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Transmission Techniques for Radio
LAN’s—A Comparative Performance
Evaluation Using Ray Tracing
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Abstract— This paper uses the results of ray tracing in a
typical indoor test area to compare the performance of major
radio transmission techniques that are used as the air interface
in evolving standards and major wireless local area network
(WLAN) products. The performance of direct sequence (DS)
and frequency hopping spread spectrum (FHSS) in the test area
are compared with the performance of multicarrier modems,
as well as modems using decision feedback equalization (DFE)
and sectored antenna systems (SAS). The validity of using ray
tracing for performance evaluation is examined by comparing
the results with the results of performance evaluation obtained
from the empirical measurement of the channel characteristics.
Based on the maximum achievable data rate and minimum power
requirement determined in the test area, operation of all modems
in bandlimited and power limited applications are discussed.

I. INTRODUCTION

IRELESS local area networks (WLAN’s) are designed

for local high speed wireless communication among
computer terminals. A typical WLAN supports a limited
number of users in a well-defined local area and the existence
of a standard is not crucial for the development of products. As
aresult, while the access methods and network topologies used
in WLAN’s are much the same from one system to another,
a variety of radio and infrared (IR) transmission technologies
have been examined for different WLAN products [1]-[4].
This paper provides a quantitative comparative study among
various radio transmission techniques used for implementation
of WLAN’s. To develop the analysis, a ray tracing algorithm
is used to simulate the radio channel for a typical indoor area
considered as a test site for WLAN operation. Although we
do not expect drastic disparities for any other indoor area, the
reader is encouraged to find other buildings that may result in
different conclusions.

The concept of a WLAN was first introduced at the be-
ginning of the 1980°s [5], [6]. In the middle of that decade,
industrial, scientific, and medical (ISM) bands were released
in the United States [7]-[9] and various approaches for im-
plementation were examined [1]. The first WLAN products
appeared in the market around 1990 [10]-[14] and IEEE
802.11 standards started shortly after that [15]-[17]. Today,
a variety of technologies and several sectors of the market
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have been examined for WLAN’s, and major international
standards are evolving.

The IEEE 802.11 committee and the European Telecom-
munications Standards Institute (ETSI) RES-10 committee for
HIPERLAN are developing standards for physical and MAC
layers of WLAN’s. At the same time, WINForum is devel-
oping an etiquette for wireless high speed local communica-
tions in the unlicensed personal communication system (PCS)
bands. IEEE 802.11 is focusing on operation in the ISM bands
that are restricted to spread spectrum technology. Radio LAN’s
in the ISM bands either use direct sequence spread spectrum
(DSSS) or frequency hopping spread spectrum (FHSS). The
ETSI’s RES 10 considered decision feedback equalization
(DFE), multicarrier modulation (MCM), and sectored antenna
systems (SAS) for the HIPERLAN, finally deciding on DFE
[18]-[20]. That leaves five major transmission techniques
(DSSS, FHSS, DFE, MCM, and SAS) for radio LAN’s. A
variety of manufacturers have used or are examining these
technologies in their products.

The market for WLAN’s is evolving around the following
five categories of applications [4]:

* LAN extension,

* nomadic access,

* Ad hoc networking,

 inter-LAN bridges, and

« fusion of computer and communications.

The first three applications are traditional applications. The
point-to-point inter-LAN bridges are an emerging successful
market for WLAN’s. The last application is being examined
by the research community and is in its exploration phase.
All these applications are mainly considered for indoor areas
except the inter-LAN bridges that are often used outdoors to
interconnect LAN’s in separate buildings.

The major technical issues for the WLAN’s are:

e data rate,

* coverage,

* power consumption and size,

* interference (inter-operability and coexistence),

* protocols, and

* security.

The first four issues are related to transmission technology
and the last two are networking issues. The data rate is the most
important technical factor in the wired LAN industry and it is
a function of the transmission technology and the media for
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Fig. 1. Coverage and data rates for three classes of WLAN applications.
communication (twisted pair, cable, or fiber). The media for
communication for the WLAN industry is the air. However,
transmission technology, availability of and restrictions on the
band, as well as the frequency of operation, govern the data
rate. These factors also affect the coverage and power/size
requirements that change from one application to another.
The main issue for a WLAN manufacturer that desires to
approach a certain market is evaluation of various transmission
technologies within the available bands in terms of supportable
data, coverage, and power/size requirements. These issues
are addressed in this paper. The interference in WLAN’s is
addressed in [21] and [22]. In its simplest form, designers
can extend existing wired protocols to WLAN’s. For a mobile
user who would like to receive continuity of service while
changing the wireless access point, the protocols should be
modified to manage mobility. Issues related to the mobility
management in WLAN’s are addressed in [23]-[25]. Since
wireless information is transmitted through broadcast over the
air, naturally, the user will feel less secure than in the wired
system. Work in this area is addressed in [26].

Figure 1 relates the coverage and data rate to three classes
of wireless local services. The first class of services covers
distances of less than 50 m. These services are the focal point
of the standards activities and are the most common form of
what we refer to as a WLAN. This class includes stationary
first generation high speed WLAN’s as well as PCMCIA
cards designed for mobile laptops. For the services provided
to stationary terminals, the most important issues are the data
rate and coverage. For the mobile services provided to laptops,
size and power consumption also come into the picture. To
expand the size of the market, most first generation stationary
WLAN manufacturers have added directional antennas and
have maximized the transmission power to market their prod-
ucts as point-to-point inter-LAN bridges. Wireless inter-LAN

bridges operate between buildings and in most applications in
a line-of-sight (LOS) connection. The range of these products
is on the order of a kilometer. The third class of services are
evolving around campus environments. The purpose of this
class of applications is to provide a WLAN service that covers
an area the size of a campus. The key issue for this sector of
the industry is the availability of PCMCIA interface cards,
power consumption, and coverage. The data rate is essential
as usual, although a service of this sort even with a data rate
of a few hundred kilobits per second is expected to find a
substantial market.

