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Phase Modeling of Indoor Radio
Propagation Channels

Homayoun Nikookar, Member, IEEE,and Homayoun Hashemi, Senior Member, IEEE

Abstract—Two models for generating phase of individual multi-
path components in an indoor environment, partly developed in [1],
have been studied in detail. In the deterministic phase increment
model (model I), phase of each multipath component is updated
deterministically using several independent random scatterers. In
the random phase increment model (model II), phase of each multi-
path component is updated by adding independent random phase
increments. Performance of these models has been evaluated by
means of extensive computer simulations. Statistical properties of
narrow-band CW fading signals obtained using each phase model
have been compared with the corresponding results for a large em-
pirical wide-band database of 12 000 impulse response estimates
of indoor radio propagation channels. A major conclusion is that
model I (with five scatterers for each multipath component) and
model II (with proper choice for phase increments) provide fading
results consistent with those obtained from measurements.

In this paper, properties of each phase model are described,
and an algorithm for generating each is presented. First- and
second-order statistics [amplitude distributions, level crossing
rates (LCR’s), and average duration of fades (ADF’s)] and
Doppler spectra of narrow-band CW fading waveforms obtained
using simulated phases are reported, and detailed comparison
between the simulated and empirical results is carried out. Fur-
thermore, the two models are also compared with each other, and
advantages and disadvantages of each are explored. The effect of
increasing the number of scatterers and statistical properties of
phase increments in model I are studied, simulated, and compared
with model II. A major conclusion is that for an appropriate choice
of parameters, both models provide satisfactory performance.
Computation time of model I is, however, on the average 1.7 times
of model II, making it less efficient for generating a large number
of impulse response profiles.

The results reported in this paper can be used in performance
evaluation of wireless indoor communication systems, either di-
rectly or by developing a comprehensive channel simulator.

Index Terms—Indoor propagation channel, multipath fading,
phase modeling.

I. INTRODUCTION

I NDOOR radio communication systems provide wireless
transmission of voice and data to people on the move inside
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buildings. The associated services cover a wide variety of situ-
ations ranging from communication with individual walking in
residential or office buildings, supermarkets, or shopping malls,
etc., to fixed stations sending messages to robots in motion in
assembly lines and factory environments of future.

Multipath fading seriously degrades performance of indoor
radio communication systems. If the channel is well character-
ized, however, the effect of these disturbances can be reduced
by proper design of transmitter and receiver. Therefore, detailed
characterization of radio propagation is a major requirement for
successful design of indoor wireless communication systems.

Measurements and modeling of indoor radio propagation
channels have been reported in literature [1]–[16]. Reference
[1] is a comprehensive tutorial-survey coverage of the topic. In
[2], impulse response modeling of the indoor radio propagation
channel has been investigated based upon a large database of
12 000 impulse response estimates of the channel. Distribution
of multipath components in each impulse response, distribution
of arrival time of multipath components, correlation between
path variables, and statistical properties of the rms delay
spread are reported in [2] and [3]. Distribution of multipath
components’ amplitudes over both local and global areas is
addressed in [2], and details are presented in [4].

Performance of digital communication systems operating in
multipath environments is very sensitive to statistical properties
of received signal’s phase. In [17], empirical probability density
function (pdf) of signal phase for a land mobile satellite channel
is reported to be approximately Gaussian. References [6], [7],
[18], and [19] have explored some aspects of phase modeling for
the indoor (mobile) radio channels. Some simplifying assump-
tions have been made in these investigations. For example, in
[6] and [7] it was assumed that over a length of 1 m in space,
all multipath components with the same delay are caused by re-
flection from the same fixed scatterer. In [18] and [19], it was
assumed that for small spatial separations the angle of arrival
of each multipath component remains the same with respect to
the direction of motion of vehicle (portable). To date, however,
no empirically driven model for signal phase has been reported
in the literature. This is probably due to difficulties associated
with measuring the phase of individual multipath components.
Although the above-mentioned references have addressed the
issue of signal phase, they fall short of producing an elaborate
phase model.

In this work, results of a comprehensive modeling effort to
describe variations of received signal phase for digital trans-
mission within buildings are reported. The results are based on
mathematical analysis, simulation, and measurement. The large
empirical database used in this project has been previously set
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up by the H. Hashemi. It consists of 12 000 impulse response
profiles of the channel collected at two office environments [2].

Although the techniques described in this report have been
developed specifically for the indoor radio propagation channel,
with proper modifications, the same ideas are applicable to other
multipath environments, such as the outdoor vehicular mobile
channel.

