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Abstract
As a result o f increasing demand for greater mobile system capacities, expansion into
frequency bands other than the current IMT2000 band near 2 GHz is being considered.
Estimation o f expected mobile link performance at other frequencies is thus important.
During this thesis project, quasi-simultaneous propagation measurements at 2 and 6
GHz frequencies were conducted in downtown Ottawa. Measurement-based analysis and
comparison o f time-varying channel characteristics are reported. These show that there is
often a larger signal fluctuation after Rake combining at 6 GHz. Results also show that in
NLOS conditions, the RMS delay spreads at 2 GHz are slightly greater.
M easurement-based prediction o f error performance resulting from the use o f Rake
receivers on BPSK-DSSS mobile links was conducted. For transmissions with low data
rates in IMT2000 bandwidths, self-interference that results from multipath propagation
is insignificant, enabling the use o f well-known prediction equations. Results show that
error performance would be slightly better at 2 GHz. However, channel protection in
NLOS conditions would still be required in both frequency bands to achieve BER
performance o f 10~3 throughout 2-city block microcells. For the consideration o f
transmission with high data rates, the effects o f self-interference can not be ignored. To
accurately account for this, a recently reported semi-analytical BER prediction
technique was used. Resulting comparisons o f achievable performance in the two bands
were similar to those for the low data rate case.
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Chapter 1
Introduction
Existing wireless cellular communication systems can be classified into three main types:
First generation analogue systems, second generation (2G) digital voice systems, and
third generation (3G) digital systems.

Planning is now in progress for what is

commonly referred to as “Beyond 3G (B3G) Systems” or 4G.
First generation analogue systems include the Advanced M obile Phone Services
system (AMPS) operating at 800 MHz in North America, the Nordic M obile Telephone
(NMT) operating at 450 MHz and 900 MHz in Europe, and the Total Access
Communication System (TACS) in Asia.
Second generation cellular systems are designed to use digital transmission for
mostly voice traffic. They include the Pan-European Global System for Mobile
communications (GSM) operating at 900 MHz, the Digital Communication Systems
(DCS) operating at 1800 MHz, the IS-95 Code Division Multiple Access (CDMA One)
system, operating at 800 and 1800 MHz in North America, and the Personal Digital
Cellular (PDC) system in Japan.
The 2G systems are m ainly for voice communication. Data services offered by GSM
systems are at low rates, being only 9.6 kbps, and 14.4 kbps with advanced coding. In
order to enable higher-rate data services, so-called 2.5G mobile systems are realized with
packet switching instead o f circuit switching for data transmission. The 2.5G mobile

1
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systems include the General Packet Radio Service (GPRS) and CDM A2000 lx RTT
systems. GPRS is the world's most ubiquitous wireless data service. It is available now
with almost every GSM network. Data rates offered by the GPRS can be as high as 171
kbps.
Third generation and beyond third generation cellular systems are designed to
provide global mobility, and offer a wide range o f services, including better quality voice,
and high-speed data access to the Internet and m ultimedia services.
The International Telecommunication Union (ITU) initiated the process o f
standardization for 3G systems, and their standard is referred to as International Mobile
Telecommunications 2000 (IMT-2000). In Europe, the European Telecommunications
Standards Institute (ETSI) was responsible for another standard, the Universal Mobile
Telecommunication System (UMTS) standard.

Its radio access network is referred to as

“UTRAN”.
A wideband code division multiple access (WCDMA) scheme was selected for
UTRAN air interface. CDMA utilizes spread spectrum (SS) modulation. The main
characteristic o f a spread spectrum system is that the transmitted signal has a bandwidth
much larger than that o f the baseband message signal. This allows bandwidth
compression at the system receiver, with concomitant gains (processing gains) in signalto-noise ratio (SNR).
Depending on the method used to obtain a wideband signal, CDM A can be classified
as being either o f the direct sequence (DS) or frequency hopping (FH) type. When DS
Spread Spectrum (DSSS) is employed, the transmit spectrum is spread through
multiplying a narrowband message signal with a pseudo-noise (PN) sequence, resulting

2
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in a wideband signal. In FHSS, a PN sequence defines the instantaneous transmission
frequency. The transmit frequency therefore changes pseudo-randomly to avoid
interference or to reduce collision likelihood.
UMTS W CDM A is a DSSS system with Frequency Division Duplex (FDD)
operating in paired frequency bands for uplink and downlink communication.
As a result o f increasing demand for greater mobile system capacities, and higher
data rate services, IMT2000 systems and yet-to-be defined B3G (sometimes referred to as
IMTAdvanced) mobile systems need to be expanded into frequency bands other than the
current bands near 2 GHz. Such expansion would be a pre-cursor to the next step in the
evolution o f mobile communications systems, and the definition o f 4 th generation digital
systems. As a result, there is a need for the estimation o f expected mobile link
performance at frequencies other than in the 2 GHz band. Researchers at Industry
Canada’s Communications Research Centre (CRC) have been conducting radio
propagation research relevant to such expansion for a number o f years. They have
conducted both Continuous Wave (CW) and wideband radio channel sounding
measurements at 1.9 GHz and 5.8 GHz, for comparison purposes in downtown Ottawa
prior to the initiation o f work for this thesis project.

Their results are to be published in

early 2007[2],
W hereas the work reported in [2] involved measurements in the two frequency bands
on different days, the quasi-simultaneous measurement o f propagation data in the 2 GHz
and 6 GHz bands is the subject o f work reported in this thesis. The time-varying
characteristics o f urban vehicular-mobile channels in both bands are analysed and
reported.

3
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In addition, both well-known methods and new techniques developed at CRC [3] are
used for the prediction o f DSSS performance on the measured channels. For assessing the
requirements o f un-embellished, lower data rate IMT2000 systems, if operated in higher
frequency

bands,

bit-error-rate

(BER)

performance

predictions

transmissions with low symbol rate and high spreading factors.

are

made

for

For such cases, self-

interference (SI) that results from multipath propagation is insignificant, and need not be
considered.

Performance estimation procedures are well known [1], and results could

be o f interest, when we simply want to expand existing systems into new bands.

For the

transmission o f higher data rates in IMT2000 bandwidths, however, the number o f chips
per data symbol (i.e., the spreading factor) must be decreased. As a result, the cross
correlation o f shorter segments o f the system spreading sequences with the local
reference during receiver processing produces sidelobes with high power levels.

The

combination o f shorter symbol durations for higher data rates and higher-powered cross
correlation sidelobes leads to SI at levels that can no-longer be neglected in BER
predictions.

To account for SI, the semi-analytical technique (SAT) developed in [3] is

used in the work o f this thesis to estimate and compare higher-data rate DSSS mobile link
BER performance expected on mobile links with IMT2000 bandwidths in the 2 and 6
GHz frequency bands.

When the SAT is employed, SI can accurately be accounted for.

Additionally, channel models, which are sometimes simplistic and inaccurate, can be
replaced by the available quasi-simultaneous 2 and 6 GHz band time series o f measured
propagation data. Results from this work apply to the study o f an operating mode that
could be used in IMTAdvanced systems, wherein time-division multiple access is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

employed to allow high data rate transmission within short time intervals (e.g. for
downloading video information) to single users.

1.1 Objectives
As explained in the foregoing, the objectives o f the work reported in this thesis include:
•

The conduct o f quasi-simultaneous propagation measurements in the 2 GHz and 6
GHz frequency bands in an urban area (downtown Ottawa);

•

Analysis o f the measured data for the estimation and comparison o f radio propagation
characteristics in the 2 and 6 GHz bands;

•

The prediction o f BER performance on DSSS m obile links operating with both low
( N d = 7 ) ancj high ( N d = 1 2 8 ) spreading factors, for applications as discussed in the
foregoing section; and

•

The interpretation and explanation o f predicted BER performance characteristics,
using knowledge gained from the analysis of the measured propagation data.

1.2 Contributions
•

Calibration o f a newly-developed quasi-simultaneous 2 and 6 GHz band pseudo noise
radio channel sounding system;

•

Statistical analysis o f measured radio propagation data to derive estimates o f
parameters o f the transmission channel (i.e. the Transmitter (Tx)-radio channelReceiver (Rx) combination), such as impulse response functions, envelope fading
statistics, and RMS delay spreads;

5
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•

Prediction and comparison o f BER performance for Rake reception on DSSS mobile
links operating in the 2 and 6 GHz bands with both low and high spreading factors
( i.e. high date rates and low data rates) in IMT2000 bandwidths.

•

An assessment o f the requirement for enhanced channel protection for 3.84 MHz
IMT2000 systems operating in higher frequency bands, and for such requirements
arising from the use o f low spreading factors to allow higher data rate transmissions
in both frequency bands; and

•

Conclusions

regarding

the

relationship

between

specified

radio

channel

characteristics and performance on mobile DSSS radio links.

1.3 Organisation of this thesis
Background information regarding radio channel characterisation, classification, and the
operation o f Rake receivers on DSSS mobile radio links is introduced in Chapter 2. The
quasi-simultaneous measurement system, calibration tests, and the results from statistical
analysis o f measured data are presented in Chapter 3. The SAT technique for BER
prediction in cases where SI is significant and its application are reviewed in Chapter 4,
and the predictions o f BER performance on the measured mobile radio channels for both
low data rate (Original IMT2000) and higher data rate (IMTAdvanced) are reported. A
summary, conclusions, and recommendations for further research are presented in
Chapter 5.
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Chapter 2
Background
Basic information about radio channel characteristics, multipath interference and Rake
receivers is presented in this chapter. A literature review pertinent to channel
measurements and Rake receiver performance is also included.

2.1 Channel characteristics
Knowledge o f radio channel characteristics is essential in the design and planning o f
digital cellular systems. In wireless telecommunications, multipath is the propagation
phenomenon that results in the reception o f a radio signal over two or more propagation
paths. When a radio signal travels between a transmitter (Tx) and a receiver (Rx), it
suffers reflection, diffraction and scattering by objects in the environment. Fig.2.1 shows
a diagram o f a downlink radio channel in a mobile system. Reflection occurs when a
signal encounters a surface that is large relative to the wavelength o f the signal;
diffraction occurs at the edge o f an impenetrable body that is large compared to the
wavelength o f the radio wave; and scattering occurs when the signal impinges upon an
object whose size is on the order o f the wavelength o f the signal or smaller. Multipath
propagation results in the received signal being composed o f time-delayed replicas o f the
transmitted signal.

7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Transmitter

1: Reflected signal
2: Diffracted signal
3: Scattered signal

Receiver

Fig.2.1: A diagram o f a downlink radio channel in a mobile system
A radio link can be characterized by the following parameters [4] [5]:
♦

Path loss: resulting from spreading o f electromagnetic (EM) energy and from the EM
energy loss due to penetration o f objects;

♦

Large-scale fading (or shadow fading): the spatially varying attenuation o f received
signal power over regions in space on the order o f 10 wavelengths or larger;

♦

Small-scale fading: the spatially varying attenuation o f received signal power over
regions in space that is smaller than about 10 wavelengths.
Generally, a radio channel can be modelled as a linear time-varying (LTV) filter that

can be characterised by its time-varying impulse response h (t, t ) , where t denotes time,
and T denotes propagation delay. As a result o f the m ovement o f a mobile station (MS)
and other interacting objects, the characteristics o f m obile radio channels must be
represented by statistical channel models, such as the model commonly referred to as the
Gaussian wide sense stationary uncorrelated scattering (GW SSUS) model. This model
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assumes that the channel process is wide-sense stationary (WSS), meaning that the time
autocorrelation o f the channel’s impulse response is independent o f time, and depends
only on delay. It also assumes uncorrelated scattering (US), meaning that the correlation
o f random variations across the channel bandwidth is invariant over frequency, being
dependent only on frequency spacing. The average power delay profile (APDP) o f a
time-varying channel, which is the expected value o f the received power at a certain
delay, is one parameter that is frequently used to characterize mobile radio channels.
Several other multipath channel parameters can be estimated from the APDP. That
information can be used to predict error performance characteristics o f digital
transmission on the associated mobile radio channel.
Coherence bandwidth and Root Mean Square (RMS) delay spread are parameters
that describe the time dispersive nature o f the channel in a local area. Time dispersion is
caused by m ultipath propagation delays. Its properties can be described by the mean
excess delay f and the RMS delay spread c r . The mean excess delay is the first moment

o f the APDP and can be written as f =

^ >w^ ere P(Tt ) *s the average power at
k

delay t *. The RMS delay spread is the square root o f the second central moment o f the

_

_

APDP and can be written as a r = J t 2 - ( f ) 2 , where r 2 = -4 = —;— — .
k

The coherence bandwidth Bc represents the maximum frequency separation for
which the frequency domain channel responses at two frequencies remain strongly
correlated during fading in time. The coherence bandwidth has a reciprocal relation with