The remainder of this paper is organized as follows. Section
II addresses the selection of a channel model for an accurate
performance evaluation for transmission techniques used in
WLAN’s. Section IIT describes the signal processing models
that are used for various transmission techniques considered
in this paper. Section IV examines the accuracy of the results
of ray tracing, analyzes the effects of various transmission
parameters, and provides a comparative performance evalu-
ation among all five transmission techniques in a test area.
Finally, conclusions are presented in Section V. The Appendix
provides the equations that are used for calculation of the error
rate for different techniques.

II. CHANNEL MODELING

The objective of analytical performance prediction of wide-
band transmission techniques is to develop a set of mathe-
matical equations that calculate the probability of error or
the probability of outage of a transmission technique for a
modeled wideband channel characteristic. The most popular
mathematical model for describing wideband characteristics
of the channels is the so-called discrete multipath time-domain
model. It was developed by Turin to describe propagation in
the urban radio channel [27] and was later applied to the indoor
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radio channel [28]-[31]. This model describes the channel as
a linear time-invariant filter whose impulse response is the
sum of L paths with the /th path having three parameters,
amplitude, [;, delay, 7;, and phase, ¢;

Zﬁz

where §(-) is the Dirac delta function.

There are three approaches to determining the path param-
eters of a channel described by the above equation: 1) using
the results of field measurements, 2) assuming a statistical
model for the parameters, and 3) using site-specific computer
simulation techniques such as ray tracing or finite difference
time domain (FDTD) [32]. Results of wideband indoor radio
measurements have been examined for performance evaluation
of DFE [33], {34], and DSSS [35]. The major problem with this
approach is that the collection of a large set of wideband mea-
surements in a site is very expensive and time consuming—the
measurement procedure will need to be repeated to evaluate
the performance in a new area. As a result, measurements are
usually used to support the accuracy of statistical or building-
specific channe]l models that can be extended to other areas
more economically.

There are a variety of statistical models with different
levels of complexity that are used for performance evaluation
of systems operating in indoor radio channels. The simplest
models determine the number of paths from the value of
the root-mean-square (rms) delay spread of the channel and
assume all paths are Rayleigh fading with equal strength.
These models have been used in performance predictions
of DSSS systems [36]. Most of the time, simple statistical
models do not provide very accurate results [32]. More com-
plex statistical models extract parameters of (1) from direct
wideband measurements of the channel [28]-[30], [37], [38].
These models are suitable for urban radio environments and
are adopted by most cellular telephone and PCS standards
[32]. The statistical indoor radio channel model developed in
[28] has been used for performance evaluation of modems
with equalizers [39], [40]. The weakness of using statistical
indoor models for WLAN applications is that they do not relate
propagation to the specific layout of a building.

Site-specific computer simulation techniques provide a cost
efficient and comprehensive solution to the indoor radio chan-
nel modeling problem. These models use the floorplan of the
building as the boundary to solve radio propagation equations
in a typical indoor area. Once the software is developed,
generation of a new set of profiles in a new building does not
incur any additional cost. The two main approaches to solving
the radio propagation equations are ray tracing and FDTD.
With today’s computational facilities, the implementation of
FDTD for WLAN applications is not yet as attractive as
the ray tracing algorithm [32]. Besides, ray tracing can also
provide direction-of-arrival information, which is necessary
for an accurate analysis of the performance of modems using
SAS. As a result, we use a ray tracing algorithm to determine
the channel characteristics for our comparative performance
evaluation studies. The rms delay spreads obtained by ray

h(t) = (t—m7) et (1)
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tracing are usually smaller than the corresponding values
obtained from the results of measurements [41], [42]. Since it
is a common belief that the maximum data rate is proportional
to the inverse of the rms delay spread, one may question the
accuracy of the data rate limitations obtained by using a ray
tracing program. To examine the accuracy of the results of
performance evaluation using the ray tracing algorithm, we
compare the results with the results of extensive measurements
in a typical indoor area suitable to WLAN applications.

The two most popular techniques for implementing ray
tracing are known as ray shooting and the image method.
In ray shooting, rays are sent out from the transmitter at
small incremental angles (usually every few degrees) and are
followed until they either attenuate below a certain thresh-
old or intersect with the receiver. In the image method,
the transmitter’s image is repeatedly reflected through the
surfaces, which are treated as mirrors. It is then possible to
determine which reflections of the transmitter are visible from
the receiver [43]. The disadvantage of the image method is
that the number of paths grows exponentially with the number
of reflecting surfaces and with the number of reflections.
Therefore, very little detail can be incorporated into the floor-
plan before the computational requirements of the program
become unreasonably large. Lebherz et al, have developed
a three-dimensional ray tracing environment for cellular and
micro-cellular applications [44]. Other ray tracing techniques
for indoor applications are reported in [45]-[47]. The details
of the ray tracing program used in this paper can be found
in [42], [48]. This ray tracing program uses the ray shooting
algorithm described earlier.

For the purpose of this study, the second floor of Atwater
Kent Laboratories at Worcester Polytechnic Institute was used
to represent the test area considered as a typical indoor
environment suitable for WLAN operation. The floorplan of
the center section of the second floor is shown in Fig. 2. The
locations of the transmitter and receiver used for measurements
and ray tracing are marked on the floorplan. To simulate
small variations in channel characteristics caused by local
movements of terminals, as well as movement of people
or objects around the terminals, random phase was added
to the path arrivals at each receiver location. The resulting
impulse responses provided sufficient channel profiles for
performance evaluation simulation reported in this study. As
shown in [42], the cumulative distribution function (CDF)
of the rms delay spread of the simulated channel and the
results of measurements are significantly apart. The average
rms delay spreads for the simulation and the measurements
are 19.6 and 23.2 ns, respectively. Some results of comparative
performance evaluation of DFE and SAS in this test area were
reported in [42]. This paper provides a much larger perspective
that analyzes the performance of DFE and SAS, as well as
DSSS, FHSS, and MCM in bandlimited and power limited

conditions.
III. SIGNAL PROCESSING MODELS
FOR TRANSMISSION TECHNIQUES

This section describes the system structure and the signal
processing details of the five transmission techniques that are
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Fig. 2. Center section of the second floor of Atwater Kent Laboratories at
Worcester Polytechnic Institute.

considered for WLAN’s, from the information source up to
the sampling before the decision process. The method for
calculation of the error rate of the coded and uncoded systems
using these sampled signals is straightforward and is described
in the Appendix. We divided the transmission techniques into
two classes: spread spectrum systems (DSSS and FHSS) that
are considered by the IEEE 802.11 committee and other sys-
tems (MCM, DFE, and SAS) that were considered by ETSI’s
RES-10 for HIPERLLAN and are also suitable for evolving
unlicensed PCS band products. The modulation technique
considered for all transmission systems is quantenary phase
shift keying (QPSK) with coherent detection.