This paper is organized as follows. Section II provides back-
ground information, including a review of the mathematical
modeling of the channel, and a brief description of the large
empirical database used in subsequent analysis. Phase modeling
of wireless indoor channel is carried out in Section III, and
results of modeling are described in Section IV. In Section V,
these phase models are compared with empirical data and with
each other. Algorithms for generating these phase values are
explained in Section VI, followed by concluding remarks of
Section VII.

II. BACKGROUND

A. Mathematical Model

The random and complicated radio propagation channel can
be characterized using the impulse response approach: at each
point in a three-dimensional (3-D) environment, the channel is
modeled as a time-varying linear filter with the impulse given
by

(1)

where
observation time of the impulse;
application time of the impulse;
number of multipath components;
random time-varying amplitude;
arrival time;
phase sequences;
Dirac delta function.

The channel is completely characterized by these path variables.
This mathematical model is a wide-band model, which has the
advantage that because of its generality, it can be used to ob-
tain the response of the channel to any transmitted signal
by convolving with and adding noise. It should he
noted that, due to motion of people and equipment, the indoor
radio propagation channel is, in general, time varying. How-
ever, during the “quiet hours,” the time-invariant version of this
model can be used as

(2)

This model was first suggested by Turin [20] to describe multi-
path fading channels. It provided a consistent model for char-
acterizing [21], [22] and simulating [23] the outdoor mobile
radio channel. A convenient model for characterization of multi-
path propagation channels is the discrete-time impulse response
model [12], [22], [23]. In this model, the time axis is divided
into small time intervals called “bins.” Each bin is assumed to

contain either one multipath component or no multipath compo-
nent. The possibility of more than one path in a bin is excluded.
A reasonable bin size is the resolution of the specific measure-
ment, since two paths arriving within a bin cannot be resolved
as distinct paths. Using this model, each impulse response can
be described by a sequence of “zeros” and “ones” (the path indi-
cator sequence), where a “one” indicates the presence of a path
in a given bin and a “zero” represents the absence of a path in
that bin. To each “one,” an amplitude and a phase value are as-
sociated.

B. The Empirical Database

A large empirical database of l2 000 impulse response esti-
mates of the channel previously collected at two dissimilar of-
fice environments was used to evaluate performance and range
of applicability of each phase model. Details of the measure-
ments and subsequent analysis of the data have been reported in
[2] and [3]. A brief description of the database, which includes
only relevant issues, is provided in this section.

In a typical wireless indoor communication system two-way
transmission takes place between a fixed station and moving
unit. Correspondingly, the following measurement plan was de-
vised: four transmitter–receiver antenna separations of 5, 10, 20,
and 30 m were considered. For each antenna separation several
places for the base antenna were selected. The selection was
made on the basis of what was considered to be typical posi-
tions for base antenna in future indoor systems. For each antenna
separation, a total of 20 small 1.5-m areas (“locations”) was se-
lected for the moving portable antenna position, The selections
were made on the basis of good variation of typical conditions
within the buildings. Each location was carefully chosen, with
both line-of-sight (LOS) and nonline-of-sight (obstructed) to-
pographies included. The number of locations with obstructed
paths between the transmitter and receiver was higher for larger
antenna separations, consistent with conditions encountered in
real-life wireless indoor communication systems. For each loca-
tion 75 response estimates of the channel recorded by displacing
the portable antenna in steps of 2 cm. It is important to empha-
size that the measurement plan was entirely based on mathemat-
ical modeling of the channel described in the previous section.

The above measurement plan was executed at two dissimilar
office buildings. Since the geometry of the buildings made it im-
possible to pick 20 portable locations per fixed site (base), the
base sites were also varied for each antenna separation. This pro-
cedure brings the added advantage of making the results more
general, as compared to scenario in which a single base station
is selected for all measurements.

The first building (Bldg. A) was a T-shaped modern
three-story facility containing hard partition offices, hallways,
and laboratory space in addition to a number of soft-partitioned
cubicles. Measurements were performed on the first and third
floors, with both transmitter and receiver antennas located
on the same floor. The second building (Bldg. B) was an
octagon-shaped building with 27 floors. Measurements were
carried out with both transmitter and receiver antennas on 19th
floor only. The floor plan consists mainly of hard-partitioned
hallways and soft-partitioned cubicles with standard office
furniture [2].
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The measurements were performed using a network analyzer
to measure the frequency response of the indoor propagation
channel between two discone antennas. In this method, the
channel is excited with tones over a wide range of frequencies.
The attenuation and phase shift of each frequency component
(caused by propagation medium) are measured. The network
analyzer swept frequency band for the measurements was
900–1300 MHz in 500-KHz steps (801 points). Base antenna
height was 2.5 m for Bldg. A and 1.7 m for Bldg. B. The
portable antenna height was l.2 m for both buildings.

