Regular paper

Characterization

of the indoor radio propagation
channel at 2.4 GHz

Tadeusz A. Wysocki and Hans-Jiirgen Zepernick

Abstract — The unlicensed industrial, scientific, and med-
ical (ISM) band at 2.4 GHz has gained increased attention
recently due to the high data rate communication systems de-
veloped to operate in this band. The paper presents measure-
ment results of fading characteristics, multipath parameters
and background interference for these frequencies. Some sta-
tistical analysis of the measured data is presented. The paper
provides information that may be useful in design and de-
ployment of communication systems operating in the 2.4 GHz
ISM band, like those compliant with IEEE 802.11 standard
and Bluetooth open wireless standard.
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1. Introduction

Recently a number of data communication systems has been
developed to utilize the unlicensed industrial, scientific,
and medical band at 2.4 GHz [1]. The two most promi-
nent examples of such systems are IEEE 802.11 wireless
LAN [2], and personal area network employing Bluetooth
enabled devices [3]. To assist in deploying of those sys-
tems, characterization of the indoor radio propagation chan-
nel at 2.4 GHz is essential. Measurement results for the
indoor radio propagation channel have been presented in
various publications. However, they tend rather to focus
on a single characteristic, e.g. pulse propagation charac-
teristic, as in [4], or temporal fading caused by motion of
people and other objects within the channel [5], or simply
deal with different frequency bands, like in [6].

In this paper, we present measurement results for the three
major channel characteristics in the 2.4 GHz ISM band,
i.e. temporal fading, channel impulse response, and back-
ground noise. The paper is organized as follows. Section 2
deals with the temporal fading characteristics. Example
measurement results together with the cumulative distribu-
tion functions for typical measurements fitted to those of
Rician distributions [7] are presented there. Level cross-
ing rates and average duration of fades extracted from the
measurements are included, too. Section 3 is devoted to
the measurements of multipath channel parameters for the
2.4 GHz ISM indoor channel. In Section 4, the results
of background interference measurements are shown, with
microwave ovens indicated as major sources of an electro-
magnetic pollution in this band. Section 5 concludes the

paper.
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2. Fading characteristics

The measurements reported here were conducted at a lab-
oratory of the Cooperative Research Centre for Broadband
Telecommunications and Networking, Curtin University of
Technology, Perth, Western Australia. The room topology
is shown in Fig. 1. This environment was of relatively
small dimensions being rectangular in size 7.8 m by 9.95 m
within a three-metre ceiling. The ceiling was located 1.5 m
below the steel reinforced concrete floor for the second
storey of the four-storey building. The laboratory had two
doorways and no windows. It had steel-framed walls clad
with plaster-glass, a dropped ceiling constructed with non-
metallic acoustic tiles, and a carpeted concrete floor. The
laboratory was heavy cluttered with test and measurement
equipment located on the benches.
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Fig. 1. Antenna placements for fading measurements.

2.1. Measurement procedure

We used the Hewlett Packard HP89441A to feed a quarter
wave monopole antenna designed for the frequency range
2.3+ 2.5 GHz. The transmitter and the identical receiv-
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ing antennas were mounted on two separate identical PVC
pipes of heights adjustable in the range 1.0 to 2.0 m. At
the receiver, a Marconi TF2300A modulation analyzer was
applied to perform an envelope detection of the down con-
verted baseband signal. The resultant signal was sampled,
and the results stored on a hard disk for post-processing.

For all fading measurements, receive antenna Ry remained
fixed and transmit antenna Ty was moved to different place-
ments (Fig. 1). For each Ty placement and with no move-
ment of people, the received signal was calibrated to
—65 dBm. This receive level provided a signal to mea-
surement system noise ratio of 35 dB, thus allowing fade
depths of this order to be identified. To determine impair-
ments caused by sources from outside the laboratory, we
initially kept all motion in the room at zero. The variations
of the received signal amplitude were less than +0.2 dB
and could be regarded as insignificant. Then, we collected
measurements for nine different transmit antenna locations
with three people moving around the receive antenna only,
keeping them within a two metre radius. The duration of
measurements for each pair of antenna locations was twenty
seconds. As an example, Fig. 2 shows a typical fading pat-
tern observed with transmitt antenna Ty at the placement C.
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Fig. 2. Fading for transmit antenna at position C.