For a QPSK modulation, the complex data symbol, b;
consists of two information bits and can take values +1 + j.
At the transmitter, data is modulated onto the in-phase (I)
and quadrature phase (Q) channels of a carrier. The signal
is then passed through the modulator and transmitted over
the channel, where it is distorted by the channel multipath
characteristics and additive white Gaussian noise (AWGN).
The channel multipath characteristics are derived for different
placements of the transmitter and receiver. At the receiver,
the signal is demodulated, processed, and sampled at the
time determined by the timing recovery circuit. The resulting
decision variable is phase-compensated and used to determine
the bits transmitted over the I and Q channels.

A. Spread Spectrum Systems in ISM Bands

The DSSS technology was first suggested for wireless
terminals in 1980 [6] and WLAN using spread spectrum
technology was one of the main applications considered for
the release of ISM bands [4], [7]-[9]. Today, DSSS WLAN’s
have been sold more than any other WLAN technology and
many companies are developing DSSS and FHSS products
on PCMCIA cards. The IEEE 802.11 is developing standards
for DSSS and FHSS systems operating in ISM bands [4].
WLAN users need the entire capacity of the channel for quick
transmission of data bursts generated by each terminal and

code-division multiple-access (CDMA) is not suitable for that
situation [12]. As a result, CDMA is not considered by IEEE
802.11 and it is not used in any of the major products in the
market. However, some WLAN manufacturers assign several
codes to an individual user to increase the data rate while
still operating under ISM band restrictions. They refer to this
technology as CDMA-based WLAN technology. The reader
should note that this is not the CDMA technology as used in
the cellular telephone industry.

1) Model for DSSS: The DSSS system that we used in this
analysis is assumed to have a spreading gain of NV and chip
period T, such that T = N - T, is the symbol period. The
spreading signal at the transmitter is given by

N-1
zo(t) =Y an-p(t—nTe) )

n=0

where {a,} is the pseudo-noise (PN) spreading sequence and
p(t) is a wave pulse of duration 7. The transmitted baseband
signal is thus given by

s(t) = Z by - z4(t — iT)

zz‘v

N-—-1
N b -an - p(t —iT - 0T, 3)
i n=0

The received signal is the convolution of s(t) with the channel
impulse response given by (1), plus additive noise

L1
r(t) = z G- st —m) - el? +n(t)
=0

N-1

A

n=0

L1
' {Z B p(t — 1 —iT — nT,) - e3¢

=0

} + n(t). 4)
The receiver filter is matched to the PN sequence, such that

the cross-correlation of the transmitted signal and the periodic
despreading signal has a peak centered at zero delay

R.(r) = /_OC zi(t) -z (t+7) - dt

27| T,
N - —— f —
7 for 7] < 5

(&

-1, for % <|rl<T ®)

0, for T < |7].

Using the above definition, the receiver’s despreader output
is given by

L-1
2t) =D b B Ro(t—il — 1) - € + i (t) (6)
=0

7

where n;(¢) is the front-end filter’s response to AWGN. In
this paper, we study RAKE receivers with up to four taps.
The receiver samples z(¢) at up to four highest peaks, which
are detected using a sliding window. It then phase-compensates
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the complex sample to yield the decision variable. The receiver
uses a maximal-ratio combiner; the tap outputs (including
noise power) are multiplied by the estimate of channel gain
at the corresponding sample times and added to yield one
decision variable that is used for the calculation of error rate
using equations described in the Appendix.

2) Model for FHSS: In the frequency hopping system
considered in this paper, the transmitter and receiver pulse-
shaping filters, g.(¢) and g.(¢), respectively, are identical with
a square root raised cosine frequency response with rolloff
factor . In order to make the baseband representation simple,
we treat all hops as offsets from the lowest carrier. The carriers
are assumed fo be equally spaced with the nth carrier given
by fn = fo+ (Af) n and Af being the separation between
carriers. The baseband representation of the transmitter output,
conditioned on carrier index n, is therefore given by

s(tln) = Z b; - gu(t — iT) - eF2m At o

where {b;} is the complex data sequence. The received signal
is obtained by convolving s(¢) with the channel impulse
response and adding noise. This is then de-hopped and passed
through the receiver’s matched filter, yielding

L-1
Atn) =3 > bi- B gt —iT ~ )
i (=0

. ej(27r~Af~n~’rl+¢l+9n) + 'n,l(t) (8)

where §,, is the phase offset between the frequency hopping
(FH) modulator and demodulator and g(¢) is the impulse
response of a raised-cosine pulse shaping filter as obtained
by convolving g:(t) with g,(¢). Finally, z(¢) is sampled and
phase-compensated, yielding a decision variable conditioned
on hop carrier n. The sampling time is obtained following the
practical method derived in [49]. The error rate for each hop
is then calculated from the corresponding decision variable.
Assuming that the occurrence of all hops are equally likely,
the aggregate error probability without coding would be the
average of the error probabilities at each hop. The effects
of coding on the error rate calculation are discussed in the
Appendix.

B. HIPERLAN and Other Transmission Techniques

Other bands considered for WLAN development are the
bands assigned to ETSI’s RES 10 for development of standards
for HIPERL AN, the PCS unlicensed bands, and some licensed
bands used, in particular, for wireless inter-LAN bridges.
Spread spectrum is not a requirement in these bands and other
technologies such as DFE, MCM, and SAS, as well as spread
spectrum technology, can be considered. Similar to spread
spectrum technology, all these techniques can mitigate the
effects of multipath. Samples of the analysis of these systems
are available in [50]~[53].