Due to motion of people and equipment indoor propagation
channels are in general time varying. Since the purpose of these
measurements was to investigate channel’s variations in space
(not in time), it was essential to keep the channel stationary
during the measurements. All measurements were therefore per-
formed at night or on weekends when there were few, if any,
other personnel in the vicinity of measurement setup.

The 12 000 measured frequency response data were later con-
verted to time domain by classical Fourier analysis. Correspond-
ingly, a large database of 12 000 impulse response profiles was
obtained. Resolution of time domain data was 5 ns. The data
were later reduced according to discrete-time impulse response
model described in the previous section, with a bin size of 5 ns.
Details are reported in [2].

An examination of impulse responses for both buildings re-
vealed that in most cases, multipath components were detectable
only for excess delays (i.e., delays beyond the LOS delay) of less
than 500 ns.

III. M ODELING OF PHASE

A. General Comments

Performance of digital indoor communication systems is very
sensitive to statistical properties of the phase sequence. Al-
though the importance of this issue has been recognized by most
investigators, a comprehensive search of the literature shows
that, to date, no empirically driven model for the phase sequence
has been reported [1].

The signal phase is critically sensitive to path length and
changes by a factor of as the path length changes by a wave-
length (30 cm at 1 GHz). Considering the geometry of the paths,
moderate changes (in order of meters) in the position of portable
results in a great change in phase. When one considers an en-
semble of points, therefore, it is reasonable to expect uniform
distribution; i.e., on a global basis, has a distri-
bution. This phenomenologically reasonable assumption can be
taken as a fact with no need for empirical verification. For small
sampling distances, however, great deviations from uniformity
may occur. Furthermore, phase values are strongly correlated if
the channel’s impulse response is sampled at the sampling rate
(tens to hundreds of kilohertz). Phase values at a fixed delay for
a given site are therefore correlated. Adjacent detectable mul-
tipath components of the same profile, on the other hand, have
independent phases since their excess range (excess delay mul-
tiplied by speed of light) is longer than a wavelength, even for
very high resolution (a few nanoseconds) measurements [1].

Taking the above into consideration it is reasonable to assume
that the absolute phase value of a multipath component at a fixed

point in space is not important; emphasis of the modeling should
be placed on changes in phase as the portable moves through the
channel. Let denote the phase of a multipath component at a
fixed delay for profile number , where , numbers
adjacent points in space at a given site. Equivalently,may
denote the phase of multipath component occupying a given bin
(the discrete-time impulse response model) at spatial point.
For the first profile in a sequence ( ), is assumed to have
a distribution. Subsequent phase values are assumed
to follow the following relation [1]:

(3)

where
spatial separation between ( )st and th pro-
files;
wavelength;
phase increment.

On a sequence of spatially separated profiles, the chain of values
defined by (3) is interrupted when a path in a given excess delay
time (or at a given bin) ceases to exist. A new chain of values
(with uniformly distributed first component) starts if a path with
the same excess delay appears at a later profile.

Appropriate choices for will impose the necessary
spatial correlation on phase values. Using this approach two
models for this phase increment are considered [1].

B. The Deterministic Phase Increment Model

In the deterministic phase model (model I), changes in the
phase value of a multipath component at a fixed delay when
portable moves through space is not random; i.e., knowing
and , can be calculated determinis-
tically.

A simplified version of this model has been used by some
investigators to model spatial variations in the phase of a mul-
tipath component. In one such application, it was assumed that
in a length of 1 m in space, all multipath components with the
same delay are caused by reflection from the same fixed (but
randomly located) scatterer [6], [7]. In this simulation applica-
tion, the initial phase was generated according to a dis-
tribution. Other spatially separated phases (with the same excess
delay) were obtained by adding to the previous phase
value. The phase increment was calculated using the single scat-
terer and local geometry [6], [7]. This is a one-hop model which
excludes multiple reflections. This phase model was used in a
simulation package for predicting the impulse response of open
plant and factory environments.

In two other simulation applications, the deterministic phase
model has been used for the mobile and indoor channels [18],
[19]. In both applications, it wasassumedthat the angle of ar-
rival of the th multipath component with respect to the direc-
tion of motion of vehicle (portable) remains the same for
small spatial separations. Therefore

(4)



NIKOOKAR AND HASHEMI: PHASE MODELING OF INDOOR RADIO PROPAGATION CHANNELS 597

For mobile channel ( ) were generated
according to a uniform distribution. The power spectra of sim-
ulated CW data generated using a wide-band channel simulator
(reported in [23]) showed better agreement with theory [18],
when compared with the spectra obtained using the random
phase increment model (which is described in Section III-C).
For the indoor channel, ( ) were estimated
with a 5 resolution based on measurements and by using
Fourier transform method (details are reported in [19]).