2.2. Fading distributions

In an indoor environment, we expect a line-of-sight path
between transmit and receive antenna. Hence, the proba-
bility density function of the fast varying amplitude of the
received instantaneous signal can be described by a Rician
distribution. The probability that the received amplitude
does not exceed a given threshold r is given by integration
of the probability density function and is called cumulative
distribution function C(r). For curve fitting purposes, it is
convenient to use the complementary cumulative distribu-
tion function C(r), which for a Rician distribution is given
by [7]

C(r)y=1-C(r)=
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where Im(r) denotes the modified mth order Bessel function
of the first kind, 02 is the local-mean scattered power, and
K is called Rician factor specifying the ratio of power in
the dominant path to power in the scattered path.

In calculating the empirical distribution functions, the mea-
sured data was classified into B = 1.87(v— 1) bins [8]
where V is the number of samples collected in a measure-
ment period. Then, a set of hypotheses for C(r) with
K=0to K=15in 0.1 increments were tested to match the
measured function. We applied the Kolmogorov-Smirnov
goodness-of-fit technique for testing the relevance of match
between measurement and hypothesis. Since the power
level was normalized about median, a respective Rician
factor K fully specifies a particular fading distribution. Ta-
ble 1 shows the obtained Rician factors K.

Table 1
The Rician factors at various transmit antenna placements

Placement| A | B | C | D | E | F | G| H 1

K [dB] |2.79]8.19|9.86|5.95|8.80(3.80{8.26(7.85|5.79

Figure 3 shows curve fitting results for Ty at C. The large
Rician factor of K = 9.86 dB indicates a strong line-of-sight
path. Note also that the deviation between measured and
matched distribution appears large for small power levels
but is actually small due to scaling.
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Fig. 3. Complementary cumulative distribution function C(r)
for transmit antenna Ty at placement C; ,,+” fading measurement,
»- -~ Rician fading with K = 9.86 dB, ,—" Rayleigh fading as
reference.

2.3. Fading statistics

To design data and signaling formats for a wireless system,
we require statistics which quantify the number of times
a given threshold is crossed and the duration of time for
which the signal is below that threshold. By counting all
N crossings with positive slope at a given level L for mea-
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surement period T, the level crossing rate can be computed
as [9]

N = @

The average duration of fades f; in respect to level L and
measurement period T is given by [9]

3)

t =
[
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where t; is an ith fade duration, i.e. time for which the
received signal is below a given level L. Table 2 displays
fading statistics of selected fading measurements. Obvi-
ously, the average duration of very deep fades is rather
short.

Table 2
Fading statistics for transmit antenna at selected
placements
L [dB] N, [s71] f [s]
C E I C E I
6 0.101 9.868
3 0.554 | 2.195 | 2.526 | 1.765 | 0.363 | 0.290
0 1.308 | 2.147 | 3.183 | 0.295 | 0.141 | 0.118
-3 0.755 | 0.927 | 1.768 | 0.150 | 0.161 | 0.080
-6 0.151 | 0.781 | 0.859 | 0.158 | 0.121 | 0.092
-9 0.050 | 0.488 | 0.354 | 0.275 | 0.129 | 0.143
-12 | 0.050 | 0.439 | 0.303 | 0.008 | 0.092 | 0.131
-15 0.293 | 0.202 0.085 | 0.147
-18 0.195 | 0.202 0.091 | 0.110
-21 0.195 | 0.152 0.062 | 0.115
-24 0.098 | 0.152 0.069 | 0.079
=27 0.049 | 0.051 0.032 | 0.079

3. Multipath channel parameters

Delay profile measurements were conducted in the same
laboratory as the fading measurements. However, this time
the location of transmit antenna Ty remained fixed for all
measurements, and the receive antenna Ry was placed at
different locations within the laboratory. A plan view of the
laboratory with the four antenna positions used for delay
profile measurements is depicted in Fig. 4.

3.1. Delay profile measurements

Because of the confined environment, we could use the
standard channel impulse response measurement system
[10] based on the vector network analyzer HP 8753C
equipped with an S-parameter test set HP 85046A. We used
the same antennas as for the fading measurements. The re-
sults were recorded using HP VEE user interface and stored
on a hard drive for post-processing. Albeit the 2.4 GHz
ISM band spans from 2.4 to 2.485 GHz, we performed
measurements in the band 2.1 to 2.8 GHz which gave us
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Fig. 4. Antenna placements for delay profile measurements.

a resolution of 837.05 mm, when normal window [11] was
used. This translates into time resolution of 2.7921 ns.

