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The Impact of Antenna Directivity on the Small-Scale
Fading in Indoor Environments
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Abstract—Results obtained from using a geometrically based,
single-bounce propagation model are presented to characterize
small-scale fading in indoor propagation channels when direc-
tional antennas are used. The model is verified by comparing
simulated results to measured results. The model is then used to
obtain, via simulation, fading statistics for an indoor, line-of-sight
channel. The results show that when directive antennas are used,
the parameters of the Nakagami- or Rician-distributed small-scale
fading vary with separation between the transmit and receive
antennas. Furthermore, the strength of the variation depends on
antenna directivity. Some physical mechanisms for this effect are
discussed.

Index Terms—Indoor propagation, , multipath fading, propaga-
tion, Rician fading models.

I. INTRODUCTION

DIRECTIONAL antennas have the potential to significantly
improve the throughput of wireless systems such as mo-

bile ad hoc networks (MANET) [1], [2]. MANETs differ from
traditional wireless networks that employ a centralized bases-
tation. The mobile terminals in an ad hoc network function as
nodes that receive and transmit data over the network. Data
that is transmitted from the sender to the end user may un-
dergo multiple hops over several nodes on the network. In [1],
a medium access control (MAC) protocol that uses a separate
control channel is proposed. According to this protocol, an idle
node listens to the channel omnidirectionally and measures the
total interference-plus-noise power. A transmitting node sends
an omnidirectional request-to-send (RTS). If a receiving node
wishes to accept the data packet, it switches to a directional an-
tenna mode and responds back with a directional confirm-to-
send (CTS) signal. The data is then transmitted over the net-
work with both the transmitter and receiver using directional
antenna patterns directed toward each other. When this occurs,
a line-of-sight (LOS) channel with directive antennas is formed.

Generally, when no information about the directionality of
the antennas is given, researchers have often assumed that the
azimuthal directions of arrival of the multipath components
are uniformly distributed [3], [4]. This is not the most general
case, however, and a brief description of the advantages and
disadvantages of different spatial propagation channel models
for smart antennas is given in [2]. Several geometrically based
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single bounce (GBSB) models have also been developed in
[5]–[8]. The GBSB models have been specifically developed
for macrocell, microcell, or picocell types of environments.
These models place particular assumptions on the placement of
the basestation and mobile units relative to one another, but in
some wireless networks, such as ad hoc networks, there may be
no constraints on the placement of the network nodes relative
to one another.

The goals of this paper are the development of a multipath
fading model that accommodates directional antennas and the
use of this model to quantify changes in small-scale fading as a
function of antenna directivity and distance between transmitter
and receiver. We present a GBSB model that has been modified
in a couple of ways. First, the model allows the user to adjust
the directivity of the transmit and receive antennas in order to
accommodate different antennas at both ends of the channel.
Second, the model also places very few constraints on the place-
ment of the scatterers. For example, the scatterers may be lo-
cated anywhere within a room rather than being confined to a
geometric shape such as an ellipse or ring. The model is two-di-
mensional in nature in that is assumes that the multipath occurs
in the same plane as the transmitter and the receiver.

After the model is verified by comparing to measured results,
it is used to simulate the received signal envelope for an indoor,
LOS channel. The simulated results are compared to conven-
tional small-scale fading models that use either the Nakagami

-distribution [9] or the Rician distribution [10] for the signal
envelope. The results reveal changes in small-scale fading
versus transmit-receive antenna separation. These changes,
which manifest themselves as changes in the parameters of
the Rician and Nakagami small-scale fading distributions, are
due to the varying strength of the direct signal compared to
multipath components transmitted or received through antenna
sidelobes. Furthermore, we find that when omnidirectional
antennas are used, the small-scale fading distributions do not
depend as strongly on transmit-receive antenna separation as
when directional antennas are used [11], [12]. Therefore, this
paper demonstrates and quantifies the relationship between
small-scale fading and antenna separation as antenna directivity
is increased.

The idea that small-scale fading and system performance vary
with antenna directivity has been considered before. A study of
path loss exponents versus antenna directivity and orientation is
performed in [13]. Antenna beamwidth is considered as a factor
that affects communication outage probability in [14], and [15],
characterizes angle-of-arrival statistics and the Doppler spec-
trum for the one-ring [5], [7] model when the transmitter is di-
rective. In [16], [17], Rician -factors and path loss exponents
were calculated from measured data. Some of the measurements
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in [16] were taken with a directional transmit antenna and some
of the measurements in [17] were taken with directional an-
tennas on transmit and receive. While there is some evidence in
[17] that the Rician -factor varies with transmit-receive sepa-
ration, the analysis presented in this paper is the first to quantify
the systematic relationship between antenna separation, direc-
tivity, and small-scale fading statistics.