In the previous application of the deterministic phase incre-
ment model [6], [7], [18], [19], it was assumed that each mul-
tipath component results by reflection from a single reflector.
This seems to be an oversimplification of the principal reality of
the channel, since in practice there may be many indirect paths
between transmitter and receiver for each multipath component.
The resultant “subcomponents” will arrive with the same excess
delay and add vectorially to produce one “distinct” resolvable
multipath component. The deterministic phase increment model
described in this work is, therefore, a multiple reflector model.
The phase value of a multipath component of a given profile at a
given excess delay is the phase of the phasor sum of individual
contributing subcomponents. This phase value is updated deter-
ministically as the portable (receiving) antenna moves through
the channel.

The locus of all scatterers contributing to a single multipath
component with a fix excess delay is an ellipse with the trans-
mitter and receiver positioned at its focal points. Different con-
focal ellipses correspond to different excess delays. Scatterers
are distributed uniformly on the perimeter of each ellipse.

The resolution of measured data is ns. In the dis-
crete-time impulse response model each multipath component
is assumed to arrive at the center of each bin. Adjacent (in time)
components are, therefore, ns apart. The corresponding
adjacent ellipses have a “resolution” of cm, where

is the speed of light and separation between two ellipses is de-
fined as the difference between excess range (range beyond the
LOS) of two rays reflected from two scatterers, located on two
consecutive ellipses.

Referring to Fig. 1, portable moves from right focus of el-
lipses in the direction of positive main axis. The channel is sam-
pled at the sampling distance, which is 2 cm for the measured
data. Considering the maximum excess delay of and bin
resolution of 5 ns, the maximum number of confocal ellipses is

. Let denote the number of scatterers distributed on
each ellipse. The th scatterer on theth ellipse, ,
and is labeled . For a given position of portable
and a fixed excess delay rays are received through reflection
from the scatterers. As mentioned earlier, some ellipses do
not exist because there is no multipath component at the corre-
sponding-bin in the discrete-time impulse response. Therefore,

is a random variable and, consequently, impulse response at
the th spatial position is given by (2) with , , ,

, and replacing , and , respectively.
is the number of multipath components in theth profile

and , are the random amplitude, time of arrival,
and phase of the th multipath component at theth profile,
respectively. At the th position of portable, the amplitude and
phase of th multipath signal resulting from scatterers onth

Fig. 1. Phase updating at a fixed excess delay in model I.

ellipse is

(5)
where and are the real attenuation coefficient
and phase shift, respectively (relative to the LOS path), of paths
reflected from the th scatterer located on theth ellipse, when
portable is in its th position. is the number of scatterers on
each ellipse and and are the amplitude and phase
of the multipath component with excess delay . Using the
geometry of Fig. 1, , the phase contribution of theth
scatterer on theth ellipse for the portable position, is calcu-
lated from

(6)
The second term of (6) can be represented as

(7)

Therefore, (6) is rewritten as

(8)

In Fig. 1, is the left focal point of the confocal ellipses, and
are positions of the portable atth and ( )st sampling

distances, respectively, is the th scatterer on the th
ellipse, and is the wavelength. The equation of theth ellipse
(i.e., the ellipse corresponding to theth bin) is

(9)

Denoting the distance between the base and portable antennas
by and the abscissa of theth scatterer by , the value of

in (7) is calculated as follows:

(10)
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where and is the sampling distance. Using (5),
phase of the th multipath component of theth profile is

(11)

The difference in phase of two multipath components occupying
bin of two spatially adjacent impulse response profiles,
defined as , is given by (12) at the bottom of the
page, where superscript () is used to indicate the phase change
(i.e., the phase increment) of model I. Now the resultant CW
envelope fading waveform at theth point in space is

(13)

The corresponding amplitude is calculated using

(14)

In the deterministic phase increment model, independent
scatterers are uniformly distributed over the perimeter of each
ellipse. For a given excess delay, phase of the first multipath
component is generated according to distribution.
When the portable moves from point to point in space,
the phase is updated using

(15)

This process of phase updating in space continues until a path
in the given excess delay (bin) ceases to exist. When a compo-
nent at the same excess delay becomes present again a new set
of randomly positioned scatterers are generated on the same el-
lipse using a uniform distribution. It should be emphasized that
in this model the initial positions of scatterers on each ellipse are
random, but updating of phase is deterministic; i.e., knowing

and , the value of in (12) is calcu-
lated deterministically. This is the reason for the notion “deter-
ministic phase increment model.” As a special limiting case the
number of scatterers on each ellipse may be set at . For
this case (12) reduces to

(16)

and, subsequently, the relationship for updating phase (15)
changes to

(17)

which is quite clear from Fig. 1.
In the remainder of this section, the expression for parame-

ters and of the th ellipse (corresponding to theth bin
in a profile that has a path component) is provided (derivation
appears in Appendix A)

(18)

It should be emphasized that the model described in this sec-
tion is a comprehensive multiple reflector phase model which
does not have limitations of other simplified deterministic phase
models.