9
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the RMS delay spread if the channel exhibits truely GWSSUS fading characteristics [5],
in which the Probability Density Function (PDF) o f the channel complex envelop has
zero mean, so that narrowband envelope fading follows a Rayleigh distribution.
W hen the transmitted signal bandwidth is very much smaller than the channel
coherence bandwidth, i.e. the symbol period o f the transmitted signal is much bigger than
the delay spread, the signal suffers flat fading when it is transmitted over the channel;
otherwise, if the transmitted signal bandwidth is comparable to or larger than the channel
coherence bandwidth, i.e. the symbol period o f the transmitted signal is comparable to or
smaller than the delay spread, the signal suffers frequency selective fading when it is
transmitted over the channel. Fig.2.2 shows the above two situations, where FC F
denotes the Frequency Correlation Function, Bc is the channel coherence bandwidth;
S ( f ) is the transmitted signal’s spectrum, B s is the transmitted signal bandwidth

FCF

FCF

S( f )

Fig.2.2: (a) transmitted signal with flat fading and (b) transmitted signal with frequency
selective fading.
Due to the movement o f a MS and interacting objects, the received frequency at the
mobile is different from the transmitted frequency because o f the Doppler phenomenon.
Since the received multipath components arrive along many different paths, the relative
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velocity o f the MS with respect to various interacting objects causes the different
components to have different Doppler shifts. This received signal is therefore spread in
frequency and exhibits what is referred to as a Doppler Spread, having a 3 dB bandwidth
denoted B D. Doppler spread and coherence time are parameters that describe the time
varying nature o f the channel. Coherence time represents the m aximum time separation
for which the channel impulse responses at two time instants remain strongly correlated.
The Doppler spread and coherence time are inversely proportional to each other on a
GWSSUS channel. When the symbol period o f the transmitted signal is equal or bigger
than the channel coherence time, i.e. the transmitted signal bandwidth is smaller than the
channel Doppler spread, the signal suffers fast fading, or time selective fading when it is
transmitted over the channel; otherwise, if the symbol period o f the transmitted signal is
much smaller than the channel coherence time, i.e. the transmitted signal bandwidth is
much bigger than the channel Doppler spread, the signal suffers slow fading when it goes
through the channel. The implication o f slow fading is that the phase o f the received
signal can be considered approximately constant over the symbol duration.
Irreducible error rate floors are exhibited on both time-selective, and frequencyselective fading channels, as well as on channels that exhibit both types o f selective
fading, referred to as doubly-selective fading channels. Such error rate floors maintain
BERs at a constant level, no matter how large the average signal to noise ratio at the Rx
becomes.

If such floors are at an unacceptable level, channel protection, such as

equalization, coding, or interleaving is required to achieve better BER performance.

11
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2.2 Interference in DSSS systems
Error performance in DSSS systems with multiple users is interference-limited due to
multiple access interference (MAI) generated by different users transmitting within the
same bandwidth simultaneously.
W ideband signals from different users are separated by means o f spreading
sequences, also known as spreading codes, which are unique to each user. Each user is
assigned an individual spreading code at the time o f call initiation. This spreading code is
used both for spreading the narrowband message signal at the time o f transmission and
dispreading the received signal.
Spreading codes are usually orthogonal, but there are some scenarios under which
the orthogonality cannot be controlled. For example, on a downlink, the BTS transmits
signals to all users synchronously and this preserves orthogonality. The orthogonality,
however, is not preserved between different components arriving from different
multipath sources. Also on the uplink, when different users transmit asynchronously, the
orthogonality o f the spreading codes is not preserved.
Hence, the asynchronous transmission or the time-varying nature o f the mobile radio
channel m ay partially destroy orthogonality. The non-orthogonal nature o f the codes
results in MAI, which degrades the performance o f the system.
Frequency selective fading mobile radio channels also give rise to SI due to time
spreading o f the desired user’s signal in DSSS systems.

SI occurs when data symbol

durations are less than the maximum multipath delay on the channel.
Third generation wireless systems transmitting at high bit rates, such as 2 Mbps,
experience significant channel-induced SI. In DSSS systems, with an increase in data rate
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for a fixed chip rate, there is a decrease o f the spreading factor, i.e. a decrease o f the
number o f chips per symbol interval. This in turn results in increased SI because the
cross-correlation o f shorter partial sequences results in higher sidelobe levels.
Although increasing transmitted power to the desired user can mitigate MAI,
reductions in SI cannot be achieved by this method, since the power o f both the direct
and multipath signals is simultaneously increased. W ork reported in this thesis focuses on
assessing and comparing technology requirements for the achievement o f acceptable
error performance on single mobile radio links in the currently used 2 GHz frequency
band and a higher frequency band (6 GHz), considered as the highest band feasible for
possible allocation to mobile services in the future. MAI is not considered since interest
is only in the physical channel characteristics, rather than effects that result from how the
channel is used.

2.3 Rake receivers in a DSSS system
Rake receivers take advantage o f multipath dispersion to yield diversity gains. As
described above, on a multipath channel the received signal is composed o f time-delayed
replicas o f the transmitted signal, which are attenuated in amplitude and shifted in phase.
All m ultipath signal components (MPCs) within the time resolution1 o f Rx will be seen as
a single multipath group (MPG). That is, the energy within an MPG is the combination o f
the energy o f all o f the undistinguishable MPCs. In order to combine the different MPGs,
a Rake receiver needs the knowledge o f channel parameters such as, num ber o f MPGs,

1 R eciprocal o f the RF bandw idth o f transm itted signal
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their delays and their (complex-valued) amplitudes. Fig.2.3 shows a block diagram o f a
Rake receiver.

Channel
Estim ation

R eference
sequence a(t)

D ispreading

Detection
MRC
Combiner

Fig.2.3: Block diagram o f the Rake section in a typical DSSS receiver.

Channel estimation is an important consideration in BER analyses for a Rake
receiver. However, there are numerous techniques described in previous papers that can
be used to accurately track and select the time-delays o f received MPGs intended for
Rake combining [7] [8] [9]. In this thesis, it is therefore assumed that the Rake receiver is
able to accurately determine the time-delays o f received MPGs.
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The Rake receiver in Fig.2.3 shows k Fingers; one Rake Finger is assigned to each o f
the MPGs. With maximum ratio combining (MRC) technology, all selected MPGs are
combined to form a composite signal that is expected to have substantially better a signalto-noise ratio.
Considering a single-input-single-output system [3], the transmitted signal for a
single user with BPSK modulation can be written 2&s{t)cos(oct , where^(/)= l2^

b( t ) is the transmitted data signal and can be written as&(/)=

and a ( t )
y=-°°

is the spreading signal and can be written as a{t)=Y^aHp T{t-qTc) ,

are

sequences o f elements from the set{—1,1}, p Tj p T^ are rectangular pulses with Td the data

symbol period and Tc the chip period, respectively. The spreading factor is N d = %

the

number o f chips in one symbol interval, coc is the carrier frequency and E b is the energy

p er bit. Note that in this representation it is assumed that

f

a' 1(t)dt - Td .

Since the signal received over a wireless channel is composed o f time-delayed
replicas o f the transmitted signal, the equivalent low pass received signal with K MPGs
can be written as:
K

r(t) = I K leM s(t~ n )+ n{t)

{2A)

k =1

where r k = r k (/) and |^ ] = |/jt (t)| are the time-delay and amplitude o f the k* MPG. The
argument “t” o f hk (t) and Tk (t ) has been dropped under the assumption o f slow
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fading. (pk is the phase shift that results from interactions with objects along the kth
propagation path. The term n(t) represents low pass additive white Gaussian noise
(AWGN) with zero mean and power spectral density o f N 0.
With the assumption o f error-free channel estimation, the k

I

A

estimated MPG, hk ,

equals the k 'h MPG, hk .Therefore, for the first transmitted data symbol, the decision
variable at the output from a Rake combiner having L Fingers can be written as:

( 2 .2 )

After substitution o f (2.1), one can write

, equation (2.2) becomes

and when normalized b y r c

D Rake

,/iorin

where hki =|At ||A,|.
The first term is the combined signal energy from all L Rake Fingers; the second term
represents the self-interference caused by multipath propagation, where the phase term
6ki =(Pk -<Pi

w k,i = f

is

' b (f -

assumed

to

be

uniformly

distributed

on

[0,2tt],

and

M * - Tk W * - T. )d t is the cross-correlation between interfering

binary sequence k and the i'h reference sequence; the third term is the result o f the low
pass AW GN noise and
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nRake = Z

f J+r’ real (n (t} h, \e ~Jf'a { t - t ,))#

(2.4)

;= i

Since «(f) = nr [t] + j n (/), £ (« r (0«r (r)) = iV0^(? - t ) , E(n, (/)«,. (t)) = N 0S{t - r)
and£{«r (0«,(0}= O , one can derive that the variance o f ijRake is:

(2.5)
/=:
and the normalized noise variance is

O

,norm

(2-6)

Under the assumption that the relative time-delay between received MPGs is an
integer multiple o f the chip period Tc , the sequence cross-correlation can be modelled as
having a binominal PDF. Fig.2.4 shows the comparison between binominal PDF and the
PDF o f results from the cross-correlation o f two sequences of length 5 shifted by an
integral num ber o f chips with respect to each other.
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Fig.2.4: Comparison between a binominal distribution and the distribution o f cross
correlation o f two integer-shifted 5-chip long sequences.
(a): Histogram o f cross-correlation between two integer-shifted 5-chip sequences;
(b): PDF o f cross-correlation between two integer-shifted sequences;
(c): PDF o f a binomial distribution with length 5;
(d): Comparison between binominal CDF and the CDF o f cross-correlation o f two
integers- shifted 5-chip sequences.

As the length o f cross-correlated binary sequences increases the PDF o f the crosscorrelation approaches that o f a Gaussian distribution more and more closely [3],
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2.4 Literature Review
There are two subprojects involved in the work o f this thesis. One is about measurement
o f channel characteristics for urban microcells. The other is about prediction o f DSSS
link performance using the m easured data.
Literature review shows that channel measurements have been studied for a long
time and the measurement-based characterization o f mobile channels has been reported
frequently. In 1972, Cox reported a pseudo random binary sequence (PRBS) measuring
system to measure multipath delay and Doppler characteristics at 910 MHz in suburban
mobile radio environments [10]. Small-scale statistics o f multipath for vehicle travel
distances in the order o f 30 m along streets were characterised by Average Power Delay
Profiles (APDPs) made up o f over 200 individual channel Impulse Response Estimated
(IREs). Cumulative distributions o f the variation o f signal amplitudes at fixed delays and
radio frequency Doppler spectra at fixed delays. Cox also reported similar studies for
heavily built-up urban m obile radio environments in [11] [12], and suggested that, for an
RF bandwidth o f 10 MHz, it appeared reasonable to model urban mobile radio channels
using a GWSSUS model for intervals along the street o f up to 30 m.
Bultitude and Bedal in 1989 first reported propagation characteristics on urban
microcellular-type channels at 910 MHz [13]. The paper showed that multipath
propagation conditions were significantly less severe compared with conventional urban
mobile radio channel and the RMS delays were reduced by a factor o f four. In addition,
the paper reported that microcellular-type channels had Rician, rather than Rayleigh,
envelope fading characteristics, and correspondingly different frequency correlation
statistics.
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Gurgin and Rappaport reported propagation channel measurements at higher
frequency band 5.85 GHz around residential areas [14]. Results o f path loss and building
penetration loss were presented, specific effects o f foliage shadowing, house shadowing
etc were studied. Also, Blackard, Rappaport and Seidel et.al in [15] presented results o f
wideband path loss and delay spread measurements for two representative microcellular
environments at 1.9 GHz. Measured RMS delay spreads were found to be a strong
function o f the antenna height. The paper indicated a trade o ff between coverage area and
delay spread considerations. Kalliola and Vainikainen in [16] reported directional
channel measurements at 2.15 GHz with a spherical array and a wideband channel
sounder. A wideband signal was transmitted using a single antenna, and received
separately with each o f the 32 elements o f the spherical array. The paper showed
variation o f the local azimuth and elevation power distribution when the mobile moved in
the urban environment.
None o f the above results give the comparison o f urban channel characteristics at
different frequencies. A paper by Bultitude, and Schenk et. al in [2], however considered
the measurement - based comparison o f urban microcellular mobile radio channel
characteristics at 1.9 GHz and a higher frequency, 5.8 GHz, Continuous Wave (CW)
measurements and wideband sounding measurements at both frequencies were conducted.
Characteristics that were reported include transmission loss, RMS delay spread,
frequency correlation and envelope fading statistics. The wideband measurements were
conducted in downtown Ottawa, and were from street sections within two city blocks o f
the Tx site. At both frequencies, transmission with an EIRP of +36 dBm was from a
biconical antenna m ounted at 7.8 m above the sidewalk along urban street. Reception at
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each centre frequency was via a tuned quarter-wavelength monopole mounted in the
centre o f a minivan roof. Measurements at 1.9 GHz and 5.8 GHz were made on different
days. The measured data at both frequencies were recorded from approximately the same
street sections. From the Tx, 511 chip PN sequences were transmitted at a rate o f 5
Mchips/s. O ff -a ir signals at the Rx were quadrature down-converted and sampled at 10
Msamples/s.