This paper presents the results of a geometrically based
single-bounce multipath model applied to small-scale fading
analysis with directional antennas. The model is validated by
a comparison with measured results. The model is then used
to understand the effects of antenna separation on small-scale
fading. This work evaluates how the separation between
transmit and receive antennas affects the coefficients used in
the Nakagami and Rician distributions. While other distribution
functions were considered, these two distributions are well
known and widely used for modeling the signal envelope in
LOS channels. The Rician distribution accounts for a dominant
LOS signal component, but assumes the multipath components
to be approximately equal in amplitude and uniformly dis-
tributed in phase. The Nakagami distribution allows for random
amplitudes and phases in the multipath components. Both dis-
tributions can be related to other probability density functions
(pdfs) with the choice of appropriate parameters. They also
are in forms that can be conveniently used in networking and
communications simulations.

Section II summarizes the Nakagami and Rician small-scale
fading distributions. Section III discusses the experimental
set-up and measurement accuracy. Section IV presents the
observed results from a measurement campaign of indoor
channels using directional antennas. The propagation model
is presented in Section V. Section VI discusses the simulation
results, and Section VII presents our conclusions.

II. SMALL-SCALE FADING DISTRIBUTION FUNCTIONS

Two well-known distribution functions used to characterize
the received signal envelope in the presence of small-scale
fading are the Rician and Nakagami distribution functions.
Measured or simulated intensity results of a scattering environ-
ment can be used to determine the coefficients used in these
functions. The Rician pdf is given by [10]

(1)

where is the signal envelope, is the variance of the signal,
is the amplitude of the direct-path component, and is

the modified Bessel function. The coefficient
is referred to as the Rician -factor. Since the amplitude of
the direct signal path usually cannot be measured, the value of

is usually empirically chosen. When , a Rayleigh
distribution is obtained.

The Nakagami pdf is given by [9]

(2)

Fig. 1. Measurement site configurations (a) laboratory and (b) corridor.

where is the Gamma function, is the average power of the
received signal and is a unitless quantity that is the inverse
of the normalized variance of . The parameters and are
given by

(3)

where represents statistical expectation. When , a
Rayleigh distribution is obtained. Large Rician -factors and

-factors signify strong direct-path or LOS components.

III. EXPERIMENTAL SET-UP

Measurements were made by recording the magnitude of
the transmission parameter, , with an HP8510C automatic
network analyzer. Several diverse measurement scenarios were
considered as the measurements were made in several different
locations. Measurements were repeated in each case.

The measurements were made in three different locations;
the laboratory of the ECE building at the University of Arizona
marked with the number 522 in Fig. 1(a); the hallway corridor
shown in Fig. 1(b); and a student office area comprising of cu-
bicles with five foot high modular partitions. Fig. 1(a) shows
the general layout of the laboratory that houses workstations,
metallic desks, some wooden bookcases, and a small work area
that is separated with partitions. The corridor is composed of
laboratories on each side of a long hallway. The external walls
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are concrete and the internal walls are plaster. The floor is cov-
ered with tile. In the corridor, decorative metallic strips are sus-
pended 50 cm from the ceiling. In both the laboratory and stu-
dent office setting, the ceiling is 2.7 m high and is composed of
foam tiles and fluorescent lighting. In this work, it is assumed
that there is only a small amount of signal penetration through
the walls and the doors since the signal levels would be too small
to be detected.

Detailed reports on the entire measurement campaign can be
found in [11], [12]. Two different cases were measured. The first
case is the short-distance line-of-sight (LOS) case that yields
a strong direct signal between the transmitter and the receiver.
These measurements were taken in the 522 laboratory and in the
student office area. The transmit-receive separation was varied
from 1.0 to 6.5 m. The short-distance LOS measurement path
in the laboratory is denoted by the path labeled (1) in Fig. 1(a).
The second case is a long-distance LOS case where there is a
weak direct signal between the transmitter and receiver. These
measurements were made in the hallway corridor and in the stu-
dent office area. In both settings for the long-distance LOS sce-
nario there is an 8.0 to 13.5 m separation between the transmit
and receive antennas. In every case the antennas were aligned
to achieve maximum transmission and were located one meter
above the floor.