C. The Random Phase Increment Model

In the random phase increment model (model II), the phase
increment is a random variable, i.e., starting with a ini-
tial phase, each subsequent phase value is obtained by adding a
random phase increment to the previous phase value. Suppose

and are the phase and the phase increment compo-
nent, respectively, at theth bin of the th profile. Path phase at
the th bin of the ( )st profile is given by

(19)

where superscript (II) is used to indicate model II. Phase up-
dating mechanism of (19) can also be written with reference to
the initial path phase ; i.e.,

(20)

(12)
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Using the following notation:

(21)

the phase updating relation (20) changes to

(22)

The distribution of phase tends to Gaussian, following the cen-
tral limit theorem. Generally the parameters of probability dis-
tribution of this increment are functions of . As an example,

can be assumed to be a Gaussian random variable with
zero mean and standard deviation . By making an in-
creasing function of (or , for a fixed ), the degree of cor-
relation between and can be controlled. For ,

, and (assuming space-invariant channel).
The correlation between and decreases as in-
creases until they become uncorrelated. In the phase increment
model described in this paper, ( ) is assumed to be
a zero-mean Gaussian random variable with functional form of
standard deviation given by

(23)

and are controlling parameters, the values of which de-
termine degree of correlation on spatially adjacent phase com-
ponents. The random phase increment model with the same
functional form of phase increment [Gaussianly distributed in-
crement ( )] has been previously used in the simulation
of the phase components of a wide-band mobile radio channel
[23].

As in model I, in this model the phase updating process in
space is interrupted when a path component ceases to exist at
a given bin. A new distributed phase is generated if a
path with the same excess delay appears at a later profile, and
random updating procedure starts again.

IV. RESULTS OF THEMODELING

In this section, performances of the two phase models de-
scribed above are evaluated by means of extensive computer
simulations. The results of simulations are compared with those
of the empirical wide-band database described in Section II.

A. General Comments

In order to study the validity and suitability of each phase
model, sequences of impulse response profiles were generated
employing empirical path arrival times and path amplitudes, and
simulated phase values. The simulated phases were obtained
using each model under diversified sets of conditions. Cumula-
tive probability distribution function (CDF) and other statistical
properties of the empirical and simulated phase increments were
obtained and compared. Furthermore, a CW envelope fading
database was set up by vector addition of all multipath compo-
nents of each impulse response profile (13). The number of em-
pirical impulse response profiles measured at each location was

75, with a sampling distance of 2 cm. Each segment of CW en-
velope fading waveforms, therefore, spans a length of 150 cm in
space. The CDF, level crossing rate (LCR), average duration of
fades (ADF’s), as well as Doppler spectra of simulated and mea-
sured CW envelope fading data were obtained and compared. In
the following, the results for each model are reported separately,
and then compared.

B. Results for Model I

As described in Section III, in the deterministic phase incre-
ment model, each multipath component results from reflection
by independent uniformly distributed random scatterers po-
sitioned around a given ellipse. Meanwhile, reflection coeffi-
cients corresponding to scatterers were assumed to be indepen-
dent random variables with a uniform [0, 1] distribution.

The simulations were performed using one, two, five, or ten
scatterers on the perimeter of each ellipse. CW fading wave-
forms were generated, and their Doppler spectra and CDF’s
were obtained and compared with the corresponding empirical
curves. Portion of the results are reproduced in Fig. 2. It should
be noted that in applying the deterministic phase increment
model if the number of scatterers on each ellipseis even,
half of scatterers are distributed on the upper half ellipse and
half on the lower half ellipse. If is odd, one-half ellipse will
have one more scatterer than the other half ellipse. Results of
extensive simulations show that (three scatterers on the
upper half ellipse and two on the lower half ellipse) produce
reasonably accurate phase values.