Time series data were recorded at 450 impulse response estimates per

second. Conclusions were that RMS delay spreads were approximately the same in the
two frequency bands, but that transmission loss would be approximately 10 dB greater at
6 GHz.
In order to improve on the latter work, in which measurements were conducted in
two bands on different days, by obtaining measurements o f channel characteristics under
almost exactly the same conditions in 2 and 6 GHz frequency bands, quasi-simultaneous
measurements are conducted in the work o f this thesis.
Prediction o f Rake receiver performance in DSSS systems has also been studied for
many years. In order to accurately account for SI, Adnani in [3] presented a new
computationally efficient semi-analytical technique (SAT) for the prediction o f Rake
receiver performance on fading multipath channel. This technique avoids some
commonly used assumptions. For example, often relative time-delays between any two
received MPGs are assumed to be an integer multiple o f the chip period, received MPGs
are assumed to have equal average powers and the fading o f MPGs is assumed to be
identical, and independently distributed (i.i.d) and Rayleigh. These assumptions have
been made to allow the development o f channel m odels that are simplified with respect to
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reality in order to achieve simplicity and mathematical tractability, but [3] shows that
they can lead to significant errors in link performance prediction.
There are numerous reports and publications based on those assumptions. For
example, Boujemaa and Siala [17] obtained a simplified expression for Rake receiver
performance with the assumption o f chip-spaced MPGs. Chip-spaced MPGs can result in
SI that can be characterised by a binominal distribution, and make analysis o f error
performance much more easy. On real mobile radio channels, multipath fading makes the
delay o f received MPGs vary randomly. It is obvious therefore the assumption o f
received chip-spaced MPGs is not true. Also Torrieri in [18] analysed the performance o f
DSSS systems with long pseudo noise sequences. The SI was modelled as a Gaussian
distribution for spreading factors greater than 64. The paper presented an approach that
assumed that if the spreading factor increases to a greater enough value, the binominal
distribution o f SI can be m odelled as a Gaussian distribution. In [19], Cheun derived error
probability expressions for BPSK and QPSK DSSS systems employing random spreading
sequences with Rake receiver. The fading o f received M PGs was m odelled as Rayleigh
and i.i.d. The analysis o f measured data shows that the assumption o f equal power and
i.i.d Rayleigh fading for received MPGs is seldom valid. Again, the paper modelled SI as
a Gaussian distribution.

To avoid the Gaussian approximation, Hwang and Lee [20]

analysed the performance o f Rake receiver in DSSS systems operating at high data rates
with low processing g a in ' (i.e. low spreading factors) by using a simulation-based
technique that averaged performance over random spreading codes. Guenach and
Vandendorps [21] analysed the downlink BER performance o f a BPSK-based WCDMA
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with Rake receiver. Time-delayed MPGs were assumed as Rayleigh fading. That is not
always true also. Simulation-based BER performance results were presented in that paper.
Lehnert and Pursley in [6] created a semi-analytical technique to estimate the effects
o f M AI on performance in a DSSS system for random spreading sequences when a
correlation receiver was used on a non-fading channel. An expression for the decision
statistic o f a cross-correlation Rake receiver was presented. This enabled the conditional
density function o f MAI to be obtained. The interference due to 2 Nj possible sequences
o f length N d was divided into N s classed to determine arbitrarily tight upper and lower
bounds distribution o f M AI leading to tractable expressions for BER. Through extending
the technique in [6] for MAI in non-fading environment, Adnani in [3] developed a semianalytical technique to make BER predictions taking the effects o f SI into accurate
account. A comprehensive analysis o f SI for one single transmitter with random
spreading sequences in DSSS systems was reported. The expression o f the decision
statistic for a Rake receiver and the conditional probability density function of SI were
presented, and the expressions for BER bounds were also reported. Simulation-based
verification o f the SAT included a M onte-Carlo simulation to estimate the BER for the
case in which only one o f two equal power MPGs was processed in a correlation receiver.
The verification results showed that the SAT provided reliable bounds on BER. It was
found that as the num ber o f subintervals N s that are used to represent the probability
density functions for SI, increases the upper and lower bounds on the PDF for the SI
converge allowing a single BER result. Simulation results showed that the upper and
lower bounds o f BER estimated using the SAT with N = 50 were very close to each
other. BER performance results obtained using the SAT were compared with those
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obtained under different assumptions in the previous literature in [3]. The comparisons
showed that the assumption o f chip-spaced MPGs and SI Gaussian assumptions both led
to the overestimate o f BER performance. The BER performance evaluated by assuming
equal powered MPGs gave the maximum diversity gain where the worst result was
obtained when only one o f the equal powered MPGs was processed. The reason was
reported to be that the SI was at its m aximum value when MPGs had equal average
power.
Through the review o f available literature on mobile propagation channel
measurements, channel modelling and prediction o f DSSS mobile link performance, it is
clear that most available channel models do not accurately represent the characteristics
that prevail on urban microcellular channels. Thus, it is also clear that any performance
predictions based on them to meet the stated objectives o f the project would not be
accurate.
Therefore, time series measurements are needed to avoid the requirement for the use
o f simplified channel modelling. Estimation o f channel impulse response and other time
delay parameters, such as APDP, MPGs and RMS delay spread provides necessary
information for the design o f mobile communication systems.
Prediction o f BER performance in the work o f this thesis includes two parts: one part
is BER prediction at 2 and 6 GHz with low spreading factor o f 7 (i.e. high data rates), the
methods outlined in [3] are adopted in order to accurately account for SI in
IM TAdvanced systems. Interpretation and comparison o f BER results at two frequencies
are done. Assessment o f the requirement for enhanced channel protection arising from
the use o f low spreading factors to allow higher data rate transmissions is also done in the
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thesis. In addition, BER prediction that applies to the simple movement o f IMT2000
systems with high spreading factor o f 128 (i.e. low data rates) to higher frequency bands
is done in the work o f this thesis. W ithout consideration o f SI, it doesn’t require any
special treatment. Comparisons and assessment o f error performance in frequency bands
near 2 and 6 GHz are presented.
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Chapter 3
Experimental Set-up and Data Analysis
The channel measurement system used for the work reported in this thesis is described in
this chapter. Then, the method for using the measured data to estimate radio channel
characteristics is presented, and analysis results are shown.
The propagation parameters o f interest in radio channel characterization for the
estimation o f Rake receiver performance include the channel impulse response, Rake
finger envelope fading time series and RMS delay spreads. Following a description o f the
measurement system in Section 3.1, the data analysis procedures that were used to
estimate these characteristics and data analysis results, which quantitatively report the
parameters o f interest, are reported in Section 3.2.

3.1 The Measurement Equipment
This section includes a description o f the channel measurement system, calibration tests
and the field measurement setup.
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3.1.1 Description of the channel measurement system
Mobile radio propagation channels can be modelled as linear time varying filters. The
channel impulse response changes in time and delay, and can be denoted as h{t,r), as
shown in Fig.3.1.1.

Fig.3.1.1: Impulse response for a linear time varying filter.
The figure shows impulse responses at instant time t 0 , t x and t 2 , reflecting the
channel behaviour at different times.

The curve with “Dash Dot” shows the channel

behaviour as a “time series” at fixed delay r n, and the curve with “Dash Dot Dot” shows
the channel behaviour o f impulse response following time and delay series.
The impulse response o f a linear filter can be obtained using a cross correlation
technique when the input signal x { t ) is a white noise [22],
=

=

(3.1)

where y ( t ) is the channel output and 7?^ (r ) = S ( t ) .
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Using the same technique and transmitting a pseudo-noise (PN) sequence, one can
obtain an estimate o f the equivalent impulse response o f a radio channel. It is only an
estimate since spectrum o f a PN sequence is only flat in a limited bandwidth, whereas
white noise has an infinite bandwidth. As the chip rate o f the PN sequence, and hence its
bandwidth increases, the estimation becomes more accurate.
In practice, in order to measure the impulse response, the cross-correlation can be
written as:
R . { t , T ) = h (t,T )® h sys{ t , r ) ® R j t , r )

(3.2)

Hence, the radio channel’s impulse response is not only convolved with the
autocorrelation o f the input PN sequence Rxx(t,r), but also with the impulse response o f
the measurement system hsys (t, t ) . In our experiment, a channel sounding system was
used, and the total channel is comprised o f the transmitter (Tx), mobile radio channel,
and the receiver (Rx), so the impulse response estimates are defined as the system
response estimates, i.e. the experimental system response estimates (abbreviated as SREs
in this thesis). A Back-to-Back (BB) test in each frequency band was done to obtain a
reference sequence under the condition that the channel is ideal channel and
approximated by a distortionless transmission line between the system Tx and Rx. Auto
correlation functions (ACFs) and transfer functions (TFs) o f the BB reference sequences
at 2 and 6 GHz are shown in Fig.3.1.2. These were recorded when the input power at the
receiver at 2 and 6 GHz were -10 dBm and -11.5 dBm, respectively.

The multipath

power sensitivity ratio (MPSR defined as the max power to the noise plus sidelobe level)
at both frequencies is -50 dB. Above the threshold -45 dB, the delay caused by the system
is the same at the two frequencies.
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Fig.3.1.2: ACFs and TFs o f BB reference sequences at 2 and 6 GHz.
During the measurement, a PN sequence o f length 511 chips was transmitted at a rate
o f 5 M chips/s, which is very close to the chip rate o f 3.84 Mchips/s used in IMT 2000
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systems. SREs estimated from such radio channel soundings are therefore similar to the
equivalent channel impulse response on single links in IMT2000 systems.
According to N yquist’s sampling theorem, the minimum sampling rate should be at
least twice the maximum rate o f channel variations. Herein, the measurement snapshot
rate should be:

/sn a p s h o t

— ^ f Dmlx

where f o ma is the maximum Doppler frequency, f Dma —

(3.3)

, where v represents the

vehicle speed and X represents the wavelength o f the transmitted signal.
The channel snapshot rate is reciprocal o f the time interval tSNAR between the
consecutively sampled snapshots o f the received PN sequences, so one can get:

. 1
^SNAP — * r

(3.4)

c
The wavelength o f the signal at 2.25 GHz i s ^ = — =0.1333 m. Thus the maximum
f
time interval between consecutively sampled snapshots should be 11.7 ms when the
vehicle speed is, say, 20 Km/h. At 5.8 GHz, X6 = 0 .0 5 17m, and the maximum time
interval between consecutively sampled snapshots at this frequency should be 4.5 ms
when the vehicle speed is 20 Km/h.
In the work o f this thesis, there are three sets o f measured data. One set o f data was
measured and recorded separately on different days at 1.9 GHz and 5.8 GHz in
downtown Ottawa by CRC before this thesis project began, we will refer to this as the old
set o f data. The other two sets o f data were measured and recorded quasi-simultaneously
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(i.e. within 20 microseconds o f each other) at 2.25 GHz and 5.8 GHz in downtown
Ottawa during the work o f this thesis, we refer to this as the new sets o f data. For
convenience in the later data analysis, 1.9 and 2.25 GHz work is referred to as being at 2
GHz, and 5.8 GHz work is referred to as being at 6 GHz (i.e. in the 2 and 6 GHz
frequency bands, respectively).
The old set o f data was recorded with a snapshot rate o f 450 Hz, i.e. 2.2 ms time
interval between consecutively sampled snapshots, while the new sets o f data were
recorded quasi-simultaneously with a snapshot rate o f 750 Hz, i.e. 1.3 ms time interval
between consecutively sampled snapshots.
The snapshot rate o f 450 Hz is more than 10 times o f the Doppler spread o f 2 GHz
( f Dm ix = 42.7 Hz), and 4 times o f the Doppler spread o f 6 GHz ( / „‘-'m ix =111.1 Hz) at the
maximum measurement vehicle speed o f 20 km/h, which was limited to this value as a
reasonable tradeoff between sampling rate and memory space considerations.
The measurement system consists o f a pseudo-noise (PN) coded, BPSK Tx and a
direct sampling Rx. Sampled data are stored during field work, and later cross correlated
with a BB PN reference sequence that was recorded when the Tx and Rx were connected
via a short coaxial cable.