The measurements were made with an HP8510C automatic
network analyzer. The receiver was placed in a fixed location
and the transmitter was placed on a plastic cart. A low loss
cable and power amplifiers were used to link the receive an-
tenna to the analyzer. The amplifiers were set in order to com-
pensate for cable loss and to ensure sufficient field strength for
accurate measurements on the network analyzer. Measurements
were made at 5 and 30 GHz. The 5 GHz measurements were
taken with 12.6 samples per wavelength and the 30 GHz mea-
surements were taken with 6.3 samples per wavelength.

The measurements were made using the dual exponentially
tapered slot antenna (DETSA) for both transmit and receive.
The DETSA was chosen since it is relatively easy to fabricate
at 5 and 30 GHz, and it utilizes a simple microstrip to slotline
transition and microstrip feed. The 30 GHz DETSA is a scaled
version of the 5 GHz DETSA, so that the results with identical
antennas could be compared. The DETSA was derived from the
Vivaldi antenna, yet differs from the Vivaldi in that the outer
edge of the DETSA is tapered [18]. This allows the feeds of
adjacent DETSA antennas to be isolated from one another in
the case of arrays or diversity antennas. The DETSA patterns
are more directional than a dipole or planar inverted antenna
(PIFA). The half-power beam width in the -plane and -planes
are 32 and 52 , respectively. The antennas were configured
horizontally with the -plane parallel with the floor.

Multiple measurements (at least three) of each different sce-
nario were performed in order to have an adequate sampling, as
there may be slight variations in measurement alignment and
multipath in each case. The repeated measurements for each
case and setting were intentionally done on different days and at
different times of the day. No special attention was paid to “en-
gineer” the environment to be precisely the same when different
measurements were taken, although no large pieces of furniture
were moved. During a measurement sweep, people did not walk

Fig. 2. Measured 30-GHz LOS signal in the laboratory setting.

Fig. 3. Comparison of measured and simulated received-power histograms.

around the environment. Items on the desks and workspaces
may have been shifted between the measurement sweeps.

Fig. 2 shows one of the measured power profiles at 30 GHz
made in the computer laboratory setting, and Fig. 3 shows his-
tograms of received power for the same scenario after the path
loss is removed. The top two histograms in Fig. 3 are for mea-
sured data taken over the same receiver path in the laboratory
setting at two different times. The bottom histogram is for simu-
lated data, which will be discussed further in Section V. The his-
tograms in this form do not necessarily indicate Rician- or Nak-
agami-distributed fading because many of the measurements are
correlated and because the LOS strength is not constant over
the receive path. Full assessment of the small-scale fading pdf
requires many measurements taken at different locations (with
the same transmit-receiver separation) in the same environment.
The repeatability of the measured results, however, does indi-
cate that measurement accuracy was easily sufficient for the pur-
poses of evaluating first-order small-scale fading statistics. Sim-
ilar repeatability was obtained for the other measurement cases
as well.

IV. OBSERVATIONS FROM MEASUREMENT CAMPAIGN

Measured results show that transmitter-receiver separation
has an impact on the parameters used in the Rician and Nak-
agami distributions. Fig. 2 shows one of the measured signals
at 30 GHz made in a computer laboratory setting when the sep-
aration between the transmit and receive antennas varied from
1 to 6.5 m. This corresponds to an antenna separation varying
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from 100 to 650 wavelengths. Fig. 2 shows that when the sepa-
ration between the transmit and receive antennas becomes suffi-
ciently large, there is an apparent repetitive interference pattern.
This pattern clearly shows instances of both constructive and
destructive interference, thus creating large fades. The interfer-
ence pattern becomes more pronounced when the transmit-re-
ceive separation becomes very large. The interference pattern is
characteristic of a pattern generated from two dominant sources
that are separated from one another in angle but both pointing
in the direction of the receiver.

The measurement campaign described above indicated ways
in which directive antennas fundamentally alter the characteris-
tics of indoor propagation channels. Our hypothesis is that when
directive antennas are used and when the transmit-receive an-
tenna separation is small, most of the received multipath com-
ponents depart and arrive through the sidelobes of the transmit-
ting and receiving antennas. Therefore, the magnitudes of the
multipath components are quite small relative to the LOS com-
ponent. As the separation between the transmit and receive an-
tennas increases, some multipath components will be received
through the mainbeam or through the strongest sidelobes nearest
the mainbeam of the antennas. When the transmit and receive
antenna separation is large, a significant number of multipath
components are received through the mainbeam of the receive
antenna. When this occurs, the LOS signal is no longer domi-
nant compared to the multipath components.