Considerable discussion in the RES 10 has been carried
out to examine the effectiveness of all transmission tech-
nologies for the implementation of the 20 Mb/s HIPERLAN.
Developments in the unlicensed PCS bands are premature, but
they will most probably be affected by decisions made on
HIPERLAN. In the RES 10, spread spectrum CDMA has not
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been selected for two reasons: 1) Given the target user data
rates and the available system bandwidths for HIPERLAN, the
processing gain of a CDMA system would be impractically
small. 2) Efficient CDMA is only possible in a star topology
that is essential for the implementation of power control, but
HIPERLAN is chartered for other topologies as well [19].
As mentioned earlier, another important factor is that CDMA

-is not suitable for quick transmission of bursts of data that

demand the full capacity of the transmission medium. Without
CDMA, spread spectrum sacrifices the bandwidth to provide
superior coverage. The superior coverage of spread spectrum
technology is due to the anti-multipath and anti-interference
nature of this technology and is a function of the spreading
factor of the system.

Some of the pioneering WLAN products in the market are
using sector antenna technology for operation in the licensed
bands [10]. Also, the possibility of using sectored antennas in
HIPERLAN has been addressed in the RES-10. To accommo-
date mobile terminals with HIPERLAN specifications, these
antennas would need to be switched beam or steerable and it
was felt that the control of such antennas would be difficult
to manage in a mesh topology network. Furthermore, directive
gain can only be achieved with significant aperture (in terms of
wavelengths), which would result in physically large antennas
at HIPERLAN frequencies [19].

The DFE and MCM were subject of the most lengthy
discussions in the RES 10. The general feeling in the RES-10
was that although the advantages of MCM were recognized,
the disadvantages had not been thoroughly investigated and
hence this would be a high risk solution to the time dispersion
problem for HIPERLAN. Ultimately, the decision was taken
to reject the multicarrier transmission scheme and accept a
single carrier/equalizer transmission scheme for HIPERLAN.
It was the general feeling in RES-10 that the DFE was a good
compromise between complexity and performance. Although
the equalizer design would not be specified in the standard,
the standard must be written around a feasible approach. The
exact specification of the equalizer depends on the modulation
scheme chosen [19].

1) Model for MCM: The overall format of the equations
used for the analysis of the multicarrier system is the same
as those used for the frequency hopping system. However,
depending on the frequency separation between carriers, inter-
ference from adjacent carriers may also need to be taken into
account. This analysis is applicable to all implementations of
MCM,; including orthogonal frequency division multiplexing
(OFDM) [51], [53], [54]. Given reasonable pulse shaping
filters, every carrier will only be interfered with by its two
adjacent carriers. If b} is the information symbol carried by the
nth carrier during the ith symbol interval, the corresponding
decision variable can then be written as

1
z(t|n) = {Z Z [7?+7n . gt(t _ ZT) . ej(Aw)m-t}

i m=-—1

* h(t) * gr(t) + n1(t)

1
CY S et iy

i m=-—1
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where
L—1 '
rm(t) =Y Br e gt —7)
=0
and

im(®)= [ alr) O - ) e

go(t) is simply a raised cosine pulse, equal to g(¢) used in
the frequency hopping model above. Expressions for g, (%)
for m = 41 were presented in [54].

When using multicarrier modulation, it is important to
provide an adequate “guard band” between the carriers. The
time-bandwidth product is defined as the product of symbol
period T and frequency separation Af, and can be viewed
as the inverse of bandwidth efficiency. If the total system
bandwidth and number of carriers are fixed, increasing the
time bandwidth product will reduce the amount of interference
from adjacent carriers, at the expense of data rate. Given that
a = 0.5 is a popular design choice, a time-bandwidth product
of 1.5 was found to provide sufficient separation between
carriers. This was used throughout the simulations presented
in this paper.

2) Models for DFE and SAS: The model used for perfor-
mance analysis of the DFE and SAS closely follows those
reported in [42]. When sectored antennas are used, the channel
impulse response for each antenna sector is modified to
take into account the direction of arrival of each path. This
analysis assumes that the receiver is equipped with a six-sector
directional antenna whose polarizations are vertical. The ith
antenna pattern is defined by the function

9:() =
2.78. ¢ ;m
sin 3 .
7 T
, for <Y< —+
978 . WP — T 2 3 2
3
i .

ag, otherwise

where g;(¢)) is the normalized power gain for a ray arriving
from angle ¢ and ® is the 3 dB beamwidth of the antenna
which is set to x/3, resulting in six sectors. The channel
impulse response for the ith sector is, therefore, given by

L—1

hi(t) =Y B8t —m) - &7 - gi(4hy)

=0

(10)

where ¢y is the angle of arrival of the /th path. Equation (8),
used for FHSS with one hop, and (10) for the channel impulse
response, are used to evaluate the decision parameter for a
sector of the antenna. The sector associated with the maximum
received signal power is selected for communication over the
channel. These signal powers are determined by calculation of
average received power in all six sectors for each individual
channel profile and are reflected in the plots of achievable
data rate.

In the case of DFE modems, the value of the taps for
each channel profile is obtained by solving the set of linear
equations that are obtained from the minimization of the
mean error between the equalized sample and the desired
detected sampled value. The overall sampled impulse response
after equalization is then used as the decision variable in the
calculation of the error rate. The details of derivations for
the taps of the equalizer and the overall impulse response are
available in [50]. The DFE used in our analysis has three
forward and three feedback taps that provide effective and
practical solutions to the problem [34].

IV. RESULTS OF THE ANALYSIS

In this section, we first examine the validity of performance
evaluation using the impulse responses generated from ray
tracing by comparing the results with those generated from
the empirical data on the wideband channel characteristics.
Then, performance of different transmission techniques in our
indoor test area will be examined and the effects of receiver
complexity on the performance will be analyzed. Finally, a
comparison among all transmission techniques operating in
the test area is presented.