3.1.1.1

The Transmitter

The measurement system (referred to as CRC-Chanprobe) Transmitter block diagram is
shown in Fig.3.1.3. In the Transmitter, a PN generator consisting o f feedback shift
registers generates 511 chip sequences. The 5 Mchips/s chip clock is generated by a
digital PLL. Hence, a delay resolution o f 200 ns is achieved with a 10 M Hz RF

31

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

bandwidth. PN sequences are modulated on a 950 MHz carrier. After a band pass filter, a
power splitter splits the power o f the 950 M Hz modulated signal and applies it to
different up converter / power amplifier / antenna chains. The transmitter simultaneously
transmits two BPSK PN modulated signals, one at 2.25 GHz and one at 5.8 GHz.
2.25 GHz transmitted
signal
1.3 GHz
PLO
Power Amp.
2.25/100
GHz BPF

PN - gen.

BPSK
modulator

950/100
MHzBPF

Power
Splitter

5.8 GHz transmitted
signal

950 MHz
PLO
GHz BPF

10/5 MHz
Rubidium Standard

.. 85 GHz
PLO

Power Amp.

Fig.3.1.3: Measurement system Transmitter block diagram.

3.1.1.2

The Receiver

One broadband biconical antenna is used to receive both 2.25 and 5.8 GHz signals.
Fig.3.1.4 shows the receiver block diagram. Through the control o f a PC, the switch near
the receiver front end can be used to sequentially receive in both 2 and 6 GHz frequency
bands.
In the Receiver, the received signals pass through 2.25 and 5.8 GHz band pass filters.
Using a mixer, the 5.8 GHz signal is first down converted to 2.25 GHz. A switch is used
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to automatically switch signals at 2.25 and 5.8 GHz. A programmable attenuator is then
used to adjust the power level to avoid clipping at the baseband input to the A / D
converter. After a second 2.25 GHz band pass filter and amplifier, the signal is down
converted to a 70 M Hz IF. After a 70 M Hz band pass filter, amplifier and I / Q
demodulator, the baseband I / Q signals can be sampled under PC control using a 16-bit
A/D converter.

Multiple conversion stages are used to facilitate the use o f the

measurement system for different experiments with different bandwidths at different
frequencies.

Amp.
2,25 GHz received signal
2 .2 5 / 1 0 0
G H zB PF

h

x
LNA

Power
Splitter

c

Switch

j> |

f

LPF

2.25 GHz signal
Monitor output

Programmable
Attenuator
Amplifier

2 .2 5 / 1 0 0
GH z BPF

HX

Coupler

5.8 GHz received signal
2 .2 5 GHz
5 .8 /1 0 0
G H z BPF

7 0 /1 0
M H zB P F

l*X

Demodulator

Amp.
2.18 GHz
PLO
3. 35 GH z
PLO

10/5 MHz
Rubidium standard

70 M Hz
PLO

Fig. 3.1.4: M easurement system Receiver block diagram.
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3.1.2 System calibration tests
In order to determine the region o f linear operation for the Rx, BB calibration tests for the
measurement system are important. An HP variable attenuator was used to adjust the
input power level at the Receiver front end, as shown in Fig.3.1.5.

HP

Tx

Rx

A tten.

Short coaxial cable

Fig.3.1.5: BB calibration tests configuration.

3.1.2.1

2.25 GHz calibration tests

Before the Tx power amplifier, which was omitted from the BB tests, the power o f the Tx
signal at 2.25 GHz was -1 0 dBm. After setting the HP attenuator to 6 dB, and adding two
10 dB fixed pads, the input power to the Rx front end was measured to be -3 6 dBm. Then
when the programmable attenuator was set to 38 dB, an oscilloscope indicated the
reception o f a PN signal with one-volt peak amplitude at the A/D converter input, which
is specified to operate without clipping at that level. A power meter at the 2.25 GHz
monitor output showed -8 dBm.
The above-described BB recording was used as a BB reference to obtain later cross
correlation results.
Increasing the HP attenuator to 10 dB, the Rx input power was changed to - 40 dBm.
Decreasing the programmable attenuator from 38 dB to 34 dB to compensate for the 4 dB
loss, the power o f the 2.25 GHz monitor output was kept at - 8 dBm.
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The 2nd BB recording was taken and indicated that the ACF and the cross correlation
functions (CCF) were symmetrical and clean with MPSRs 44 and 46 dB, respectively.
The TF was symmetrical and very clean.
Increasing the HP attenuator by another 5 dB to 15 dB, the Rx input power was
changed to - 45 dBm. Decreasing the programmable attenuator to 29 dB to compensate
for the 5 dB loss, the power o f the 2.25 GHz monitor output was kept at - 8 dBm.
The 3rd BB recording was taken and showed that the ACF and CCF were
symmetrical and clean with MPSRs 44 and 43 dB, respectively. CCF with ears was at 40
dB. The TF was symmetrical and very clean.
Step by step a total o f 17 BB test files were recorded at 2.25 GHz. The CCF peak
powers as a function o f relative input power in front o f the Rx are shown in Fig.3.1.6. It
can be seen that the linear region o f input power for the Rx was from -75 dBm to -115
dBm. During field measurements, when received power was greater than -75 dBm, as
indicated by clipping o f recorded test signals, either an attenuator at the Tx or the
programmable attenuator in the Rx was adjusted so as to maintain the input to the A/D
converter to be less than one-volt peak.

3.1.2.2

5.8 GHz calibration tests

Identical calibration tests were conducted at 5.8 GHz. Results are shown along with
the 2.25 GHz results in Fig.3.1.6. It can be seen that the linear region o f the input power
for the Rx without power amplifier in Tx operated at 5.8 GHz was from -70 dBm to -115
dBm.
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-9 0

-100

-110

-120

Fig.3.1.6: BB calibration test results at 2.25 GHz and 5.8 GHz.

3.1.3 Measurement setup
Quasi-simultaneous 2 and 6 GHz field measurements were conducted in downtown
Ottawa. To simulate a m icrocellular base-station, the Tx was housed in a van parked at a
curbside. PN sequences o f 511 chips in length were transmitted at a rate o f 5 Mchips/s.
After BPSK modulation and up-conversion, the 2 and 6 GHz band RF signals were
transmitted through different antennas, which were mounted on a mast above the van
with a height o f 5.5 m above ground level.
The Rx was in a minivan that was driven at traffic speeds less than 20 km/h on all
streets within about 4 city blocks o f the Tx site. A single biconical antenna was mounted
on the roof o f the mini van and used to receive in both frequency bands. The A/D
converter output was sampled at 10 M samples/second (the sample period is 100 ns) and

36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

recorded. During each measurement snapshot, one sequence length was recorded in each
frequency band.
Both the Tx and Rx oscillators in the measurement system were slaved to phasecoherent rubidium standards and all clocks ran synchronously. This rendered recorded
data that were suitable for later time-series analyses.
Cross correlations between the measurement data recorded in the field and the
laboratory-recorded BB PN reference sequence resulted in the SREs that were used in all
data analyses.
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3.2 Data analyses
This section describes the data analysis methods used for the estimation o f channel
parameters. The analysis results including a comparison o f channel characteristics in the
2 and 6 GHz frequency bands are also presented.

3.2.1 Analysis methods
The radio channel measurement system is a DSSS Tx / Rx system with a 10 M Hz RF
bandwidth. This renders approximately the same delay resolution as an IMT2000 receiver.
The methods o f obtaining received signal o f interest are presented in the following
section.

3.2.1.1

Average Power Delay Profile (APDP) and Multipath Group

(MPG) identification
An APDP, which is the expected value o f the received power at a certain delay, is the
basic parameter to characterise the significance o f delay dispersion on the channel and
multipath effects. Herein for each street section (referred to below as a “channel”) where
propagation measurements were made, an APDP is the result from averaging o f the
squared magnitude o f consecutive SREs in 1-sec-long time series.
Through the obtained APDP, one can easily find the strongest M PG o f the channel.
The second strongest MPG was selected based the consideration that adjacent samples
from the measurement system are really within the resolution bandwidth o f the Rx, so
would be expected to exhibit highly correlated characteristics.

Thus, in this thesis,
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adjacent MPGs were selected as being spaced apart by 3 samples or at 1.5 chip intervals,
since with greater spacings, power falls o ff too rapidly.
Fig.3.2.1 shows the APDP which was obtained from the old set o f data measured on
a typical street section: Bank Street, between Gloucester St. and Laurier Avenue.

APDP at 2 GHz

2

3
4
5
6
7
E xcess Delay (microseconds)

-q.

.2

APDP at 6 GHz
MPG

-4 0

-1

1

2

3
4
5
6
7
E xcess Delay (microseconds)

10

Fig.3.2.1: APDP and MPGs estimated from the old set o f data recorded on Bank Street:
between Gloucester St. and Laurier Ave.
The APDPs were obtained by averaging the squared magnitudes o f 1-sec-long
consecutive SREs in time series at 2 and 6 GHz for the same street section. The MPGs o f
interest in the APDPs were those, which had powers relative to the main peak in the
APDPs o f greater than -2 0 dB. As mentioned previously, the MPGs were picked with 1.5
chip intervals. There are three MPGs at 2 GHz and 2 MPGs at 6 GHz on the above
typical links.
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Another example in Fig.3.2.2 shows the APDP obtained from the measured data
recorded on Kent Street, between Slater St. and Albert St. Above the threshold -2 0 dB,
there were 5 received MPGs at 2 GHz with relative powers 0, -9.8 dB, -11.1 dB, -14.5 dB
and -18.3 dB; 6 received MPGs at 6 GHz with relative powers 0, -3.5 dB, -6.7 dB, -10.8
d B ,-16.7 dB a n d -19.6 dB.
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Fig.3.2.2: APDP and MPGs estimated from the old set o f data recorded on Kent Street:
between Slater St. and Albert St.
The time series o f envelope fading for the three strongest MPGs at 2 and 6 GHz are
shown in Fig.3.2.3 and Fig.3.2.4, respectively. The figures show that 6 GHz data presents
more fading compared with 2 GHz data within the same 1-sec-long snapshot. That is
predictable because at high frequency, the phase o f the signal changes faster resulting in
more fading compared with the fading o f a signal at a lower frequency.
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Fig.3.2.3: Envelope time series o f the three strongest MPGs at 2 GHz on Kent Street,
between Slater St. and Albert St.
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Fig.3.2.4: Envelope time series o f the three strongest MPGs at 6 GHz on Kent Street,
between Slater St. and Albert St.
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Experimentally determined cumulative distribution functions (ECDFs) o f envelope
fading for the three strongest selected MPGs at 2 and 6 GHz are shown in Fig.3.2.5 to
Fig.3.2.6.
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Fig.3.2.5: ECDFs o f envelope fading for the three strongest MPGs at 2 GHz on Kent
Street, between Slater St. and Albert St.
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Fig.3.2.6: ECDFs o f envelope fading for the three strongest MPGs at 6 GHz on Kent
Street, between Slater St. and Albert St.
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One parameter, fading range (FR), is used to characterize the fading o f selected MPG.
Fading range is defined as the range o f ECDF o f envelope fading for MPG, from 10 % to
90 % due to unstable tails o f ECDF under the conditions o f limited measured data
samples in each case. The fading ranges for the above three strongest MPGs at 2 GHz
were thus determined to be 7 dB, 15 dB and 9 dB. The fading ranges o f those at 6 GHz
were determined to be 13 dB, 12 dB and 13 dB. It should be noted that the greater values
at 6 GHz reflect a greater probability o f fading rather than deeper fade depths. Cross
correlation between fading envelopes o f the selected M PGs were calculated. For the
above case, the correlation coefficient matrices o f envelope fading for the three strongest
MPGs at 2 and 6 GHz were evaluated and the results show that the correlation
coefficients were very small, being within the range o f ± 0.2.
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1.0000

0.0502
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0.1507

The above result indicates that the selected MPGs exhibited negligible correlation
and should be suitable for use in Rake combining. The -7 dB is the lowest relative power
to the strongest MPG for which worthwhile combining gains can be achieved when there
are channel estimation errors. On the above typical radio links, three MPGs whose
powers were greater than - 7 dB were used for Rake combining at 6 GHz, while only the
strongest M PG was used at 2 GHz. Fig.3.2.7 shows the comparison o f time series and
ECDF o f fading envelope after Rake combining at 6 GHz and those for the strongest
MPG at 2 GHz. From the figure, one can get the fading range o f the ECDF after Rake
combining at 6 GHz is 7 dB, same as that o f the strongest MPG at 2 GHz. The analysis o f
BER performance on this typical channel will be shown in Chapter 4.
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Fig.3.2.7: Comparison o f time series and ECDF o f envelope fading after Rake combining
o f the three strongest MPGs at 6 GHz and those for the strongest MPG at 2 GHz on Kent
Street, between Slater St. and Albert St.
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3 .2 .1 .2

R M S d e la y s p re a d s

The RMS delay spread associated with a fading radio channel is the square root o f the
second central moment o f the APDP and can be written as crr = - / r 2 - ( t )2 .