During the measurement periods, three people kept moving
in a similar manner around the receive antenna R, staying
all the time within a two metre radius. Receive positions
A,B and C were located within the left-hand aisle of the
laboratory but with different distances to transmit antenna
Tx. The specific characteristic of the receive position A
was its direct vicinity to the nearby hallway which could
cause additional scattering. In other words, time dispersion
parameters at location A were expected to be of higher
value than those observed at the three other locations. The
particular feature of the receive location D was that the
direct line-of-sight to the transmit antenna Ty did not exist
because of the middle bench obstruction.

Figures 5 to 8 show the measured power delay profiles for
the receive antenna Ry located at positions A,B,C, and D.
The largest amplitude of each profile has been normalized
to 0 dB.

3.2. Time dispersion parameters

It can be seen from the plots presented in Figs. 5 to 8
that a received wide-band signal will suffer spreading in
time compared to the transmitted signal. This effect is
called delay spread. Several delay-related parameters used
for channel classification can be extracted from the mea-
sured power delay profile P(t, ) where T, denotes vth time
instant.

The most commonly used time dispersion parameters
are [12]:
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Fig. 5. Power delay profile for receive position A.
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Fig. 6. Power delay profile for receive position B.

e Mean excess delay, which is the first moment of the
power delay profile defined by:

Z P(ty)Ty

"SR

“4)

e Root mean square (rms) delay spread, which is the
square root of the second central moment of the
power delay profile and is given by:

S [ —m*P(r,)

o= Z P(ty) . ®

e Maximum excess delay X [dB], defined as the time
period during which the power delay profile falls to
X [dB] below its maximum [10].

Note that mean excess delay and rms delay spread have to
be computed with respect to a reasonable threshold for the
multipath noise floor. If this threshold were set too low, it
would result in too high values for these dispersion param-
eters. Our statistical analysis is based on a noise threshold
set to four times of the noise standard deviation, which is
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Fig. 7. Power delay profile for receive position C.
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Fig. 8. Power delay profile for receive position D.

known as a rule of thumb (as used in [13]). Numerically,
the noise threshold was set to —34 dB with respect to the
normalized receiver power.

A dual representation of delay spread in terms of a fre-
quency domain parameter is given by the coherence band-
width Be. This parameter specifies the frequency range over
which a transmission channel affects the signal spectrum
nearly in the same way, giving an approximately constant
attenuation and a linear change in phase. The coherence
bandwidth is inversely proportional to rms delay spread.
Assuming frequency correlation between amplitudes of fre-
quency components being above 0.9, the coherence band-
width can be approximated by [9]

1
500; °

B: ~

(6)

The time dispersion parameters extracted from the mea-
sured power delay profiles are summarized in Table 3. As
we expected, the mean excess delay at receive position A is
higher than at B and C which was assumed to be caused by
multipath scattering into the nearby hallway. It is interest-
ing to note that at the receive position D, we obtained the
highest value of maximum excess delay in respect to 20 dB
threshold from O dB power level. This is likely a result of
the missing line-of-sight path at receive position D.
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Table 3
Time dispersion parameters for receive antenna at various
placements
Placement A B C D

Mean excess 57.04 | 43.40 | 49.10 | 54.85
delay [ns]

Rms delay 3055 | 24.12 | 22.19 | 26.82
spread [ns]

Max excess

delay 20dB [ns] 53.73 | 59.73 | 50.74 | 66.67
Coherence

bandwidth [kHz] 654.66 | 829.19 | 901.31 | 745.71

4. Background interference

One of the important aspects of channel characterization
is classification of noise and interference sources that need
to be taken to account in the given bandwidth. This is
particularly important in the case of unlicensed bands, as is
the case of the 2.4 GHz ISM band, where users of wireless
technologies operating in these bands are not required to
obtain operating licenses provided that higher gain antennas
are not used. On the other hand, there are no guarantees
that the band is free of interference.

To identify the possible noise and interference sources that
can affect use of the 2.4 GHz ISM band for communication
purposes, we performed a series of measurements in some
typical operating environments, including a university cam-
pus, a large shopping centre, and an industrial workshop.
We used Hewlett Packard Spectrum Analyzer HP 8595E
with a colinear antenna for omnidirectional measurements
and a corner reflector antenna for directional measurements,
i.e. when the particular source had been identified.