A. Validation of the Ray Tracing Approach

Results of 680 wideband (200 MHz) frequency domain
measurements at 1 GHz in the second floor of Atwater Kent
Laboratories at Worcester Polytechnic Institute were used for
performance evaluation using the empirical data. The details of
the measurement system and the characteristics of the results
are described in [37]. The floor plan of the same area, same
locations for transmitter-receiver pairs, and the same center
frequency were used as input to the ray tracing program to
generate the performance predictions based on the ray tracing.

One set of performance evaluation curves often used in the
literature is the plot of probability of error averaged over all
measured wideband channel characteristics as a function of
the transmitted power. These plots are used for calculation of
the minimum transmission power needed to achieve a certain
error rate. Fig. 3 is a plot of average error probability versus
transmitted power for MCM with 31 carriers. The system
bandwidth was set to 25 MHz and the error probability is
plotted as a function of total transmitted power. The bandwidth
used by each carrier was 1.5 times the symbol rate, resulting in
a bandwidth efficiency of 0.67. As can be seen from the plot,
impulse responses generated by ray tracing and those collected
through measurements result in error probability estimates
that are very close. Similar plots for DSSS, FHSS, DFE, and
SAS were examined and in all cases the results obtained by
ray tracing and those from the empirical data showed close
agreement.

It is often desirable to view a data channel as on/off,
where outage is defined as the bit error rate exceeding a
certain threshold. Outage probability can then be defined as
the percent of time that a given location is in outage or the
percent of locations that are in outage at a given time. The
former is often used to describe time-varying channels such
as urban mobile, while the latter is used to describe fixed
installations such as indoor WLAN’s. In a fixed bandwidth
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of 25 MHz, processing gains of 7, 15, 31, and 63 result
in data rates of approximately 3.57, 1.67, 0.807, and 0.397
Mb/s, respectively, for both DSSS and FHSS. Fig. 4 shows
the probability of outage versus data rate for the DSSS and
FHSS systems, where outage is defined as the bit error rate
(BER) exceeding 10~°. The transmitted power-is 100 mW and
the bandwidth is 25 MHz. Again, it can be observed that ray
tracing produces channel impulse responses that can be used
instead of the results of direct wideband measurement in the
prediction of error rate. Similar plots were generated for other
modulation techniques and the conclusions remained the same.
Other plots that evaluated the probability of error versus data
rate and other technical parameters were examined for the two
sets of channel profiles and results were always very close.
It can, therefore, be concluded that the impulse responses
generated through ray tracing result in error probability es-
timates that are comparable to those obtained from direct

measurements. Later in this paper, ray tracing results will
be used to compare the performance of different transmis-
sion techniques proposed for wireless local area networks at
different levels of system complexity.

The average rms delay spreads from the results of the
ray tracing and the empirical data in our test area are 19.6
and 23.2 ns, respectively. The results of ray tracing often
show lower values of the rms delay spread when compared
with empirical data [32], [41], [42]. The simple approximated
rules for evaluation of maximum data rate of a transmission
technique are all developed around the inverse of the rms delay
spread [32]. Therefore, the discrepancies between the values
of rms delay spread obtained from ray tracing and empirical
data suggests significant differences in the estimate of the
maximum supported data rate. This conclusion is in contrast
to all the cases that we have reported above and the situation
can be explained as follows.



484 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 14, NO. 3, APRIL 1996

1E+0
—&— FHSS

e A —#—FHSS + Coding

/Q'/& —&—DSSS 1tap

[ /‘ ¥~ DSSS 2 taps
1E-2 "é% —¥— DSSS 4 taps

5 7 % /
a° 1E-3 = V
+T] / /
,
1E-4 )/ /
1E-5 %/
1E-6
0.1 1 10

Data Rate (MBPS)

Fig. 5.

The discrepancies among the rms delay spread values ob-
tained from ray tracing and the empirical data are caused by
very weak paths at large arrival delays that usually appear in
the results of measurements but not in the results of ray tracing.
The square of the delay spread is involved in calculation of
the rms delay spread, magnifying the impact of these paths.
In performance prediction of different wideband modulation
techniques, however, these paths cause very small intersymbol
interference (ISI) that has a negligible effect on the error rate
of the system. The important issue is that ray tracing predicts
the major paths very closely and these paths are the ones that
affect the performance. This discussion warns those using rms
delay spread as an absolute measure for classification of the
channels. In reality, rms delay spread is an excellent parameter
representing the wideband characteristics of the channel if
there are not many weak paths arriving at large delays. Another
related important issue is that during measurements, noise
peaks or other artifacts are often mistaken for weak paths at
large delays [32], [55] and the actual existence of these paths
is questionable. Considering the discussion presented here,
we may state that rather than looking into the results of ray
tracing and claiming that they provide low rms delay spreads,
we may state that the result of rms delay spreads obtained
from the measurements often provide pessimistic values. To
decrease these values we can simply raise the threshold used
for detecting the peaks.

B. Effects of System Complexity

We have introduced various transmission technologies and
have described the mathematical models for the analysis of the
systems. We showed the accuracy of the ray tracing algorithm
to be used for the performance evaluation of WLAN’s. Now
we examine the results of simulations to determine the effects
of various transmission parameters on the performance of each
transmission technique. We start with spread spectrum systems
and then we examine MCM, DFE, and SAS.

P,y for spread spectrum with different levels of system complexity. 25 MHz, 100 mW.

When combined with a RAKE receiver, DSSS provides
sufficient resolution to allow individual paths to be extracted
from the received signal, providing a form of time diversity.
FHSS, on the other hand, can take advantage of the fact that in
a frequency selective fading channel different portions of the
spectrum tend to fade independently. Significant improvements
can be achieved with a small reduction in data rate through
the use of channel coding and interleaving that take advan-
tage of the frequency diversity embedded in this modulation
technique. We provide some quantitative results to address the
effectiveness of time- and frequency-diversity in DSSS and
FHSS, respectively.