where f =

;— r - is the mean excess delay and t
k

= -4 = — -— r -

where P (r,.) is the

k

average power received at delay t k.
However, there are practical concerns in analysing mobile radio data, such as the
tracking o f time varying delays o f received multipath components, and the presence o f
sounder signal cross-correlation sidelobes and receiver noise. The methods that were used
for dealing with these problems in estimating RMS delay spreads from the old set o f data
were different from the methods applied to analyse the data that were newly recorded for
the thesis project reported herein.
The old set o f data recorded previously was somewhat noisier, and they also
contained artifacts that were probably the result o f clipping by the A/D converter in
C RC ’s previous measurement system ’s data collection system, constructed in 1992 and
retired in 1998. Two steps were taken to post process these older data before estimating
RMS delay spreads: First, all APDPs were framed within a window with a reasonable
width. The width o f the window was set 12 ms because a consideration o f physics (this is
propagation loss) shows that multipath echoes with 12 ms would not have relative powers
as large as some o f the spikes in the measured data. The energy outside this window was
considered to be noise or the result o f imperfections in the measurement system, so was
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excluded from the calculation. The window width was the same at 2 and 6 GHz for all
radio channels.
Second, a relative power threshold was selected. The energy lower than the threshold
was considered to be noise, and was not included for the calculation. Such thresholds
were different for different street sections, in accordance with the variation in received
signal to noise ratio from location-to-location. The energy above the threshold was used
to calculate RMS delay spreads, as shown in Fig.3.2.8.
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Fig.3.2.8: RMS delay spread from the old set o f data at 2 GHz on Bank Street,
between Gloucester St. and Laurier Ave.
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Fig.3.2.9: RMS delay spread estimated from the new set o f data recorded on Kent Street,
between Laurier Ave. and Slater St. with Tx on Laurier Ave.
The new set o f data recorded by the quasi-simultaneous measurement system had
less noise and care was taken to avoid A/D clipping during experiments. W indowing was
therefore not applied, but the noise thresholding procedure was identical.
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3.2.2 Analysis results
Three sets o f measured data were analysed in the work o f this thesis. The old set o f data
was collected by CRC in downtown Ottawa before the current thesis project began.
Those data were m easured at 2 and 6 GHz separately on different day with the Tx at site
T x l2 at curbside on a street that ran in an east-west direction. The two new sets of data
were measured quasi - simultaneously in both frequency bands during this thesis project.
These data sets were measured with the Tx in different, nearby locations. One location
was at site T xl which was the same as that used for the previous measurements. The
other was at site Tx23 which was around the com er from site T x l, on a street that ran in a
north-south direction. This section reports propagation data analysis results for the three
measurement sets separately.

3.2.2.1

Results from analyses of the old set of data

Measurement data from 27 different street sections in downtown Ottawa were analysed to
obtain results reported in this section. Although many more measurements were made,
sorting o f the data revealed that there were only 27 cases in which it could be stated that 2
and 6 GHz measurements were made in approximately the same locations. A map o f the
measurement area showing these street sections can be seen in Fig.3.2.10.

2 Site T x l w as on L aurier A venue, betw een K ent St. and B ank St.
3 Site Tx2 w as on K ent Street, betw een G loucester St. and L aurier Ave.
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3.2.2.1.1

Relative powers o f the three strongest MPGs

For each street section (450 SREs in a 1-sec-long time series), the relative powers for the
three strongest MPGs were estimated from the APDPs. The medians o f the relative
powers for the three strongest MPGs are listed in Table 3.1.
Table 3.1: M edians o f the relative powers for the three strongest M PGs from 27
street sections:
Frequency Band

Median o f relative average power (dB)
1st MPG

2nd MPG

3rd MPG

2 GHz

0

-5

-11

6 GHz

0

-7

- 10

From Table 3.1, one can observe that the 3rd MPG already has very low power, so that
having more than 3 active fingers in a Rake receiver is probably not very beneficial as
reported in [3],
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F ig .3.2 10: M a p sh o w in g m e a s u re m e n t lo c a tio n s fo r th e o ld se t o f d ata, re c o rd e d w ith T x
o n L a u rie r A v e n u e , b e tw e e n K e n t St. a n d B a n k St.
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3.2.2.1.2

Fading statistics

The envelope fading distributions for the three strongest MPGs on each street section
were analysed. The ECDFs o f fading ranges for the old set o f data are shown in
Fig.3.2.11.
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Fig.3.2.11: ECDFs o f fading ranges for the three strongest MPGs from 27 street sections
in downtown Ottawa.
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The above figure shows that the changes o f fading ranges for the MPGs are slightly
wider at 2 GHz than that at 6 GHz, but the median results that are listed in Table 3.2 for
both frequencies show that the average fading behaviour is almost the same at 2 and 6
GHz. F inn conclusions can’t be drawn because the data pool is too small.
Table 3.2: Medians o f envelope fading ranges (10%: 90%) for 27 street sections.
Frequency Band

Median o f envelope fading ranges (10%: 90%) (dB)
1st MPG

2nd MPG

3rd MPG

2 GHz

13

14

13

6 GHz

13

13

13

The fading statistics were studied for the old set o f data, after Rake combining o f
MPGs with powers relative to that o f the strongest MPG that were greater than - 7 dB, as
shown in Fig.3.2.12. Figure (a) shows ECDFs o f fading ranges after Rake combining at 2
and 6 GHz. The median o f fading ranges at 2 GHz is 9.2 dB, and the median o f fading
ranges at 6 GHz is 10.1 dB. The small difference between these results is not considered
to be significant given the small num ber o f street sections analysed. Figure (b) shows a
scatter plot o f the above fading ranges. One can see that the fading ranges at 2 GHz were
slightly greater on about 30% o f the street sections and less on about 55% o f the street
sections. The fading range was the same at both frequencies on about 15% o f the street
sections. This indicates that after Rake combining, at 6 GHz, the decision variable would
suffer a wider range o f fading than that at 2 GHz data in the majority o f street sections.
This is expected because the wavelength is shorter at 6 GHz, so the phases o f received
multipath components vary more rapidly in space and time, causing a higher probability
o f both fades and enhancements.
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Fig.3.2.12: ECDFs and scatter plot o f fading ranges after Rake combining for the MPGs
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site T x l.
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Since the measured data were recorded over the same 1-sec-long interval in both
frequency bands, there is a higher probability that phase relationships that give rise to
deep fades occur at 6 GHz than that at 2 GHz within 1-sec interval. It is likely, however,
that if the data recording for the 2 GHz band was made longer, such CDFs would show
that fading to the same depths was equally probable in both bands.

3.2.2.1.3

Correlation coefficient of fading envelopes for MPGs

Cross correlations between the fading o f the envelopes o f different M PGs were studied.
The correlation coefficients for the three strongest MPGs in each channel were estimated.
The average correlation coefficient matrices for the old set o f data are shown as:
0.0084

0.0367'

0.0084

1.0000

1.0000

0.0457

0.0367

0.0457

l.OOOOj

1.0000

0.0002

0.0029'

0.0002

1.0000

0.0231

0.0029

0.0231

1.0000

The result indicates MPGs have lower correlations at 6 GHz than at 2 GHz, and the
correlation o f selected MPGs in both bands is sufficiently small as to indicate that Rake
combining might lead to better BER performance.
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3.2.2.1.4

RMS delay spread

The RMS delay spreads were estimated. Fig.3.2.13 shows ECDFs o f RMS delay spreads
in both bands in NLOS cases. The figure indicates slightly greater values at 2 GHz with
the median o f 313 ns, compared to that o f 288 ns at 6 GHz for the old set o f data when
the Tx was at T x l.
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Fig.3.2.13: ECDFs o f RMS delay spreads for the old set o f data at 2 and 6 GHz in
downtown Ottawa.
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3.2.2.2

Results from analyses of the new set of data (Tx on Kent Street,
between Gloucester St. and Laurier Ave.)

The analyses o f data from 48 street sections, measured when the Tx was at site Tx2, are
presented in this section. A map showing the measurement locations can be seen in
Fig.3.2.14. Both LOS and NLOS cases are considered.

3.2.2.2.1

Relative powers of the first three strongest MPGs

The relative powers for the three strongest MPGs were estimated and analysed. The
medians are listed in Table 3.3.
Table 3.3: Medians o f relative average powers for the three strongest MPGs from 48
street sections:
Frequency Band

Median o f relative average power (dB)

2 GHz
6 GHz

1st MPG
0
0

2nd MPG
-12
-12

3rd MPG
-16
- 16

Table 3.3 shows that the relative powers o f the second and third MPGs for this set o f
data measured with the Tx at site Tx2 are much lower compared with those o f the old set
o f data, measured with the Tx at site T x l, which is on Laurier Avenue, between Kent St.
and Bank St. It is believed that this is because there is more open space close to Tx2 than
there is in the immediate proxim ity o f T x l.
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Fig.3.2.14: Map showing measurement locations for the new set o f data, recorded with
the Tx on Kent Street, between Gloucester St. and Laurier Ave.
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3.2.2.2.2

Fading statistics

The envelope fading distributions for the three strongest MPGs on each street section
were analysed. The ECDFs o f fading ranges for the set o f data at 2 and 6 GHz are shown
in Fig.3.2.15.
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Fig.3.2.15: ECDFs o f fading ranges for the three strongest MPGs from 48 street sections
in downtown Ottawa.
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Figure 3.2.15 shows that the changes o f fading ranges for the MPGs are almost same
at both frequencies. Table 3.4 lists the median results, showing that the average fading
behaviours are almost the same at 2 and 6 GHz for the set o f measurement. Again, firm
conclusions can’t be drawn about the comparison between the 2 and 6 GHz results
because the data pool is too small, as there should be more than 100 independent samples
from reasonable statistical significance [23].
Table 3.4: Medians o f envelope fading ranges (10%: 90%) for 48 street sections.
Frequency Band

Median o f envelope fading ranges (10%: 90%) (dB)

2 GHz
6 GHz

1st MPG
11
12

2nd MPG
14
14

3rd MPG
13
13

The fading statistics were studied for this set o f data, after Rake combining o f MPGs
with powers relative to that o f the strongest MPG that were greater than - 7 dB, as shown
in Fig.3.2.16. Figure (a) shows the ECDFs o f fading ranges for MPGs after Rake
combining. The median o f fading ranges at 2 GHz is 11 dB, and the median o f fading
ranges at 6 GHz is 11.9 dB. Figure (b) shows a scatter plot o f the above fading ranges,
one can get the fading ranges in the two frequency bands were equal on about 5 % o f the
street sections, greater at 2 GHz on about 45 %, and greater at 6 GHz on about 50 % o f
measured street sections.
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3.2.2.2.3

RMS delay spread

The RMS delay spreads for both LOS and NLOS street sections were calculated and the
ECDFs o f the RMS delay spreads for the set o f data at 2 and 6 GHz are shown in
Fig.3.2.17. The results show that the median o f RMS delay spreads at both frequencies
are almost same in LOS, and slightly greater at 2 GHz with the median o f 200 ns
compared with the median o f 160 ns at 6 GHz in NLOS.
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3.2.2.3

Results from analyses of the new set of data (Tx on Laurier

Avenue, between Kent St. and Bank St.)
Results o f propagation data analyses for 147 street sections, measured when the Tx was
at site T x l, are presented. A map showing the measurement locations can be seen in
Fig.3.2.18. The analyses include LOS and NLOS cases.

3.2.2.3.1

Relative powers of the first three strongest MPGs

The relative powers for the three strongest MPGs were estimated and analysed for each
o f the radio channel. The medians are listed in Table 3.5.
Table 3.5: Medians o f relative average powers for the three strongest MPGs from 147
street sections:
Frequency Band

Median o f relative average powers (dB)

2 GHz
6 GHz

1st MPG
0
0

2nd MPG
-6
-7

3rd MPG
-10
- 11

Comparison o f Table 3.1 and Table 3.5 shows that the relative powers o f the second
and third MPGs for the two sets o f data are almost same. The reason is that the two sets
o f data were recorded with the Tx on the same site - T x l. Table 3.3 shows the relative
powers o f the second and third MPGs evaluated from the data recorded with the Tx at
Tx2 are low compared with those in Table 3.1 and Table 3.5. This indicates that
considerable variation in channel parameters can be expected for different microcell base
station when the density and height o f buildings is non-uniform, as in downtown Ottawa.
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Fig.3.2.18: Map showing measurement locations for the new set of data, recorded with
the Tx on Laurier Avenue, between Kent St. and Bank St.