In order to analyze the model, for each location a number of
intermediate impulse response profiles were generated in be-
tween each of 75 wide-band profiles. The number of generated
profiles changes the sampling distance to . Since empir-
ical profiles were recorded at a sampling distance of 2 cm, pro-
files generated in between empirical samples were assumed to
have the arrival time and amplitude sequences of their preceding
empirical profile; only the phase sequences were updated at each
point using the phase models. Due to high correlation on ampli-
tude and arrival times at a sampling distance of 2 cm (reported
in [2]), this approach is justified. It should be mentioned that
phase is critically sensitive to path length and therefore it should
be updated more frequently. The number of profiles generated
between empirical profiles was set at 1, 4, 5, and 20. The corre-
sponding sampling distances are 1 cm, 5, 4, and 1 mm, respec-
tively. To save space only part of the results are reproduced in
Fig. 3. Inspection of these figures indicates that a sampling dis-
tance of 2 cm is sufficient to record main features of the channel.

Each empirical data record (impulse responses collected in
one location) is 1.5 m long. In two other simulation approaches,
each such record was divided into three segments, each 50 cm
long and five segments each 30 cm long. (Wavelength of trans-
mission is 30 cm.) CW fading characteristics were obtained
for each new shorter data segments. To save space only part
of the results are reproduced in this paper. Fig. 4 shows first-
and second-order statistics of the empirical and simulated CW
fading waveforms when all data for both buildings are com-
bined. Inspection of plots depicted in Fig. 4 indicates that first-
and second-order statistics of CW fading waveforms of model I
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Fig. 2. CDF of CW waveforms of empirical data and model I for Bldg. B, antenna separation 10 m, location 1, with one, two, five, and ten scatterers.

Fig. 3. CW fading waveforms of empirical data and model I. Bldg. B, antenna separation 10 m, location 1, with sampling distance of 1 and 5 mm and 1 and 2 cm.

show very good agreement with those obtained from measure-
ments. Furthermore, comparison of the large number of simu-

lated and empirical data records confirms applicability of the
deterministic phase increment model.
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Fig. 4. CDF, LCR, ADF, and Doppler spectra of CW fading of empirical and model I simulated along a track of 150 cm. Data for all antenna separations of both
buildings are combined. Portable speed assumed to be 25 cm/s.

C. Results for Model II

In the random phase increment model, for each portable posi-
tion in space a Gaussianly distributed phase increment was gen-
erated and used to update phase. The functional form of standard
deviation of the phase increment is given in (23). As mentioned
earlier and are controlling parameters. Their values de-
termine degree of correlation on spatially adjacent phase com-
ponents. Numerical values and obtained
in similar modeling for the mobile channel [23] were used in
this work. In [23], the values of parameters were obtained by
computer simulation using the following approach: over local
(small) areas the phase components should exhibit the right de-
gree of spatial correlation, while over global (large) areas their
distribution should approach that of a random vari-
able. It should he noted that wavelength of transmission in [23]
is also around 30 cm.

Again, for an exact analysis of this model the total area
covered by the portable in each location is divided to three
segments, each covering 50 cm as well as five segments each

covering one wavelength (30 cm). The CDF, LCR, ADF,
and Doppler spectrum of the empirical and simulated CW
envelope fading data were obtained and compared. First-
and second-order statistics of CW fading data (empirical and
simulated), when all data of two buildings are combined are
shown in Fig. 5. Detailed study of fading statistics generated by
this model provides excellent agreement with empirical data.
Again, the large database used for performance evaluations
confirms the validity and applicability of this model.

Meanwhile, extensive simulation of model I when the number
of scatterers becomes large has also been carried out. Results
show a good agreement between models I and II. For example
simulation shows that the average standard deviation of phase
increments of model I (with five scatterers) is 5.8. In model II
the standard deviation of phase increments is not constant and
changes with the position of the portable. Averaging the stan-
dard deviation of phase increments of model II, i.e., (23), over
the distance traveled by the portable, i.e., cm, gives
6.32 which is consistent with the value obtained from simula-
tions of model I.
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Fig. 5. CDF, LCR, ADF, and Doppler spectra of CW fading of empirical and model II simulated along a track of 150 cm. Data for all antenna separations of both
buildings are combined. Portable speed assumed to be 25 cm/s.

V. COMPARATIVE EVALUATIONS

A. Comparisons with Empirical Data

A comparison was also made between path phase distribution
of each model with those of the measured data. A single bin was
considered and it was assumed that a path is present in that bin
over all profiles. In model I, according to (12) and (15), is
a distributed random variable and is a determin-
istic phase increment. The pdf of is a Dirac delta function
located at the calculated value of . Therefore, the resultant
path phase has a pdf which is the convolution of a
density function with ( ). The resultant is a pdf
shifted by the value of . Removing modulo , the pdf of

will be uniform.
Referring to (20)–(22), in model II initial phase has a

distribution; is the summation of several indepen-
dent zero-mean Gaussian increments with the functional form

of standard deviation given in (23). According to (21) then, the
mean value of is zero and its variance is given by

(24)

With the derivation given in Appendix B, (24) reduces to

(25)

Therefore, if is large one can assume to be a zero-mean
Gaussianly distributed random variable with the variance given
in (25). Now considering (22), due to independence of and
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Fig. 6. CDF of path phases of empirical data and simulated models I and II. Bldg. A, antenna separation 30 m, location 15.