After conducting those measurements, we identified one
major class of interference sources radiating in the 2.4 GHz
ISM band, which were microwave ovens. Apart from that,
the band was almost clear. The only other interference
sources were building alarms as those used typically in
businesses. Although only discovered in two cases from
various measurement sites, they were found to output dis-
crete frequency signals of moderate to low levels. The radi-
ation came from the alarm units themselves (the most likely
from oscillator circuits), and not the sensors, as they oper-
ated at infrared frequencies. A typical spectrum analyzer
trace taken at a distance of 1 m from the alarm unit, with
the directional corner reflector antenna is given in Fig. 9.
The reading was obtained at Wilson’s Engraving Works in
Perth, Western Australia.

Microwave ovens were identified as major sources of inter-
ference at both the university environment and the shop-
ping mall. The spectrum analyzer trace obtained from the
2 m measurements, using the directional corner reflector
antenna and ,,peak-and-hold” function of the analyzer, is
shown in Fig. 10. The plot presents raw data only. To
derive the exact values of interference level from the trace
it is necessary to account for system gains and losses.
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Fig. 9. Sample spectrum analyzer output for an alarm unit.
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Fig. 10. Sample spectrum analyzer output for a single microwave
oven at 2 m using the corner reflector antenna.

The plot of Fig. 10 shows a typical signature of the leakage
output spectrum for a microwave oven. Brief analysis of
two other microwave ovens, demonstrated that they at least
(and presumably most others) share a similar signature of
leakage output spectrum, both in intensity (related to effi-
ciency and sealing of microwave) and spectrum occupation.
Considering microwave ovens operating in multiplicity,
the omnidirectional measurements were taken. This was
deemed so, because of the multitude of signals and many
reflective surfaces from which they could bounce in the
Whitford City Shopping Centre Food Hall. It was impos-
sible to selectively determine the source of any one signal
since there were many food outlets operating microwave
ovens simultaneously. Rather, the various microwave oven
output signals combined producing a composite interfer-
ence environment, that could only be measured with rele-
vance with an omnidirectional antenna.

Figure 11 shows a typical output trace for the food hall envi-
ronment. Once again, the trace provides us with a spectral
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signature of the environment. It has the usefulness of pro-
viding a good indication of what spectrum one can expect in
such a topology, with respect to frequency variation and in-
terference intensity. The trace is actually similar to the one
presented in Fig. 10, except that the noise is spread more
evenly over the entire ISM band, as a result of the differing
characteristics of the various microwave ovens. However, it
is still possible to notice the peak in noise power between
2.4+ 2.47 GHz, which is directly coincident with the band
of interest for microwave wireless LAN’s.

19: 12: 16 19 SEF 1885

éVWCS FOOD HaLL 12: 4¢: 49 14 SEP 1885
REF .g dBm AT 10 dB

PEAK
LoG *
14
dB/

MKR 2.4725 GHz
-28.8¢ dBm

Wogoed
O B 117 R

START 2.3@89 GHz STOP 2.5¢¢¢ GHz

#RES BW 100 kHz VBW 3¢ kHz SWP 20¢ msec

Fig. 11. Sample spectrum analyzer output for multiple microwave
oven environment using omnidirectional antenna.

Both plots presented in Figs. 10 and 11 indicate that mi-
crowave ovens generate interference of a considerable level
in the whole 2.4 GHz ISM band. The plots were obtained
using ,,peak-and-hold” function of the analyzer. The in-
stantaneous output of the analyzer revealed that the single
operating microwave oven generated a single tone signal
with the frequency hopping within the whole bandwidth.
Therefore, one can expect the direct sequence (DS) spread
spectrum (SS) devices, like DS mode of IEEE 802.11 wire-
less LAN, should perform quite well even in the close prox-
imity to operating microwave ovens. On the other hand,
the frequency hopping (FH) SS devices, like the Bluetooth
compliant ones might experience difficulties in such an en-
vironment.

5. Conclusions

In this paper, we presented the measurement results, which
can be used to characterize the 2.4 GHz unlicensed ISM
band from the viewpoint of its usefulness for high data rate
communications. The reported measurements deal with
characteristics of fades and multipath channel parameters.
In addition, special considerations are given to identifying
possible sources of interference present in this band. The
fading characteristics as well as multipath parameters were
measured at one location that was a heavy cluttered labora-
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tory. Thus, the presented results can be used to characterize
indoor environment. The background interference measure-
ments were performed at several different locations. The
only major source of interference identified were microwave
ovens, which based on the results, can have significant im-
pact even on some SS systems. Because of the nature of
this interference, it can be expected to particularly impair
signal quality in FH SS systems, like Bluetooth enabled
devices.
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