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Measurements and Modeling of Temporal Variations
of the Indoor Radio Propagation Channel
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David Tholl, Student Member, IEEE

Abstract—This paper reports the results of extensive mea-
surements and analysis of the indoor radio propagation chan-
nel’s temporal variations. The empirical data base consists of
192 one-min recordings of CW envelope fading waveforms with
both antennas stationary. Measurements were carried out in an
office environment at 1100 MHz with four transmitter-receiver
antenna separations of 5, 10, 20, and 30 m. Effects of controlled
degrees of motion with 0, 1, 2, 3, or 4 individuals walking
around the high antenna only, around the low antenna only,
and around both antennas were investigated. The reported re-
sults include amplitude fading distributions, correlation prop-
erties, level crossing rates, duration of fades statistics, and
spectrum widths of the frequency domain data. The results can
be used in fixed wireless computer communication applications,
and in supplementing the available spatial variation models of
the indoor radio propagation channel.

I. INTRODUCTION

ETAILED knowledge of radio propagation inside

buildings is essential in the successful design of fu-
ture PCS systems. Measurements and modeling of indoor
radio propagation channels have been performed and re-
ported by different investigators [1]-[8]. (Reference [1] is
a comprehensive tutorial-survey coverage of the subject.)
These reports are mainly based on characterization of the
channel’s impulse response. Detailed study of indoor
channel characteristics when the mobile antenna changes
position has been reported in [1]-[3] on the basis of
12 000 impulse response profiles collected in two office
environments.

When both antennas (fixed or ‘‘base’’ and mobile or
‘‘portable’’) are stationary, motion of people and equip-
ment around the antennas result in multipath disturbances
and fading effects [1]. This temporal fading phenomenon
has been studied in [4]-[8]. CW measurements around 1
GHz in five factory environments [4] and office buildings
[5] have shown that even in absence of a direct line-of-
sight path between the transmitter and receiver, the tem-
poral fading data show good fit to the Rician distribution.
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Temporal variation studies in office buildings where the
environment is divided into separate rooms have shown
that fading occurs in ‘‘bursts’’ lasting tens of seconds with
a dynamic range of about 30 dB {5], [6]. For open office
environments, however, fading was observed to be rather
continuous with a dynamic range of 7 dB [5]. Width of
the power spectrum of narrowband CW fading data has
been estimated at 4 Hz for an office building [5]. A max-
imum value of 6.1 Hz has also been reported [7]. The
“‘local’’ and ‘‘global’” short time variations of the chan-
nel have been reported in [8]. This report also includes
temporal variations of the rms delay spread and the re-
ceived power.

Although the above works show some aspects of the
temporal fading phenomenon, they do not report a num-
ber of important issues. For example, the type and degree
of motion has not been a controlling factor in the mea-
surements. Furthermore, other issues such as correlation
properties, level crossing rates, and duration of fades sta-
tistics have not been addressed. In this paper, the results
of extensive CW temporal fading measurements at 1100
MHz in a modern office environment under diversified sets
of conditions are reported. In Section II of this paper the
measurement plan and procedure are described. Section
IIT presents the results of statistical analysis, followed by
the concluding remarks of Section IV.

II. MEASUREMENT PLAN AND PROCEDURE

Measurements were carried out at TRLabs premises in
Calgary, Alta., Canada. This is a modern office environ-
ment with rooms, cubicles, hallways, and a large confer-
ence room. Four antenna separations of 5, 10, 20, and
30 m were considered. For each antenna separation four
different base-portable antenna positions (configurations)
were selected. In positioning base and portable antennas
typical locations which included both line-of-sight (LOS)
and non-light-of-sight (NLOS) topographies were chosen.

For each one of the 16 resulted cases (four antenna sep-
arations X four configurations per antenna separation),
three types of motion were considered: motion around
base antenna only, motion around portable antenna only,
and motion around both antennas. The twelve recordings
labeled (1B OP), (2B OP), (3B OP), (4B OP), (OB 1P), (0B
2P), (OB 3P), (OB 4P), (1B 1P), (2B 2P), (1B 2P), (1B
3P) where (iB jP) represents motion of i persons in the
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vicinity of the high (‘‘base’’) antenna and j persons in the
vicinity of the low (‘‘portable’’) antenna.

Each recording described above corresponds to 60 s of
channel’s temporal variations. During each 60 s care was
taken to have continuous motion of the same nature. This
means that if three people moved around the portable unit,
they continued to do so throughout the whole 60 s. There-
fore, each 60-s recording represents a sample from a sta-
tionary stochastic process. During each 1-min recording
care was also taken to eliminate or minimize all other un-
planned motion in the environment. To satisfy this latter
requirement most measurements were carried out late at
night.