Figure 5 is a plot of outage probability for an outage
threshold of 1075 as a function of data rate for FHSS with
and without Reed-Solomon coding, and DSSS with RAKE
receivers applying maximal ratio combining to the outputs
of the fingers of the RAKE receiver. The transmitted power
is kept at 100 mW (a reasonable value to cover our test
area) and the transmission bandwidth is 25 MHz, which is
close to what is used by the IEEE 802.11 standard for spread
spectrum communication. Block coding has been considered
in conjunction with the FHSS system. Reed-Solomon codes
of (7, 5), (15, 11), (31, 23), and (63, 45) are assumed, resulting
in data rates of 2.55, 1.22, 0.60, and 0.28 Mb/s.

As we increase the data rate in a fixed band with constant
transmission power, the performance of DSSS deteriorates
faster than that of FHSS without coding. At the outage rate of
1%, the FHSS and the DSSS with more than two-tap RAKE
receivers can provide a data rate of 2 Mb/s, i.e., the target
value for IEEE 802.11. Going from a one-tap to a four-tap
RAKE receiver, the data rate can be increased almost two
times. When coding is used with FHSS, the outage rate for
data rates below 2 Mb/s is almost zero, providing a robust
coverage of the area.

As we discussed earlier, the mathematical analysis of MCM
is very similar to that of FHSS. In FHSS, a narrowband signal
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hops over different carrier frequencies, while in MCM all front end. The effects of this noise are compensated for by
carriers simultaneously transmit a narrowband signal. We can  the increase in the transmission power due to reduction in
control the multipath with both techniques by reducing the the number of carriers resulting in no changes in the signal-
bandwidth of the signal modulated over individual carriers to-noise ratio (SNR) and consequently the error rate of the
to values well below the coherence bandwidth of the channel. modem. In this situation, the least complex design is the one
Coding results in significant performance improvement in both  that uses the minimum number of carriers. As the number of
systems by taking advantage of the inband frequency-diversity carriers reduces below a certain number, around 15 in Fig.
of the chanrel. Reduction in the bandwidth of individual 7, the bandwidth of the individual carriers gets close to the
carriers in MCM increases the number of carriers within a coherence bandwidth of the channel, the channel becomes
fixed transmission bandwidth. This adds to the complexity frequency selective and ISI causes additional degradation.

of the system, but it does not change the data rate. The I

n this situation the performance is no longer independent

same situation for a FHSS system results in reductions in the from the number of carriers. Therefore, for an MCM system
bandwidth of the individual carrier and transmission rate, and  operating in a frequency selective channel there is always an
an increase in the processing gain of the system, improving optimum number of carriers that minimizes the complexity and
the coverage. Fig. 6 presents the probability of outage versus avoids the frequency selectivity for the individual carries. In
data rate for FHSS and DSSS systems with a processing gain  Fig. 7, 15 appears as a good choice for the number of carriers.

of 15, and MCM with 15 carriers for an unlimited available

Figure 8 shows the maximum achievable data rate versus

bandwidth and a 100 mW transmission power. An MCM the number of carriers for a fixed transmission power. As the
system provides a higher data rate, but permits only one user number of carriers increases, the power per carrier falls. As
in the band. DSSS and FHSS, on the other hand, could allow long as the power per carrier is adequate for coverage of the
several users to share the band simultaneously using CDMA. area, the data rate increases linearly with an increase in the

Figure 7 shows the minimum power requirement versus number of carriers. As the number of carriers increases to the
number of carriers for an MCM system operating in a 25 MHz  extent that the power of the individual carriers cannot cover
bandwidth. The performance is considered to be acceptable the area thoroughly, the linear relation between the data rate
if the outage rate is 1%. With a time-bandwidth product of and the number of carriers does not hold anymore. As shown
1.5, used in this paper, a system bandwidth of 25 MHz and in Fig. 8, this number in our case is 30 carriers. This figure
7, 15, 31, and 63 carriers resulted in data rates of 17.5, 17, also suggests that with a reasonable number of carriers the
16.8, and 16,7 Mb/s, respectively. With coding, the data rates maximum achievable data rate with coded MCM is 1.5 times
are reduced to 12.5, 12.1, 12.4, and 11.9 Mb/s, respectively. more than that of MCM without coding.

For an MCM system operating in a fixed bandwidth, the

Equalization and diversity combining are two of the most

overall data transmission rate remains independent of the popular anti-multipath techniques used for various radio chan-
number of carriers. However, as the number of carriers is nels. Similar to MCM, and in contrast with spread spectrum
reduced both transmission power and bandwidth of individual technology, equalization and diversity combining provide di-
carriers increases linearly. As long as the bandwidth of each  versity in the received signal without sacrificing the bandwidth.
carrier is well below the coherence bandwidth of the channel, The DFE is the most popular equalization technique adopted
the channel is flat fading. The increase of the bandwidth of in various radio channels and it takes advantage of the inband

individual carriers allows more additive noise into the receiver t

ime-diversity of the received signal. The SAS is the most



486 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 14, NO. 3, APRIL 1996

30
'\\\
v M —&—No Coding
—i— Coding

3
qa 20
z
A
[}
3
& ]
2 T~
2
=
g 10
©

0

1 10 100
# Carriers)
Fig. 7. Multicarrier modulation in a bandlimited channel; 25 MHz, Four = 1072,
100
—&—No Coding
? 80 -~ Coding
o /
£
2 /
©
e o
&8 60 )
©
[a] / /
£
é 40 Vi /
= 4
1
20
1 10 100
# Carriers
Fig. 8. Multicarrier modulation in a power-limited channel; 100 mW, Py = 1072,

popular antenna diversity technique that is used in WLAN’s.
The received signals from different spatial directions are
isolated to reduce the negative impact of the multipath arrival
of the received signal. The question is what is the maximum
data rate that one can achieve if these techniques are adopted
in a radio LAN operating in a typical indoor area. The
performance of these systems in the area used as the test floor
for our performance evaluations was first reported in [42].
Fig. 9 shows the outage probability of systems with sectored
antennas, with and without DFE as a function of data rate.
As shown in this figure, no combination of sectored antenna
systems and decision feedback equalization will provide an
outage rate of less than 0.01 in a 25 MHz system bandwidth.
Therefore, for a fair comparison among all techniques we
should resort to narrower bandwidths.