, pdf of will be the convolution of pdf of [which
is ] with the distribution of (which is Gaussian).
The final result is (derivation in Appendix C)

(26)

where

(27)

In Fig. 6, the cumulative distribution functions of path phases
for both models and for empirical data are shown. This figure
shows consistency and good fit between the distribution of path
phases of both models with each other and with empirical data.

B. Computation Efficiency of Each Model

Before commenting on computation efficiency of the models,
it should be emphasized again that in both models chains of spa-
tially correlated phase values are interrupted when a path at a
given excess delay (bin) ceases to exist. A new chain of phase
values, with uniformly distributed first component starts if a
path with the same excess delay appears at a later profile. It has
been shown in [2] that amplitudes of multipath components be-
come essentially uncorrelated at spatial separations greater than
10 cm. Assuming the same degree of correlation on path arrival
times, on the average, every 10 cm of space the sequence of cor-
related phases are interrupted. Assuming a sampling distance of
2 cm, on the average after each cm/2 cm times
of phase updating the sequence is interrupted and new phase
components with new scatterers are generated. In the random
phase increment model phase of the first component is selected
according to distribution and is updated for the next

( ) components. In model II denoting the number of com-
putations required to generate each uniformly distributed initial
phase value by and the number of computations required to
update each path phase value bythe average number of com-
putations for all excess delays and all profiles will be

(28)

where is the average number of multipath components in
each profile. In model I, phase of the first path is generated ac-
cording to a distribution and is updated based on (15).
In this regard, the number of computations for generating
scatterers on each ellipse and for generation ofattenuation
coefficients ( ) should be added to the number of compu-
tations required to update ( ) path phases [based on (12)].
Denoting the number of computations needed to generate ini-
tial phases by and the number of computations required to
update phase in model I with , the average number of com-
putations for all excess delays of all profiles in model I is

(29)

The ratio of the number of computations (NC) of two models,
i.e., , is used as a criteria to com-
pare efficiency. When the number of scatterers in the determin-
istic phase increment model increases,decreases implying that
model II is better. The ratio is obtained at .
Therefore, with two scatterers the two models have similar effi-
ciency. By considering only one scatterer on each confocal el-
lipse, the deterministic phase increment model is more efficient
than the random phase increment model. Ifexceeds two, the
random phase increment model is more efficient. In model I
with five scatterers the exact value of is 1.67, implying that
the random phase increment model is 1.67 times faster (more
efficient) than the deterministic phase model.
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It has been shown in the previous section that for right choice
of parameters both models I and II are capable of producing reli-
able estimates of signal phase. The above comparison, however,
shows that for generating a large number of phase components
typical in simulation applications, the random phase increment
model is computation-wise more efficient and therefore more
practical.

VI. SIMULATION ALGORITHMS

In the previous section, the two phase models were described
in detail. The models were incorporated into a simulation tool
that generates consistent sets of phase values for multipath com-
ponents of consecutive impulse response profiles. Spatial corre-
lation is imposed using models I or II. The user decides on the
choice of the phase model. Simulation of the phase is performed
according to the algorithms described in this section.

A. Model I

The simulation proceeds as follows: initial parameters of the
model (antenna separation, sampling distance, number of scat-
terers , wavelength of transmission, and binwidth ) are
read into the program. Sequences of ones and zeros (path indi-
cator sequence) for each profile are also read, where a one indi-
cates presence of a multipath component in the given bin, and
zero indicates absence of a path in the corresponding bin. For
each one, in the first profile a phase value is generated.
For the th bin of the th profile ( ), path phase
is again generated according to distribution if the th
bin of the ( )st profile does not contain a path. If a path
appears in theth bin of the ( )st profile, a corresponding
ellipse is generated and scatterers are placed with a uniform
distribution on its perimeter. Phase of the path atth bin of the

th profile is then updated using (12) and (15). Since scatterers
are made of different materials with different reflection proper-
ties, for each scatterer a random attenuation coefficient
is also generated. This updating process is repeated for theth
bin of subsequent profiles until a path becomes absent in that
bin. The process restarts with generation of new random inde-
pendent scatterers on the same ellipse when a path component
appears again at theth bin of a later profile. The phase of this
initial component is again generated according to a
distribution.

