that bounce between the ground and
ceiling. It should be noted that the correlation between other
pairs of channels is also low (the maximum correlation value
based on these measurements is 0.4 and is as low as 0.1 for
some cases). The apparent diversity gain was calculated based
the measured results using a selection combining criteria for
a 1% outage rate as described in Section II. The ap-
parentdiversity gain for these measurements range from 9.6 dB
to 10.4 dB for the cases listed in Table II.
Another way that is often used to demonstrate the perfor-

mance of diversity systems is based on cumulative distribu-
tion functions which are used to describe the output SNR for
a given outage rate. In order to analyze the improvement in
signal-to-noise ratio as a function of outage rate, a selection
combining technique is utilized as described in [19]. Based on



5732 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 61, NO. 11, NOVEMBER 2013

Fig. 17. Measured signals for set up 3 (Fig. 13): (a) received signals from the
monopole antenna while the monopole is transmitting (the Tx patch is termi-
nated with 50 Ohm) and when the patch is transmitting (the Tx monopole is
terminated with 50 Ohm), (b) when the patch antenna is transmitting while the
monopole component of the Tx antenna is terminated with 50 Ohm and the Rx
antenna is receiving in both channels.

Fig. 18. Output signal-to-noise ratio plotted as a function of the outage rate for
a single channel and a two element diversity (i.e., ideal case, measured results
using the proposed pattern diversity system). The two channels considered in
Case 1 are (P,M) and (P,P). In Case 2, (M,M) and (P,P) are considered. In both
cases, the channels are combined based on selection combining. Also, Case 1
and 2 shown above use the measurements results for set up 1 and set up 2,
respectively (see Fig. 13).

selection combining, the probability that the instantaneous com-
biner output SNR is below some value x can be calculated (by

Fig. 19. Output signal-to-noise ratio plotted as a function of the outage rate for
a single channel and a two element diversity (i.e., ideal case , based
on simulation results as given in Table I and based on envelop correlation using
(9)). The two channels considered in Case 1 are (M,P) and (M,M). In Case 2,
the channels (M,M) and (P,P) are considered. In both cases, the channels are
combined based on selection combining.

TABLE I
CORRELATION COEFFICIENTS CALCULATED FOR VARIOUS CHANNELS BASED
ON SIMULATION RESULTS ROUNDED TO 1 DECIMAL PLACE (FIG. 4, SET UP 1)

considering the correlation coefficient between the two chan-
nels) as

(9)

where is the mean SNR (assuming it is the same for both
diversity branches) and is the correlation coefficient between
the two channels. It should be noted that even if the mean SNR
is assumed to be the same in the two branches, the instantaneous
branch SNR can be different [24]. The functions and are
given in [19]. Also, is given in terms of and as

(10)

Based on (9), the output SNR is plotted against the outage rate
in Fig. 18. The single channel case and the ideal two element
case (when the correlation is zero) are also plotted. It should
be noted that the curves in Fig. 18 are plotted in such a way
that the output SNR value corresponding to 50% outage rate for
the single channel case is 0 dB. The other two curves shown in
Fig. 18 are based on measured results using the proposed pattern
diversity system. As can be seen, the proposed pattern diversity
system results in a diversity gain of 9.4 dB at 1% outage as al-
luded to earlier. The results shown in Fig. 19, which are based on
simulation results as summarized in Table I, also show similar
diversity gain results. As alluded to earlier, (9) is accurate only
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TABLE II
CORRELATION COEFFICIENTS CALCULATED FOR VARIOUS CHANNELS BASED

ON MEASURED RESULTS ROUNDED TO 1 DECIMAL PLACE (FIG. 10)

when each diversity branch has same SNRs. To check the accu-
racy of this equation for the proposed diversity system, the ADG
values (based on selection diversity) were calculated using the
approach described in [24] and similar results were found using
both approaches.

V. CONCLUSION

In this paper an analysis of the advantages of a new radia-
tion pattern diversity system is presented. With the advent of
enabling antenna miniaturization techniques, radiation pattern
diversity offers a unique opportunity to achieve compact diver-
sity antenna systems compared to approaches that utilize spa-
tial diversity. An analysis technique that takes into account the
complex radiation pattern of the Tx and Rx diversity antennas in
conjunction with an accurate physics-based deterministic prop-
agation model for a complex indoor scenario is proposed. The
advantage of this approach is that for a diversity system de-
ployed in complex scenarios the performance can be quantified
accurately since all the propagation mechanisms are accounted
for. The proposed analysis technique utilizes an efficient deter-
ministic near-ground propagation model along with the com-
plex gain of the Tx and Rx antenna systems. The near-ground
indoor propagation model accurately captures scattered field
components from indoor obstacles while fully taking into ac-
count the Norton surface waves that become dominant for near-
ground antennas. In addition, a common aperture radiation pat-
tern diversity system is realized and measurements in complex
indoor scenarios are carried out to complement the simulation
analysis presented. The diversity gain of the proposed diversity
system as well as the envelop and complex correlation coeffi-
cients between various channels are computed and utilized to
quantify the performance of the proposed system.
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