C. Comparative Performance Analysis in the Test Area

In this section, we compare the bandwidth and power
requirements of various transmission techniques operating in
the test area. We will also examine the relation of these two
requirements to the maximum data rate of each technique.
First, we assume a fixed bandwidth of 10 MHz that is
considered for the unlicensed operation in the PCS bands, and
we compare the minimum required radiation power for all
transmission techniques to cover the test area. This part will
address the important issue of power consumption for battery
oriented applications that are playing a major role in the future
market of the WLAN industry. As a part of this discussion,
we show that with a maximum transmission power of 100
mW all the transmission techniques discussed in this paper are
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able to cover our test area. Then, we assurne the transmission
power is maintained at 100 mW and there is no restriction on
the bandwidth, to determine the maximum data rate that can
be achieved with any of the above transmission techniques
in the test area. This exercise will address the transmission
technologies in the context of demand for higher data rate
that has been an extremely important factor in the evolution
of the LAN industry. The results can be used as a guideline
for the WLAN industry when they approach the frequency
administration agencies.

Figure 10 shows the minimum radiation power required to
achieve an outage rate of 0.01 in the test area for DSSS with
a four-tap RAKE receiver and processing gains of 15 and 31,
as well as FHSS and MCM with and without Reed—-Solomon
coding using 15 and 31 carriers. Also presented are the power
requirements to achieve the same outage probability using
DFE with three forward and three feedback taps, six sectored
SAS and DFE/SAS systems. The total available bandwidth
was reduced to 10 MHz in order to accommodate the DFE,
SAS, and DFE/SAS systems. Fig. 11 presents similar results
for a 25 MHz bandwidth; as discussed earlier, DFE and SAS
cannot provide an acceptable performance in that wide of a
bandwidth. It should also be noted that the data rate supported

by each technique is different. The numbers on the top of bars
in Figs. 10 and 11 represent the corresponding data rate for
each modulation technique. For the spread spectrum systems,
with QPSK modulation and a total system bandwidth of 10
MHz, we have data rates of 1.33 and 0.65 Mb/s for processing
gains of 15 and 31, respectively. If coding is used in the
FHSS system, these data rates will be lowered to 1 and 0.5
Mb/s. In this bandwidth the data rate for MCM is 13 Mb/s
without channel coding and 10 MB/s with channel coding. The
data rate for the DFE, SAS, and DFE/SAS is 20 Mb/s, i.c.,
the maximum among all systems considered. The maximum
power consumption of 100 mW (20 dBm) is needed for the
DFE and SAS. The DFE/SAS system requires around 15 dBm.
Multicarrier modems, regardless of the number of frequencies,
operate with around 0 dBm power that requires two orders of
magnitude less power than the DFE or SAS. If the MCM uses
coding, its power consumption is reduced by about 2-3 dB.
According to results from the test area (shown in Fig. 10),
spread spectrum can add between 30 and 35 dB to the fade
margin that increases the coverage of the system significantly.
DSSS with a four-tap RAKE receiver performs about 2 dB
better than FHSS without coding. The RAKE receiver provides
a means to exploit the implicit (inband) time-diversity in
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the received signal, but the FHSS does not have any such
means. Adding coding to the FHSS system, implicit frequency-
diversity is exploited by the system and the required radiated
powers in the two forms of spread spectrum become very
close to one another. The power savings possible with spread
spectrum modulation can only be achieved at the expense of
data rate. Multicarrier modulation can provide an improvement
of about 20-25 dB, with only a small reduction in the data rate.

The quantitative study of radiated power consumption is
important for two reasons: 1) Given the restriction on the max-
imum radiated power by a frequency administration agency,
we need to know how the coverage of various transmis-
sion techniques compare with one another; 2) considering
the increasing expansion of the market for battery operated
PCMCIA WLAN’s, we need to examine the total power
consumption of a modem. The results of Fig. 10 can be
used directly to analyze the coverage of various transmission
techniques in a typical indoor area. This allows a designer or
a standards regulator to justify the selection of a particular
transmission technique for a specified system description.
Since the power consumption varies substantially with the
design and fabrication technology used in the implementation
of a WLAN, the designer should use the results of Fig. 10
with their estimation of the electronic power consumption for
their own implementation of the system.

Figure 12 presents the maximum attainable data rate for
different transmission techniques in the test area. The transmis-
sion power is maintained at 100 mW and there is no constraint
on the bandwidth used. In each case, the required bandwidth
is written on top of the bar graph. A multicarrier modem
with 15 carriers can achieve data rates close to 40 Mb/s, and
this data rate is doubled when coding is added to the system.
With seven carriers, the data rate drops to slightly more than
half of the data rate for a 15-carrier system and coding is
not as effective as before. The significant difference between
the seven carrier and 15-carrier performance reflects the fact
that the seven carrier modem operates in a frequency selective
fading channel. By appropriate selection of the bandwidth of
the individual carrier one may completely eliminate the effects
of multipath fading for the system. As a result, if there is no
power or bandwidth constraint one can achieve any data rate
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Minimum power requirements for different transmission techniques, 25 MHz system bandwidth.

with multicarrier modems. This property is not shared among
other techniques where the increase of data rate finally reaches
a point where the effects of frequency selectivity of the channel
are dominant and an increase in the transmission power is no
longer effective. The restriction in MCM is implementation
complexity that increases with an increase in the number of
carriers. In practice, however, power and bandwidth are always
limited and the implementation complexity is on top of the
agenda that has prevented MCM for many wired [56] and
wireless applications [32].

As expected, spread spectrum provides lower data rates.
However, bandwidth efficiency is only one side of the equa-
tion; the processing gain that spread spectrum provides can
serve to increase the fade margin, reducing the transmitter’s
power requirement. This is an important consideration if the
wireless network is being used to connect portable, battery-
operated computers. Besides, the results presented here are
based on single code spread spectrum that is considered by
[EEE 802.11. The overall data rate will be increased if we
assign several codes to individual users in a CDMA format.
Then each spread spectrum channel acts analogous to a carrier
in MCM. Similar to MCM, a CDMA modem of this form has
limitations caused by the hardware complexity.