65

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3.2.2.3.2

Fading statistics

The envelope fading distributions for the three strongest MPGs on each street section
were analysed. ECDFs o f fading ranges for the three strongest MPGs are shown in
Fig.3.2.19.
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Fig.3.2.19: ECDFs o f fading ranges for the three strongest MPGs from 147 street sections
in downtown Ottawa.
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Figure 3.2.19 shows that the changes o f fading ranges for the MPGs are almost the
same at both frequencies. Table 3.6 lists the medians o f envelope fading ranges (10%:
90%) for the above different cases, showing that the average fading behaviour is the same
at 2 and 6 GHz.
Table 3.6: Medians o f envelope fading ranges (10%: 90%) for 147 street sections.
Frequency Band

Median o f envelope fading ranges (10%: 90%) (dB)

2 GHz
6 GHz

1st MPG
13
13

2nd MPG
13
13

3rd MPG
13
13

The fading statistics were studied for this set o f data, after Rake combining o f MPGs
with powers relative to that o f the strongest MPG that were greater than - 7 dB, as shown
in Fig.3.2.20. Figure (a) shows the ECDFs o f fading ranges for MPGs after Rake
combining. The median o f fading ranges at 2 GHz is 9.1 dB, and the median o f fading
ranges at 6 GHz is 10.6 dB. Figure (b) shows a scatter plot o f the above fading ranges.
From the figure, it can be estimated that the fading ranges at both frequency bands were
equal on about 6 % o f the measured street sections, the fading ranges at 2 GHz were
slightly greater in about 30 %, and the fading ranges at 6 GHz were greater in about 64 %.
As previously stated, it can be concluded that, over the same time interval, there is a
greater probability that, at 6 GHz, the output from a Rake combiner would be in a faded
condition.
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3.2.2.3.3

RMS delay spread

The RMS delay spreads for LOS and NLOS were calculated and the ECDFs o f the RMS
delay spread at 2 and 6 GHz are shown in Fig.3.2.21. The results show that 2 GHz data
have slightly greater RMS delay spread in both LOS and NLOS street locations.
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3.3 Conclusions
Based on the analyses in the previous sections, there are several conclusions:
A. Envelope fading for different MPGs with 300 ns spacing exhibits little cross
correlation

with

the

average

cross-correlation

coefficient being

within

the

range ± 0.05 . Significant combining gains should therefore be available with Rake
combining, if multiple MPGs are available with a small spread in relative powers.
B. Analysis results show that typically up to three MPGs with powers within a 7 dB
range relative to the strongest MPG, are available for Rake combining.
C. The fading distributions o f M PGs vary significantly with the location o f transmitter.
This indicates that considerable variation in channel parameters can be expected for
different microcell base station locations when the density and height o f buildings is
non-uniform, as in downtown Ottawa.
D. In LOS, the RMS delay spreads at 2 GHz and 6 GHz are approximately the same,
whereas in NLOS, more than 80 % o f the RMS delay spreads at 2 GHz' are slightly
greater than those at 6 GHz. Reasons for this are not clear.
E. In the 1-sec-long time series analysed during work for this thesis, ECDFs o f fading
ranges for MPGs after Rake combining showed the fading ranges to be greater at 6
GHz. This is due to fact that the wavelength is shorter at 6GHz and thus, within any
time or space interval, phase relationships that result in a fade are more probable.
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Chapter 4
Semi-Analytical Prediction of BER Performance
on DSSS Mobile Radio Links

A semi-analytical technique (SAT), for predicating the BER performance o f DSSS Rake
receivers was reported earlier by Adnani [3]. This technique was applied to measured
propagation data for high data rate BER predictions reported in this thesis. The
theoretical basis for this technique is therefore reviewed in this chapter. Then, BER
prediction results are reported. Finally, a comparison o f BER predictions based on quasisimultaneous channel soundings in the 2 and 6 GHz frequency bands and an explanation
o f the results based on knowledge o f propagation parameters are presented.

4.1 BER Prediction method
The SAT is a method through which numerical integration o f upper and lower bounds on
distributions for SI can be used to calculate BERs in cases when SI must be accounted for
[3], Its use in a time series mode allows the substitution o f channel models with actual
channel soundings to give more accurate results for particular scenarios.
Analytical expressions for BER in multipath fading environments are normally
derived under the following assumptions:
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•

The MPGs received at different Rake fingers are assumed to have equal average
power [1];

•

The fading o f the received MPGs is assumed to be Rayleigh and i.i.d [1];

•

The relative time-delay between received MPGs is assumed to be an integer multiple
o f the chip period [17 ] [18];
Obviously, the above assumptions are not true in general. Due to time dispersion in

frequency selective fading environments, the delayed MPGs appear randomly, and create
unpredictable SI. Inclusion o f an expression for the PDF o f SI in analytical equations
makes the calculation o f BER very complex and intractable.
However, based on the semi-analytical technique reported in the literature by
Lehnert and Pursley to analyze multiple-access interference in non-fading environments,
Adnani [3] made extensions to develop a new SAT for application to the problem o f SI in
multipath fading environments where DSSS radio links must sometimes operate.
Consider again equation (2.3) o f Chapter 2 for the normalized decision variable at
the output o f a Rake receiver with L Rake fingers:

= N , b i IA,f + i

where

w kj =

the

second term

l ' ' +r‘ b (t -

i
/= 1 k

/= !

is

hkJ^ ^ - W
=\,k*i

the

SI

M ' - Ti )dt

*c

caused

u +

JL

«•'•'>

I C

by multipath

propagation,

and

(4.1.2)

is the cross-correlation between interfering binary sequence k and the reference sequence
/. The interference from the k' h MPG to the i"' MPG is assumed to be equal to the
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interference from the i"' MPG to the k' h MPG; also the phase term 0 ki =<pk - (p{ is
assumed to be uniformly distributed on [0.2#].
For a (single) correlator receiver, (i.e. a receiver with L = l), on a channel over which
two MPGs are received, equation (4.1.1) can be written as:
■ ,2
cos
,
I
T
D Unorm = N d b\ hl \ + h 2tl — r ^ - W ^ + - . h r f - t J i
Te
2''
Te \ 2 E „

(4-1.3)

Thus, the SI term for the receiver with one Rake finger and two MPGs is:

^ 2,1 = ^2,1

j

~ ^ 2 ,1 = |^1 11^2^2,1 COS ^2.1

(4-1-4)

c

W1,\ = { J+T' b(t - t 2

- h )a{t - -r, )dt

W
A ,= ^ T -

(4.1.5)

(4-1-6)

A comprehensive analysis concerning the distribution o f I 2 i and a bounding technique to
get the distribution bounds o f H 2 l (i.e. bounds on the distribution o f SI) are reviewed in
Appendix. The technique presents the expression for the upper and lower bounds o f BER
with consideration o f the effects o f SI.

4.2 Verification of methodology
This section shows the comparison o f results from analytical BER predictions for DSSS
BPSK, and BER predictions made using the SAT, for 1 and 2 tap Rayleigh fading
channels. Fading o f the two Rayleigh taps was simulated under an equal average power
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assumption and their fading was uncorrelated. Fig.4.2.1 shows the BER curves in
different situations.

IRE = 10, 000 and Nd = 7
with "u p p er-arro w " m a rk
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tu
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o
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30
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Fig.4.2.1: Comparison o f analytical BER predictions with those made using the SAT for
one-tap and two-tap Rayleigh fading channels.
In Fig.4.2.1, Curve 1, with the sold line shows the analytical BER result for a one-tap
Rayleigh fading channel. The corresponding equation is well known and written as:

P =

1

/
1-

where f h

Pi +P
r„

(4.2.1)

* e (cc2) the average signal-to-noise ratio and E { a 2) the average signal

energy [1],
The BER for BPSK m odulation on an additive white Gaussian noise (AWGN)
channel is given by:
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(4.2.2)

where Yb

is the bit energy-to-noise power spectral density ratio.

Curve 2 with the open star markers shows the average BER result from application
o f the BER equation (4.2.2) for BPSK on a non-fading channel under the signal to noise
ratio conditions appropriate to consecutive “instantaneous channel realizations” in the
simulated Rayleigh fading time series.
For this case o f 10,000 channel realizations, it can be seen that the analytical result
from equation (4.2.1) and the time series average result are almost identical.
Based on the assumption that received MPGs have equal power, and exhibit
Rayleigh i.i.d fading the analytical average BER for BPSK with K received MPGs [1] is
K
(4.2.3)

where f i

Curve 3 with the solid dot markers shows the analytical BER if one-finger Rake
receiver is used on the two-tap channel and no consideration is made o f SI.
Curve 4 with the asterisk markers shows the time series average BER without
consideration o f SI in the case o f two equal power MPGs and one Rake finger. It can be
observed that curve 3 and curve 4 are very close. Comparison o f these results with curve
1 and curve 2 shows that the required average Eb / N 0 for any specific error rate has
increased by about 3 dB with respect to the case when the same pow er was received at a
single Rake finger, since only h alf o f the received energy is used by the Rx in this case.
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Curve 5 with the cross markers and Curve 6 with the closed star markers show the
analytical BER results and those calculated via the time series averaging if a two-finger
Rake receiver were used on the two-tap channel. In this case, all o f the received energy
was used for Rake combining. Comparison o f these results shows that there is 1 dB
discrepancy between curve 5 and curve 6. The reason is the powers o f two MPGs in
simulation are not absolutely equal, resulting in less 1 dB lower combining gain
compared with the well-know equation (4.2.3).
W hen the SAT, described previously, is properly applied to account for the effects o f
SI caused by the energy in the second MPG, the upper and lower bounds on BER for only
one Rake finger are shown on curve 7 with up-arrow markers and curve 8 with downarrow markers, respectively. It can be noted these BER bounds are very close to the
analytical result in the low region o f average Eb / N 0, where the SI that results from the
second M PG is insignificant, hence verifying the methods incorporated in the SAT. The
effects o f the SI can be seen in the high average E b / N 0 region, where the BER becomes
constant, regardless o f the increased average E b l N 0, and exhibits an irreducible error
rate floor.
Curves 9, with up-arrow markers, and 10, with down-arrow markers show the upper
and lower bounds on BER computed using the SAT when two-Rake fingers were used on
the two-tap Rayleigh fading channel. It can be seen that significant gain was obtained as a
result o f the Rake combining.
Commonly, when considering the effects o f SI, in order to obtain a tractable BER
result, chip-spaced MPG delays are assumed, i.e. the relative time-delay between any
received MPGs is assumed to be an integer multiple o f the chip period. The PDF o f SI
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based on this assumption follows a binomial distribution as demonstrated on Chapter 2.
When the spreading factor is large enough, the PDF o f SI can be approximated by a
Gaussian distribution, with zero-mean and variance equal to the spreading factor.
Figure 4.2.2 shows the differences between BER results estimated using the SAT
and those estimated with a Gaussian model for the PDF o f SI. The BER results for one
Rake finger on a two-tap equal power Rayleigh fading channel were obtained with
different spreading factors for simulation with 10, 000 channel realizations.
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Fig.4.2.2: Comparison between BER results calculated using the SAT and BER estimated
using a Gaussian model for the PDF o f the SI for a Rake receiver with L =1 and two
equal powered MPGs.
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Curve 1, with the dot markers and curve 2, with the cross markers are the upper and
lower bounds on BER bounds estimated using the SAT, with N d = l . Curve 5 is the BER
calculated using the Gaussian model for the PDF o f SI with N d = 7 , the equation is
given [3] as:

(4.2.4)
\

J

where o \ akl! is the variance o f the noise, a ) is the variance of the SI and equals:

(4.2.5)
,=| j=i+l

i=l j= L +1

It can be noted that the difference between BER results estimated using the SAT and
those calculated using equation (4.2.4) with the Gaussian model for the PDF o f the SI is
greater for the low spreading factor in the region o f practical average E b ! N 0 . This is
because the Gaussian model for the PDF o f the SI is a better fit when the spreading factor
is greater. However, even in the case o f the higher spreading factor, the error with respect
to the above-verified BER estimated with SAT is significant. If such results were used in
system design, it would lead the overestimation o f the required signal-to-noise ratio,
resulting in lower over all cellular system spectral efficiency.
There are two sources o f error that can be encountered when static BER values are
averaged along a measured time series, as described in the foregoing. The first is, when
the tracking o f energy at a particular Rake finger is not 100 % accurate. This can result in
sudden drops o f signal power at the finger under consideration, and yield error rate floors,
where there would be none under perfect signal tracking conditions. Such errors did
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occur in the analysis o f data for some street sections. This can, however, be detected by
visual inspection o f results. Results with this type o f error were discarded. The second is,
if the number o f independent samples is small, resulting BER vs. average Eb / N 0 curves
that attain an abnormally steep slope at high values o f average Eb / N 0 , giving lower BER
values than those that would actually be achieved. The values o f average E b / N 0 at
which this becomes significant depends on the statistical characteristics o f the sampled
data, and therefore varied from street section-to-street section in the work reported in this
thesis. As a result o f visual inspection, it can be reported that at values o f average
Eb / N 0 up to 15 dB, such error occurrences were rare.
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4.3

BER predictions for high data rate transmission

This section reports the prediction o f BERs for cases where high data rates are to be
transmitted in IMT2000 bandwidths, as for example, in some anticipated IMTAdvanced,
single user applications. A spreading factor o f 7 is used, resulting in a transmission rate
o f 550 kbps. Using the SAT to accurately account for SI, the BER values were estimated
from 1-sec-long time data files recorded on 27 street sections with the Tx at site T xl in
downtown Ottawa. Fig.4.3.1 shows a typical BER result, based on data recorded when
the receiver was on Kent Street, driving from Gloucester St. to Laurier Avenue. One can
see that above a threshold o f -20 dB, there were 3 received MPGs at 6 GHz with relative
powers o f 0, -6.6, -14.5 dB. Also there were 3 received MPGs at 2 GHz with relative
powers o f 0, -2.2, and -14.1 dB. The two strongest MPGs were used for Rake combining
at both frequencies, since in both cases these had powers greater than -7 dB with respect
to that o f the signal Rake finger 1.