The measured results indicate that the and factors
strongly depend on the separation between transmit and receive
antennas when directional antennas are used. These results
also show that the dependence of the and factors will
decrease when less directive transmit and receive antennas
are used. Unfortunately, full exploration of this relationship
through a measurement campaign would require measurement
of hundreds of independent LOS profiles. Therefore, the next
section discusses a numerical model that was developed to
further investigate the dependence of small-scale fading on
antenna directivity and separation.

V. GEOMETRICALLY-BASED SMALL-SCALE FADING MODEL

In order to fully characterize indoor wireless channels by
measurement, an extensive measurement campaign is required
to collect enough independent data to develop an accurate statis-
tical representation. This, in turn, requires measurements to be
taken at many different locations within the same general type
of propagation environment. The resulting models are site-spe-
cific. In recent years, ray-tracing techniques have been used.
These methods use a variety of reflection, diffraction, and scat-
tering propagation models, as well as site-specific information
to deterministically compute the propagation channel. These
models are computationally intensive and become increasingly
difficult at higher frequencies.

In order to further study the effects of antenna separation and
directivity on indoor propagation models, a geometrically based
single-bounce channel model was developed. This model dif-
fers from similar models presented in [2] in several ways. The
models presented here apply to the more general scenario of ad
hoc networks since no specific requirement is placed on the lo-
cations of the scatterers relative to either a basestation or mobile

Fig. 4. Geometrically-based single-bounce channel model.

nodes. The model presented here includes antenna directivity as
a parameter and randomly locates scatterers rather than placing
them on a regular structure such as an ellipse.

Fig. 4 shows a diagram of the model that was used. This
model involves randomly placing scatterers according to
a uniform density function (the scatterers were prevented
from existing along a narrow path between transmitter and
receiver in order to model an unobstructed LOS). The ran-
domly located scatterers represent arbitrary configurations
of desks, bookcases, and other objects typically found in an
indoor environment. Each scatterer was also given a random
scatterer reflectivity ( ) according to a Rayleigh distribution in
amplitude and a uniform distribution in phase. This model is
used to simulate the received signal envelope. The form of the
single-bounce model used in this work is

(4)

where is the number of scatterers, is the angle of depar-
ture between the transmitter and the scatterer, is the
angle of departure between the transmitter and receiver, is
the angle of arrival between the receiver and the scatterer,

is the angle of arrival between the transmitter and re-
ceiver, is the far-field pattern of the transmit antenna in
the direction of the scatterer, is the distance between
the transmit antenna and the scatterer, is the reflectivity
of the scatterer, is the far-field pattern of the receive
antenna in the direction of the scatterer, is the distance
between the scatterer and the receive antenna, and is
the transmitter-receiver separation. The expression given in (4)
is similar to modeling radar propagation and assumes that the
antennas are polarization matched. For our simulations, was
set to 100.

In order to verify the model, the simulation of a physical sce-
nario was compared to one of the LOS measurement collections
described in Section III. The measurements contained a periodic
interference pattern similar to the pattern in Fig. 2. After eval-
uating the interference pattern and the laboratory layout, it was
determined that the interference was probably due to a domi-
nant multipath component reflecting off a metallic desk. This
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Fig. 5. Comparison of measured and simulated power profiles.

constraint was enforced in the simulation, which resulted in re-
ceived signal components due to the (unobstructed) direct path,
the dominant multipath component, and many other randomly
located scatterers. The additional scatterers were randomly lo-
cated within the room according to a uniform density with the
exception of a 1-m, unobstructed swath along the system’s LOS.

Fig. 5 compares measured and simulated signal power as
a function of the separation between transmit and receive an-
tennas. The two power profiles have the same relative level and
similar pattern characteristics. Both power profiles fluctuate
very little when the antennas are close due to a dominant LOS
component. When the antennas become separated, however, the
dominant multipath component propagates through the major
sidelobes and eventually the antenna mainlobes, giving rise to
the periodic interference pattern. A histogram of the simulated
received power after removing the effects of path loss is shown
in the bottom plot of Fig. 3 where it can also be seen that the
histogram agrees very well with those obtained through the
measurement campaign. Only two components of the propaga-
tion environment (the direct path and the dominant multipath)
were deterministically modeled in this example. Yet despite
the simple nature of this simulation compared to ray-tracing
approaches, the comparisons between the two power profiles
are excellent.