It should be emphasized that a group ofscatterers corre-
sponding to theth bin of a profile is generated independently of
the group of scatterers for theth bin. This is because path com-
ponents at different excess delays are assumed to be reflected by
independent set of scatterers.

B. Model II

Simulation algorithm for the random phase increment model
is identical to the one proposed in [23]. After entering input pa-
rameters the simulation proceeds as follows. For every bin of
the first profile which has a path, the phase is generated in-
dependently according to a distribution. For a path
in the th bin of the th profile (if such a path exists), where

, the phase is generated according to a
distribution if there was no path inth bin of the ( )st profile.

Fig. 7. Phase initiation and updating for both models.

If there was a path in theth bin of the ( )st profile, how-
ever, a phase increment is generated according to a zero-mean
Gaussian distribution with a standard deviation given in (23);
then this normally distributed increment is added to the pre-
vious phase value to obtain current phase value [see (19)]. This
process is repeated for all excess delays and all positions
of portable. A graphical description of this algorithm is depicted
in Fig. 7.

VII. CONCLUSION

In this paper, two phase models for the wide-band indoor
radio propagation channel were proposed and studied in great
detail. In model I, phase of each path is updated deterministi-
cally using several random independently located scatterers for
each multipath component. In model II, phase of each path is
updated with random independent Gaussian increments whose
standard deviations change with distance. Performance of these
models were evaluated by means of extensive computer sim-
ulations and by utilization of a large database of 12 000 im-
pulse response profiles of the channel measured at two dissim-
ilar office buildings. First- and second-order statistics of the
narrow-band CW fading waveforms were obtained using simu-
lated phases, and compared with those of empirical data. It was
shown that model I with five independent scatterers for each
path, and model II with appropriate choice of standard devia-
tion of Gaussian increments both provide results consistent with
empirical results. Multiple reflectors are considered explicitly in
model I, while in model II it is implicitly included. Furthermore,
the two phase models were compared with each other. Statistical
properties of phase increments in model I were studied simu-
lated and compared with increments of model II. It was shown
that with five scatterers, phase increments of model I agree well
with the normal distribution of phase increments of model II.
Standard deviation of phase increments in model I shows good
agreement with the standard deviation of phase increments of
model II. Comparison of these models was also carried out from
computational efficiency. It was shown that with five scatterers
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in model I, model II is 1.7 times faster (more efficient) than
model I. Therefore, it is recommended to employ model II in
the simulation of phases of the indoor radio propagation channel
when large number of profiles are to be generated. Increasing
the number of scatterers in model I makes this model more ac-
curate, but less efficient and therefore less attractive for large
simulation applications. The models and results reported in this
paper can be used in the simulation and performance evaluation
of indoor wireless communication systems.

APPENDIX A

As described in Section III-B, in the deterministic phase in-
crement model the portable antenna is assumed to be initially
located on the right focal point of confocal ellipses. A maximum
number of groups of confocal ellipses are generated. Gener-
ation of ellipses depends on existence of a path component at
the given excess delay. Referring to the equation of ellipses (9),
with transmitter and receiver located at ( ) and
( ), respectively, the distance between two con-
secutive ellipses [assuming path components exist in theth and
( )st bins] is ( is binwidth and speed of light). There-
fore

(A.1)

due to confocality of ellipses we have

(A.2)

It is assumed that with a maximum displacement of the
portable does not leave the first ellipse. Therefore, with the an-
tenna separation , parameters and of the first ellipse will
be

(A.3)

APPENDIX B

Derivation of (25).
Since the phase increments are independent, variance

of is

(B.1)
Substituting for in (B.1) ( is sampling distance) results
in

(B.2)

Denoting by , (B.2) reduces to

(B.3)

The second and third terms of (B.3) can be written as

(B.4)

Substituting (B.4) in (B.3) gives (25).

APPENDIX C

Derivation of (26).
Since and are independent, the pdf of the sum

is the convolution of the pdf of each variable. Instead of con-
volving a , with a zero-mean Gaussian pdf it is easier
to convolve derivative of pdf , which is two Dirac delta
functions with weights and located at and ,
respectively, with the Gaussian pdf and then integrate the re-
sult. Denoting the distribution of by , the
zero-mean Gaussian distribution with variance, associated to

by and the pdf of by , one obtains

(C.1)

which reduces to

(C.2)
Denoting by and by (C.2) reduces to

(C.3)

which is the same as

(C.4)

Removing modulo , the CDF of reduces to (26).
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