—BER upper bound at 6 GHz, number of Rake finger = 2
BER upper bound at 2 GHz, number of Rake finger = 2
6 GHz: fading range = 7.4 dB

2
LU
a

2 GHz: fading range = 5.3 dB

“5

£
is
Received MPGs with relative powers:
2 GHz: 0, -2.2 dB, -14.1 dB
6 GHz: 0, -6.6 dB, -14.5 dB

20

25

30

Average Eb/No (dB)

Fig.4.3.1: BER vs. A verageE b I N a results based on time series measurements on Kent
Street, between Gloucester St. and Laurier Ave. with N d = 1.
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After Rake combining, the fading range o f the signal presented to the Rake decision
device was 7.4 dB at 6 GHz, and 5.3 dB at 2 GHz. Since the fading range o f the signal is
a m ajor factor in establishing the slope o f the relationship between BER and the
average E b / N 0 , it can be predicted that in the low Eb / N 0 region, when SI is
insignificant, the 6 GHz BER curve should have a shallow slope and the 2 GHz BER
curve should have a steeper slope. In the high E b / N 0 region, when SI comes significant,
the BER curves at both frequencies should show irreducible error rate floors.
From Fig.4.3.1, one can see that there is a greater slope o f the 2 GHz BER curve than
that o f the 6 GHz BER curve in the low Eb / N 0 region, such as values o f average E b / N 0
less than 15 dB. At values o f average E b / N 0 bigger than 16 dB, the SI caused by the
strong delayed MPG at 2 GHz is significant, showing the degradation o f the BER
performance, and resulting in an error rate floor near 6 x l(T 6 when values o f
average E b / N 0 are bigger than 30 dB. The SI caused by the weaker delayed MPG at 6
GHz is, however, insignificant until the value o f average E b / N 0 is 20 dB, and the
irreducible error rate floor at 6 GHz is near 7X 10-4 when values o f average E b / N 0 are
bigger than 30 dB.
Fig.4.3.2 shows another example o f BER results estimated using the SAT from data
recorded when the receiver was on Kent Street, driving from Slater St. to Albert St.
Above the threshold -2 0 dB, there were 6 received MPGs at 6 GHz with relative powers
0, -3.5, -6.7, -10.8, -16.7, and -19.6 dB, and 5 received MPGs at 2 GHz with relative
powers 0, -9.8, -11.1, -14.5, -18.3 dB. Three M PGs whose powers were greater than -
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7dB were used for rake combining at 6 GHz, while only the strongest MPG was used at 2
GHz.
After Rake combining, the fading range o f the signal presented to the receiver’s
decision device was 7 dB in both frequency bands. This means that BER curves at both
frequencies should have same slope in low E b / N o region when SI is insignificant.
Because the 6 GHz combining signal has stronger delayed MPGs, there should be
stronger SI effects at 6 GHz in high E b / N o region.
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Fig.4.3.2: BER vs. A verageE b / N o results based on time series measurements on Kent
Street, between Slater St. and Albert St. with N d - 1 .
In Fig.4.3.2, it is shown that for the values o f average E b / N 0 up to about 17 dB, the
2 GHz and 6 GHz signals have same BER curves. At values o f average E b / N o greater
than 19 dB, the SI effects caused by the two delayed strongest MPGs at 6 GHz become
significant, and can be seen to have caused more severe performance degradation,
resulting in a higher irreducible error rate floor at 6 GHz at the BER value about 8 x H T 5
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when values o f average E b / N 0 are bigger than 22 dB. The SI caused by the weaker
delayed MPG at 2 GHz doesn’t become significant until the value o f average E b / N o
equal to 27 dB and the error floor 1.5 x H T 5 is reached at a value o f average E b / N o 30
dB.
One result o f practical interest that can be obtained from BER vs average
E b / N o results, such as those discussed in the foregoing is the value o f average E b / N 0
that is required to achieve a specified BER performance. ECDFs for the average
E b / N o required achieving a BER o f 10"3 in the 2 and 6GHz bands are shown in Fig.4.3.3.
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Fig.4.3.3: ECDFs o f the average E b / N 0 required to achieve BER = 10-3 at 2 and 6 GHz.
In considering the results in Fig.4.3.3, it should be noted that at 2 GHz, there were 9
street sections, i.e. 33 % o f the measured street sections, where a BER o f 10“3 could not
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be achieved because o f the onset o f an irreducible error rate floor caused by SI. A t 6 GHz,
there were 4 street sections, i.e. 15 % o f the measured street sections on which a BER of
10"3 could not be achieved. It is believed that there were more such street sections at 2
GHz because o f greater SI in that band caused by higher-powered delayed multipath
components, as evidences by the slightly greater RMS delay spreads at 2 GHz.
From Fig.4.3.3, it can be seen that, in the cases where it would be possible to achieve
a BER o f IE-03 without channel protection, the median o f average E b / N 0 at 2 GHz is 15
dB, while that at 6 GHz is 21 dB.
From the BER relationships estimated from data measured on different street
sections, through setting the average E b I N 0to 15 dB and 20 dB, one can determine the
achievable BER performance, given the cited values o f E b / N o at both frequencies, as
shown by the ECDFs in Fig.4.3.4 and Fig.4.3.5.
From Fig.4.3.4, with average E b / N o o f 15 dB, the median at 2 GHz is 2.4E-03, and
the median at 6 GHz is 4.5E-03; from Fig.4.3.5, the median BER at 2 GHz = 8.7E-04,
and the median o f BER at 6 GHz = 1.3E-03. Thus, at the same signal to noise ratio, better
bit error performance would be achievable at 2 GHz than at 6 GHz. This is compatible
with the results in Chapter 3, which show that there is a higher probability o f fades at 6
GHz.

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

*
*

2 GHz
6 GHz

**•
*'■
•*
-3*
**-

irk-

2 GHz: median = 2.4E-03
6 GHz: median = 4.5E-03

*
* -v
tt

-r

★
*
★

0.4
» °-4

(0
§

*•*-

0.3

VI

21 0.2

2
a- 0.1

-7

10'

10'
X Average BER

Fig.4.3.4: ECDFs o f BER at 2 and 6 GHz if an average E b / N 0 o f 15 dB is available on
all 27 street sections.
Fig.4.3.4 shows that when averageE b / N 0 is set to be 15 dB, 30 % o f the street
sections at 2 GHz can achieve 10~3o f BER performance, and only 15 % o f the street
sections at 6 GHz can achieve the same BER performance. This indicates that channel
protection would be required in both bands for adequate performance with a spreading
factor o f 7 (i.e. a data rate o f 550 kbps with IMT2000 bandwidths). It is also conjectured
based on these results that the costs associated with such protection could be greater at 6
GHz, since error perfonnance on unprotected channels is worse in that band.
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Fig.4.3.5: ECDFs o f BER at 2 and 6 GHz if an average E b l N 0 o f 20 dB is available on
all 27 street sections.
Fig.4.3.5 shows that when the average E b / N 0 is 20 dB, a BER o f 10“3 could be
achieved on about 55 % o f the measured street sections at 2 GHz, and 40 % at 6 GHz.
For the BER o flO '4 , only about 20 % o f the street sections at 2 GHz can be achieved and
meanwhile only 5 % at 6 GHz.
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4.4 BER predictions for low data rate transmission
This section reports the prediction o f BER performance on the m easured street sections
for transmission with a high spreading factor ( N d = 1 2 8 ), which leads to data rates o f
around 30 kbps within IMT2000 bandwidths. Recall from Chapter 3 that median RMS
delay spreads were about 300 ns.

This means that, if a GWSSUS channel model is

assumed, coherence bandwidths would be around 3 MHz, and SI should be insignificant
for data rates in the range under consideration in this section. To reduce computation
times, estimation o f the effects o f SI, as previously described, was therefore omitted in
BER calculations leading to results reported in this section.

4.4.1 BER predictions from data recorded with Tx at site Tx2
Average BER values were estimated from 1-sec-long time data files recorded on 48 street
sections in downtown Ottawa. Fig.4.4.1 shows a typical average BER result for
transmission with a high spreading factor N d = 128. The associated SRE time series was
recorded when the receiver was on Laurier Avenue, driving from Lyon St. to Kent St.
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Fig.4.4.1: BER vs. Average E h / N o based on time series measurements on Laurier
Avenue, driving from Lyon St. to Kent St. with N d = 128.
From the text in Fig.4.4.1, one can note that above the threshold -20 dB, there were 3
received MPGs at 2 GHz with relative powers 0, -8.5, -16.2 dB, and 3 received MPGs at
6 GHz with relative powers 0, - 3.1, -13.5 dB. Because the 2nd MPG has a power greater
than - 7 dB compared with the strongest MPG, two Rake fingers were used to predict the
BER performance at 6 GHz, and only one Rake finger for the BER prediction at 2 GHz.
The fading range o f the signal presented to the Rake decision device was 12.6 dB at 2
GHz, and 8.2 dB at 6 GHz. This greater range o f fading at 2 GHz signal, led to the
shallower slope o f 2 GHz BER curve.
The value o f average E b / N 0 that is required to achieve a specified BER
performance ( 10-3) was studied for LOS and NLOS street sections separately, and the
results are shown in Fig.4.4.2.
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and 6 GHz with the Tx on Kent Street.
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Fig.4.4.2 shows it would be possible to achieve a BER o f 10-3 without channel
protection for all street sections. On LOS street sections, the median o f average
E b / N 0 values at 2 GHz is 12.3 dB, while that at 6 GHz is 13.5 dB. On NLOS street
sections, the median o f average E b / N 0 at 2 GHz is 23 dB, while that at 6 GHz is 24 dB.
It should be noted that the above-reported values have an associated estimation error that
is function o f the number o f independent data used to compile the results. Because the
data pool for these measurements is small, this estimation error is such that a statistically
significant comparison o f the 2 and 6 GHz results cannot be reported.
The results o f an alternative study, shown in Fig.4.4.3 and Fig.4.4.4, were obtained
through setting the average E b / N 0 to 15 dB or 20 dB to determine the achievable BER
performance, given the cited values o f E b / N 0 at both frequencies.
From the text in Fig.4.4.3, one can see that on LOS street sections, when the average
^ / iV0 is 15 dB, the median o f BER values at 2 GHz is 1.6E-04, while that at 6 GHz is
3.9E-04. On NLOS street sections, the median o f BER values at 2 GHz is 6.4E-03, while
that at 6 GHz is 7.1E-03. The figure also shows that when the averageE b / N o is set to 15
dB, in LOS cases, conditions on 92 % o f the street sections at 2 GHz would yield BER
values oflO "3 , while the same performance could be achieved on only 77 % o f the
measured street sections at 6 GHz. On NLOS street sections, conditions on only 18 % o f
the street sections at 2 GHz would lead to a BER o f 1CT3, while those on 12 % o f the
street sections at 6 GHz would lead to this performance. This indicates that for conditions
such as those that existed when the measurement system Tx was at site Tx2, on Kent
Street, even with a spreading factor o f 128 (i.e. a low data rate o f 30 kbps with IMT2000
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bandwidths), channel protection is needed in NLOS at both frequencies.

It is also

conjectured based on these results that the costs associated with such protection could be
greater at 6 GHz, since error performance on unprotected channels is worse in that band.
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both frequencies with Tx on Kent Street.
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From the text in Fig.4.4.4, one can see that on LOS street sections, when the average
E b / N 0 is 20 dB, the median o f BER values at 2 GHz is 4.7E-07, while that at 6 GHz is
3.9E-04. On NLOS street sections, the median o f BER values at 2 GHz is 1.8E-03, while
that at 6 GHz is 2.3E-03. The figure shows that if the average Eb I N o is 20 dB, on LOS
street sections, a BER o f 1 0 '3 could be achieved on nearly all street sections at 2 GHz,
whereas this BER would be achievable on only 77 % o f the street sections at 6 GHz.. On
NLOS street sections, conditions on about 35 % o f the street sections at 2 GHz would
lead to the achievement o f a BER o f 10“3 , while those on about 26 % o f the street
sections would result in the same performance at 6 GHz.