VI. RESULTS

In this section, simulations using the model in (4) were used
to evaluate properties of small-scale fading in indoor, LOS envi-
ronments similar to what might be found in academic or office
buildings. Isolated rooms were considered since at 30 GHz the
signal does not efficiently propagate through walls or other bar-
riers. Monte Carlo simulations were performed in an environ-
ment based on a configuration similar to the one in Fig. 4. Scat-
terers were randomly distributed within an 8.8 by 9.4-m room
except for a 1-m swath along the LOS path. This last constraint
was applied to enforce an unobstructed LOS requirement. The
scattering coefficients for the scatterers were randomly gener-

Fig. 6. Comparison of simulated and theoretical pdfs for two different LOS
scenarios.

ated according to a Rayleigh distribution in amplitude and a uni-
form distribution in phase.

We generated fading statistics for the received signal enve-
lope at transmitter-receiver separations ranging from 2 to 8 m.
At each antenna separation, 30,000 trials were performed. For
each trial, we generated new scatterer locations and reflection
coefficients, and the outcome of each trial was the received
power level resulting from the coherent combination of the LOS
and all multipath components. By generating new scatterer lo-
cations for each trial, we were able to generate 30,000 statis-
tically independent signal envelopes designed to represent the
endless number of configurations that could be observed for
the same type of propagation environment (in this case, an in-
door academic laboratory and study area). After the trials were
performed, a numerical pdf was generated from the results and
compared to the Nakagami and Rician distributions. The param-
eters of the distributions were varied to find the best fit as mea-
sured by the relative entropy between the two pdfs [19]. The
process is then repeated for varying separation and antenna di-
rectivity.

Antenna directivity was controlled by raising the azimuthal
power pattern to a power and then normalizing the results to
have constant effective isotropic radiated power. Let the pattern
of the DETSA antenna be denoted as . Then the various
directive antenna patterns were obtained by

(5)
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Fig. 7. Rician K-factor as a function of antenna separation for different an-
tenna directivities.

Fig. 8. Nakagami m-factor as a function of antenna separation for different
antenna directivities.

where controls directivity by modifying the shape of the
DETSA pattern and the constant normalizes the total radiated
power. When , the pattern is omnidirectional.

Fig. 6 shows two examples of the pdf fit for two different
transmit-receive separations and antenna directivities. In
Fig. 6(a), the separation is 8 m and the antenna directivity for
both antennas is 5 dB. In Fig. 6(b), the separation is 6 m and the
directivity is 10 dB. Since the antennas in Fig. 6(b) are closer
and more directive, the LOS component is stronger compared
to multipath than in Fig. 6(a). In Fig. 6(a), the distribution looks
similar to a Rayleigh distribution, which is used for non-LOS
environments.

Figs. 7 and 8 clearly show how the Rician -factor and Nak-
agami -factor vary as a function of antenna separation. For
small separation, only the LOS component propagates through
the antenna mainlobes; hence, the LOS component is very dom-
inant, which results in large (Fig. 7) and (Fig. 8) values.

For large separation, it is possible for a signal to depart from
the transmitting mainlobe, to reflect off a scatterer, and to ar-
rive through the receiving mainlobe. Therefore, many multi-
path components compete with the LOS component, the LOS
component is less dominant, and small and values are
observed. Furthermore, Figs. 7 and 8 demonstrate that as an-
tenna directivity increases, the strength of the relationship be-
tween antenna separation and or increases. For omnidi-
rectional antennas ( in Figs. 7 and 8), and
vary little with separation. This is because no propagation path
is preferred by the transmitting and receiving paths. For highly
directive antennas, however, and start small at 8-m sepa-
ration but rapidly increase as separation is decreased.

VII. CONCLUSION

This paper discusses a geometrically-based single-bounce
simulation model that was used to compare how the values of

in a Rician distribution, and the values of for a Nakagami
distribution are affected by antenna directivity for small scale
fading of indoor wireless channels. The Nakagami and Rician
distributions both work well for indoor wireless channels with
directive antennas because both distributions have factors that
can be varied with antenna directivity. The simulation results
have been compared with measured results. The simulation
results show that the and -factors vary exponentially with
distance for LOS channel with directive elements. These results
can be used to properly design and configure LOS wireless links
through proper choice of antenna directivity and separation.
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