The DFE modem has the advantage of having a single
channel and it can achieve data rates on the order of 20 Mb/s,
as considered for HIPERLAN. Similar results are obtained
for sectored antenna systems. However, the complexity of the
system for mobile applications has prevented RES-10 from
adopting SAS for HIPERLAN [19]. Higher data rates on the
order of 30 Mb/s are obtained from the DFE/SAS combination
at the expense of a very complex implementation.

V. CONCLUSIONS

We showed that performance evaluation using the results
of ray tracing shows close agreement with results obtained
from empirical channel measurement data. We then used the
results of ray tracing for comparative performance evaluation
of five transmission techniques that are commonly considered
for radio LAN’s in a typical indoor test area used for LAN ex-
tension operation. Operation in bandlimited and power limited
channels were examined in different tests. The results of the
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test in a bandlimited channel revealed that spread spectrum
technology with a processing gain of 15 requires 30-35 dB
less radiation power than systems using DFE or SAS which
require the maximum radiation power of 100 mW to cover
our test area. This ensures a better coverage for the spread
spectrum technology, obtained at the expense of a reduction
in the data rate supported by the system. To increase the data
rate of spread spectrum, single channel CDMA can be adopted.
Linear addition of the CDMA channels increases the data
rate and the radiation power linearly, and electronic power
consumption and the size of the modem nonlinearly. In a
power limited channel with 100 mW of transmission power
and no restriction on the width of the available frequency
band, coded MCM can provide data rates on the order of 80
Mb/s. Increasing the power would allow higher data rates for
MCM. In our test area, DFE provides the most bandwidth
efficient and practical solution for bandwidths below 12 MHz.
The suitability of a technology for a particular application
depends on the coverage and data rate requirements as well as
allowed complexity and cost of the development. The results
of this paper serve as a guideline for the evolving standards
and designs to suit an appropriate transmission technique to a
WLAN specification.

APPENDIX
ERROR RATE ANALYSIS

Since QPSK modulation with coherent detection is assumed,
error probability for the I and Q channels can be computed
separately, and combined to arrive at a symbol error rate. With
the above in mind, the complex decision variables for all of
the systems (after phase compensation) can be broken down
into their real and imaginary parts, as follows:

2Tl {b:}) - 777 = 21 (Ta, 7] {bi}) + 52°(Ta, 7] {b:})

where T} is the sampling time and ~ is the phase compensation
introduced by the receiver. Note that when a K-tap RAKE
receiver is used, the decision variable will be the sum of
K complex samples of z(t). The expressions for z(t) for
the different modulation techniques were derived earlier. For
example, in the case of DSSS with a one-tap receiver, the in-

phase and quadrature components of the decision variable can
be written as

L-1
AT A6 =YY B Ro(Ta—iT — )
=0

<[]+ cos (91 — ) — b - sin (1 — )]
+ ol (Ty)
and
RTUNEDY
- [62 - cos (g1 — ) + b -
+ n%(Ty)

L—1
> B Ro(Ty —iT — 1)
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sin (@1 — )]

where b! and b? represent the information bits making up the
in-phase and quadrature components of the ¢th information
symbol, b;

b = bl + jb2.

Error probabilities in the in-phase and quadrature channels
are obtained by averaging the corresponding error probability
over the symbol patterns

P(e| {b:}) :% > b} - erfe [ﬁ@ﬁiﬁ}
PR (b)) =5 Y Pibi} - erte [—Q(T—JM}

where o! and 0@ are the variances of nf(t) and n@(t),
respectively. In practice, because of the limited duration of
the pulse and channel impulse response, every symbol is only
affected by a few neighbors. Without channel coding, the
symbol error probability is given by

Ps(e) = Pl(e) + P9(e) — Pl(e) - POe).

The relationship between symbol errors and bit errors depends
on the mapping of the two information bits onto the QPSK
symbol. If a Gray Code is used, in which 2-b groups assigned
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to adjacent symbols differ by only one bit, the bit error
probability can be approximated as
P, b(e) ~ 52(—6)

The receiver’s front-end noise was computed following the
derivation in [57]. At an operating temperature of 290 K,
thermal noise will be —174 dBm/Hz. In the case of DSSS, the
bandwidth of the front-end filter is 25 MHz, resulting in noise
variance of —100 dBm. In frequency hopping and multicarrier
modulation, the front-end filter’s bandwidth is dependent on
the data rate (data rate per channel in the case of MCM),
resulting in a higher noise variance at higher data rates.

In both frequency hopping and multicarrier modulation, dif-
ferent information bits are transmitted on different carriers, and
(given sufficient frequency separation between the carriers)
will be subject to statistically independent fading. As a result,
it is possible to combat the effect of frequency-selective fading
using channel coding techniques [58]. In this paper, the effect
of Reed—Solomon coding, when used in conjunction with slow
frequency hopping or multicarrier modulation is also studied.
The number of bits in a channel codeword are set equal to the
number of carriers, so that one bit from a channel codeword
will be transmitted on each carrier. When studying systems
with 7, 15, 31, and 63 carriers, Reed—Solomon codes of (7,
5), (15, 11), (31, 23), and (63, 45) are assumed, resulting in
an approximately 27% reduction in data rate due to coding.

The error rate calculations closely follow the derivations
in [59, Appendix 1]. In an n-carrier system, let the error
probability on the ¢th carrier be p;. Defining the following
variables:

.
8§ = —
1- Pi
and
n—1
Sj = Z (Si)].
=0

Let P, be the probability that exactly u bits are received in
error. Then

n
H(l—pi), foru=20
P = i=1
- D (=1t S Py, foru> 1,
i=1

If the coding scheme can correct up to ¢t = (n — k)/2 errors,
the probability of an uncorrectable codeword error is given by

P = z": P,.

u=t+1
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