The core of measurement setup was a HP 8510C net-
work analyzer. One port of the network analyzer was con-
nected to the base antenna and the other port to the port-
able antenna. A constant envelope tone at 1100 MHz
transmitted from the base antenna was received by the
portable and passed to the network analyzer. The result-
ing signal was sampled at 50 Hz. The data decimated to
50 Hz showed minimal loss of features compared to data
from higher sampling frequencies.

Details of the measurement plan, measurement tech-
nique, equipment used, building structure, processing of
data, etc. are reported in [9].

III. RESULTS OF THE STATISTICAL ANALYSIS
General Comments

The 192 one-min recordings of the narrowband tem-
poral fading data were analyzed extensively. Major re-
sults are briefly reviewed in this section.

Fig. 1 displays the envelop fading waveforms corre-
sponding to different types and degrees of motion for an-
tenna separation of 20 m, configuration 3. All figures are
normalized to a mean of 0 dBm and are plotted using the
same scale. General features and properties of these fig-
ures are typical of most of the others.

Visual inspection of Fig. 1 shows that temporal varia-
tions are more noticeable for motion around the portable
antenna, as compared to motion around the base antenna.
Standard deviation and dynamic range of fluctuations are
much smaller for the first four plots (1B OP, 2B OP, 3B
OP, 4B OP) which involve motion around base only, as
compared to the other eight plots which involve different
degrees of motion around the portable antenna. A study
of temporal fading waveforms has also shown that changes
in signal level and dynamic range of fluctuations in-
creased when the number of people around the portable
antenna increased from 1 to 2, and from 2 to 3. However,
changes were less noticeable for increase from 3 to 4 per-
sons (a saturation phenomenon was observed for most
cases).

Amplitude Fading Distributions

Empirical cumulative probability distribution function
for each 1-min recording was obtained and tested against
each one of five theoretical distributions normally en-
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Fig. 1. Magnitude of narrowband temporal variation waveforms (in deci-
bels relative to mean) for antenna separation of 20 m, configuration 3.

countered in describing multipath fading phenomenon

G.e.,
bull [1]).

Rayleigh, Lognormal, Nakagami, Rice, and Wei-

The number of data points in each record (60 s X 50

samples per second =

3000) is large enough to provide

statistically meaningful results. These samples are, of
course, not independent. However, the correlation coef-
ficient between the samples drops to less than 0.5 after
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0.25 s for most records. Therefore, there are 240 ‘‘ap-
proximately’’ independent samples in each record. Ac-
cording to the Koimogorov-Smirnov test [10], with this
number of samples, the empirical distributions are within
plus or minus 8% (= 1.22/vn, with n = 240) of the true
distributions, with a confidence level of 90%.

To determine which distribution is the best for each
record, the mean square error (MSE) test was employed.
In this test the mean square error between the empirical
and each one of the five theoretical cumulative probability
distributions are calculated. The theoretical distribution
with the smallest mean square error provides the best fit.
Parameters of the theoretical distributions were estimated
from the data using the moment method, in which the first
and second moments of the theoretical distributions are
equated with the corresponding empirical moments ob-
tained from the data.

The best fit distribution for each type and degree of mo-
tion is shown in Table I. Examination of this table shows
that the Weibull, Nakagami, Rice, Lognormal, and Ray-
leigh distributions show the best fit for 37%, 31.8%,
22.3%, 7.8%, and 1% of cases, respectively. Therefore,
the Weibull and Nakagami distributions provide the best
fit for most cases. Rayleigh fit is poor for almost all cases.
Examination of Table I shows that: i) there is no specific
trend between the best fit distribution and antenna sepa-
ration; ii) good Weibull fit is more evident in LOS to-
pographies (configurations 1 and 2 for the antenna sepa-
ration of 5 m, 1 for 10 m, 2 for 20 m, and 1 for 30 m);
iii) for motion around base only, the best fit distribution
is often Nakagami, while for motion around portable the
Weibull distribution fits better.

Variance of logarithmic data (in dB?) were calculated
for each data record. The average values are tabulated in
Table II, which also presents other statistical properties
of the data. Each entry in the variance column of Table
I is the average of 16 values corresponding to all cases
having the same degree of motion (four antenna separa-
tions X four configurations per antenna separation). It can
be observed that when motion around the portable in-
creases, on the average, the variance increases. Variances
are also much higher for motion around portable, as com-
pared to motion around base. The average value of fifth
and tenth percentiles of the data are also included in Table
II. It should be emphasized again that prior to analysis
each data record was normalized to a mean value of 0
dBm (the p column of Table II).

Correlation Properties
The correlation coefficient function p(A ) for amplitude
fading at data points separated by Ar was calculated. p(A¢)
is given by
E{la(t + A — E(at + An)][a@r) — E(a@®)]1}
Jvar{[a(z + An]}Var{[a()]}

where a(¢) is the amplitude along a time track of 1 min,
E[-] and Var[-] denote the expected value and the vari-
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TABLE I
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TABLE 1I
STATISTICAL PARAMETERS OF THE TEMPORAL FADING DATA. EACH ENTRY
IS THE AVERAGE OF 16 VALUES (4 ANTENNA SEPARATIONS X 4

CONFIGURATIONS)
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205 -77 | -52 | 048|021 555 | 27.9 | 116 32 | 036 624
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ance of [-], respectively, ¢ is time (ranging from O to 60
s), and At is temporal separations in multiples of one
sampling time (i.e., 0.02 s).

Average magnitude of p(Ar) versus At for antenna sep-
aration of 5 m, configuration 1 is shown in Fig. 2. Av-
erage magnitude of p(Ar) for Az = 0.2 and 0.5 sec. are
tabulated in Table II. For most cases |p(A )| drops to less
than 0.2 after 1 s.

Level Crossing Rates

Level crossing rate (LCR) is the number of times that
the signal crosses a specified threshold with a positive
slope. LCR was calculated for each record and for thresh-
old levels ranging from —20 dB to +10 dB. The results
for antenna separation of 20 m, configuration 4 are repro-
duced in Fig. 3. Average LCR values for each degree of
motion and for threshold levels of —5 dB and — 10 dB are
tabulated in Table II. LCR plots for motion around the
portable are, in general, more scattered, as compared to
motion around the base. This means that a given threshold
level is crossed more frequently for motion around the
portable. Also, for most cases as the number of people in
motion around the portable unit increases LCR increases.
This is consistent with the average LCR values of Table
II and with the results obtained by visual inspection of
Fig. 1.
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Fig. 2. Average of magnitude of correlation coefficients for antenna sep-
aration of 5 m, configuration 1.
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Fig. 3. Level crossing rates (LCR) for antenna separation of 20 m, con-
figuration 4. (a) Motion around base, (b) motion around portable.
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Fig. 4. Percentages of data below a given threshold versus threshold for
antenna separation of 5 m, configuration 4. (a) Motion around base, (b)
motion around portable.

Duration of Fades Statistics

Performance of indoor communication systems is sen-
sitive not only to the number of times that a low threshold
is crossed, but also to the duration of time that the signal
stays below the given threshold. The percentage of time
that the signal remains below a threshold was calculated
for each record and for different threshold levels. The re-
sults for antenna separation of 5 m, configuration 4 are
shown in Fig. 4. Average values for all data representing
the same type and degree of motion (threshold levels of
—5 dB and —10 dB) are included in Table II.

The conclusion drawn for the LCR also applies to these
‘‘fade durations’’: duration of fades is higher for motion
around the portable, as compared to motion around the
base. For most cases fade durations (for negative thresh-
old levels) increase as the number of people in motion
around the portable increases.

Fig. 5. Magnitude spectrum of the narrowband fading waveforms (in
decibels relative to maximum) for antenna separation of 30 m, configura-
tion 2.

Frequency Domain Analysis

The temporal variation data were transferred to fre-
quency domain using classical Fourier analysis. Typical
smoothed magnitude responses are shown in Fig. 5. These
plots are normalized to a maximum of 0 dB.

The spectrum width for levels of 3, 5, 10, and 20 dB
below the maximum were calculated for each data record.
The average spectrum width corresponding to —3 dB and
—20 dB points are tabulated in Table II. The overall mean
spectrum widths (average of all 192 one-min recordings)
for —3, —5, —10, and —20 dB points are 0.35, 0.48,
1.06, and 4.54 Hz, respectively.

IV. CoONCLUSION

Temporal variations of the indoor radio propagation
channel have been studied extensively using an elaborate
measurement plan which resulted in establishing a large
data base of 11 520 s of narrowband CW envelope fading
data. The analysis included both qualitative evaluation of
the variations, and quantitative analysis consisting of the
amplitude fading distributions, correlation properties,
level crossing rates, fade durations, and frequency do-
main properties.

The results reported in this paper can be used in the
design of wireless indoor radio communication systems.
They are particularly useful for high data rate wireless
computer communications applications where both ter-
minals are stationary but motion of people results in mul-
tipath distortions in the received signal. With proper
interpretations and further analysis the results can also
lead to a model that simulates temporal variations on the
channel under diversified sets of conditions.

A particularly challenging research area which is being
pursued now is to ‘‘superimpose’’ the CW temporal vari-
ation information on wideband spatial-variation models
[11-[3]. Such an undertaking, however, requires exten-
sive mathematical and statistical modeling efforts.
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