4.4.2 BER predictions from data recorded with Tx at site T xl
Average BER values were estimated from 1-sec-long time data files recorded on 147
street sections in downtown Ottawa. Observations and statistics concerning these results
are reported here. Fig. 4.4.5 shows a typical average BER result for transmission with a
high spreading factor o f 128. The associated SRE time series was recorded when the
receiver was on the intersection between Bank Street and Slater Street.
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Fig.4.4.5: BER vs. Average E b / N o results based on time series measurements on the
intersection between Bank Street and Slater Street with N d = 128.
From the text in Fig.4.4.5, one can note that above the threshold -20 dB, there were 4
received MPGs at 2 GHz with relative powers 0, -6.6, -13.7 and -17.9 dB. There were 4
received MPGs at 6 GHz with relative powers 0, -7.1, -15.6, and -16.6 dB. Two Rake
fingers were used for the prediction o f BER performance at 2 GHz, and one Rake finger
at 6 GHz. The fading range o f the signal presented to the Rake decision device was 9.2
dB at 2 GHz, and 13.6 dB at 6 GHz. This greater range o f fading at 6 GHz signal, led to
the shallower slope o f 6 GHz BER curve.
The value o f average E b / N 0 that is required to achieve a specified BER
performance ( 10-3) is studied for LOS and NLOS street sections separately, and the
results are shown in Fig.4.4.6.
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Fig.4.4.6: ECDFs for the average value o f E b / N 0 required achieving a BER o f 1 0 '3 at 2
and 6 GHz with Tx on Laurier Street.
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From the text in Fig.4.4.6, it can be seen that on LOS street sections in order to
achieve a BER o f 10~3 without channel protection, the median o f average E b / N o values
at 2 GHz is 7.5 dB, and that at 6 GHz is 8.7 dB. On NLOS street sections in order to
achieve the same BER performance, the median o f average E b / N 0 at 2 GHz is 15 dB,
and that at 6 GHz is 20 dB. The figure shows it would be possible to achieve a BER o f
10-3 without channel protection for all street sections with the Tx at site T x l, on Laurier
Ave. Fig.4.4.7 and Fig.4.4.8 show the achievable BERs on unprotected channels if the
average value o f E b / N a were 15 dB and 20 dB, respectively.
On LOS street sections, when the average E b / N 0 is 15 dB, the median o f BER
values at 2 GHz is IE-04, while that at 6 GHz is 5.1E-04. On NLOS street sections, the
median o f BER values at 2 GHz is IE-03, while that at 6 GHz is 3.6E-03. The figure also
shows that when the average E b / N 0 is 15 dB, on LOS street sections, a BER o f 10'3
would be achievable on 87 % o f the street sections at 2 GHz, and on 67 % o f the street
sections at 6 GHz. In NLOS cases, this perfonnance could be achieved on only 50 % o f
street sections at 2 GHz and 33 % o f street sections at 6 GHz. These results show that
BER performance is slightly better compared with those estimated with the SAT for a
spreading factor o f 7, in which case a BER o f 10"3 would be achievable on 30 % o f the
street sections at 2 GHz and only 15 % o f the street sections at 6 GHz when
average E b / N 0 is 15 dB. Channel protection in NLOS cases would still be required even
with a spreading factor o f 128 (i.e. a low data rate o f 30 kbps with IMT2000 bandwidths)
in both frequency bands.
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4.5 Conclusions
The SAT reported by Adnani, which accurately accounts for SI, and avoids the use o f
simplified fading channel models through time series analysis o f measured radio channel
data was used for the prediction o f bit-error performance for transmission with a low
spreading factor o f 7 (high data rate) on DSSS radio links with IMT2000 bandwidths in
both the 2 and 6 GHz frequency bands. The objective was to determine if additional
technology would be needed if IM TAdvanced (i.e. higher data rate) services were to be
provided by simple changes in the operating parameters (spreading factor) and centre
frequency o f current IMT2000 systems.
Results show that due to the onset o f error rate floors caused by SI, a BER of
10~3 could not be achieved on 33 % o f the m easured street sections at 2 GHz, and on 15
% o f the measured street sections at 6 GHz.

This num ber was greater at 2 GHz because

greater temporal dispersion in that band resulted in more significant levels o f SI. Given
reasonable average values o f E b / N 0 , such as 15 dB or 20 dB, could be maintained
throughout a microcell, a BER o f 10”3 could be achieved at 2 GHz on 30 % and 55 %,
respectively, o f the measured street sections, and only on 15 % and 40 %, respectively, o f
the measured street sections at 6 GHz. It appears, therefore that, without any channel
protection, the BER performance would be slightly better at 2 GHz. This indicates that
channel protection would be required in both bands for adequate performance with a
spreading factor o f 7 (i.e. a data rate o f 550 kbps with IMT2000 bandwidths). It can also
can be speculated that channel protection, needed to achieve acceptable coverage at a
BER o f 1O'3 would be more costly at 6 GHz, since error performance on unprotected
channels is worse in that band.
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Low data rate cases, o f interest in the study o f whether current IMT2000 systems can
simply be transplanted to higher frequency bands to achieve greater capacities where
there is spectral overcrowding were also studied. Average BER performance in IMT2000
bandwidths with a high spreading factor o f 128, giving a data rate o f 30 kbps was
evaluated. The analyses showed that the performance was slightly worse at 6 GHz, and
the results can be significantly different for different base station locations. Given a
reasonable average Eb / N b o f 15 dB or 20 dB throughout a microcell, the details on
percentages o f street sections where a BER o f 1° 3 could achieve with different location
o f Tx are listed in Table 4.1.
Table 4.1: Percentage o f street sections where the achievement o f a BER o f 10 3 would
be possible with the different Tx locations in downtown Ottawa.
Average
BER
10"3

Average Eb/No = 15 dB

Average Eb/No = 20 dB

Frequency

LOS

NLOS

LOS

NLOS

2 GHz

92%

18%

100%

35%

6 GHz

77%

12%

78%

26%

(a) Percentage o f 47 street sections with the Tx at site T xl on Kent St.
Average
BER
1
O
(b)

Average Eb/No = 15 dB

Average Eb/No = 20 dB

Frequency

LOS

NLOS

LOS

NLOS

2 GHz

87%

50%

97%

74%

6 GHz

67%

33%

67%

51 %

Percentage o f 147 street sections with the Tx at site Tx2 on Laurier Ave.

Generally, BER performance is better at 2 GHz than that at 6 GHz because at high
frequency, the phase o f signal changes more rapidly, leading to frequent more fading at 6
GHz. The BER performance would be different with different base station locations, also
with the same base station location, BER performance for low data rate services (high
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spreading factors) would be better compared with those achievable with high data rates
(low spreading fa cto rs). Channel protection in NLOS would still be required even with a
low data rate o f 30 kbps at both frequencies and the costs associated with such protection
could be greater at 6 GHz, since error performance on unprotected channels is worse in
that band.
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Chapter 5
Summary, conclusions, and recommendations
for further work
Two subprojects were carried out in the course o f this thesis.

The first involved the

comparison o f channel parameters at 2 GHz and 6 GHz. Quasi-simultaneous wideband
propagation measurements at two frequencies, one in each o f these bands, were
conducted.

M easurement equipment, measurements and data analyses methods were

described in Chapter 3. Channel parameters and characteristics, such as average power
delay profiles, fading statistics o f multipath groups (MPGs), each comprised o f multipath
signal components received at excess delays separated by less than the resolution time o f
the measurement system and RMS delay spreads were estimated from data measured in
both frequency bands during three sets o f experiments in downtown Ottawa. Interest in
the dynamics o f MPGs arises because the energy in MPGs would constitute that received
at different finger positions in a Rake receiver. Results showed that the fading
distributions o f MPGs vary significantly with the location o f a m icrocellular Base Station
when the density and height o f buildings is not uniform. Envelope fading among MPGs
having powers within 7 dB o f the strongest MPG exhibited low cross correlations,
showing potential advantages in Rake combining to achieve better BER performance.
Typically up to three MPGs were available for Rake combining. In the 1-sec-long time
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series analysed during the work o f this thesis, ECDFs o f fading ranges for MPGs after
Rake combining showed that the range between the tenth and ninetieth percentiles of
envelope fading distributions is greater at 6 GHz compared with that at 2 GHz. This is
considered to be the result o f the fact that wavelength is shorter at 6 GHz and thus, within
any given time and space interval, phase relationships that result in a fade are more
probable.
RMS delay spreads were also estimated.

Results showed that these channel

parameters can also vary significantly with base station location. Experiments that were
conducted with the simulated base station transmitter at Kent Street, between Gloucester
St. and Laurier Ave. showed that, under LOS conditions, RMS delay spreads at 2 GHz
are approximately the same as those at 6 GHz. The median at 2 GHz was 118 ns, and that
at 6 GHz was 116 ns. However, RMS delay spreads were found to be greater at 2 GHz
under NLOS conditions, with the median being 200 ns at 2 GHz and 160 ns at 6 GHz,
respectively. Experiments that were conducted with the transmitter at a simulated base
station at Laurier Avenue, between Kent St. and Bank St resulted in RMS delay spreads
at 2 GHz that are greater under both LOS and NLOS. The medians at 2 GHz were 202 ns
and 329 ns for LOS and NLOS, and those at 6 GHz were 173 ns and 295 ns.
The second subproject entailed application o f a semi-analytical technique (SAT) for
Rake receiver BER prediction on DSSS radio links, as reported by Adnani [3], This
technique accurately accounts for SI, and avoids the use o f simplified fading channel
models through time series analysis o f measured radio channel data. This method was
used for the prediction o f bit-error performance achievable on the measured street
sections. For the assessment o f radio links in IM TAdvanced systems with high data rates,

103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

a low spreading factor ( N d = 7 ) was assumed for operation within IMT2000 bandwidths
(3-5 MHz) in both the 2 and 6 GHz frequency bands. The objective was to determine if
additional technology would be needed if IMTAdvanced services were to be provided by
simple changes in the operating parameters and centre frequency o f current IMT2000
systems.

Conclusions
Results from the analysis o f error performance showed that, in conformance with the
observation o f greater RMS delay spreads, 2 GHz operation would suffer more
significant SI than operations at 6 GHz. However, as a result o f the lower probability o f
fades at 2 GHz, given reasonable average values o f Eh t N a , without any channel
protection, the BER performance would be slightly better at 2 GHz. Under NLOS
conditions, when the transmitter was on Laurier Avenue, between Kent St. and Bank St.,
with any practical average Eb / N 0 up to 30 dB, the analysis results showed that the error
performance o f 10-3 could not be achieved on 33 % o f the measured street sections at 2
GHz, and on 15 % at 6 GHz. The number was greater at 2 GHz because there was more
significant SI at 2 GHz. For the remaining street sections, given the average E b / N 0 o f 15
dB, the BER o f 10*3could be achieved on 30 % at 2 GHz, and on 15 % at 6 GHz. If the
average E b l N 0was increased to 20 dB, the same performance could be achieved on 55
% o f the m easured street sections at 2 GHz and 40 % at 6 GHz. Results indicated that
channel protection would be required in both bands to achieve bit error rates o f 10“3 or
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better with a spreading factor o f 7 (i.e. a data rate o f 550 kbps with IMT2000 bandwidths).
It is speculated, however, that channel protection, needed to achieve acceptable coverage
would be more costly at 6 GHz, since error performance on unprotected channels is
worse in that band for any given average value o f

Ebl N a .

In addition, based on

previous work [2], approximately 10 dB more transmit power would be required in the 6
GHz band to achieve these average values o f E b I N 0 .
Low data rate cases, o f interest in the study o f whether current IMT2000 systems can
simply be transplanted to higher frequency bands to achieve greater capacities where
there is spectral overcrowding were also studied. Average BER performance in IMT2000
bandwidths with a high spreading factor o f 128, giving a data rate o f 30 kbps was
evaluated. Results again showed that error performance would be slightly poorer in the
higher frequency band. Error performance changed significantly with different simulated
base station (transmitter) locations. Under NLOS conditions, when the transmitter was on
Kent Street, between Gloucester St. and Laurier St., given an average E b / N 0 o f 15 dB, a
BER o f 10~3would be achievable only on 18 % o f the measured street sections at 2 GHz,
and 12 % at 6 GHz. Increasing the average Eb I N 0to 20 dB, the same performance would
be achievable on 35 % and 26 % o f the measured street sections at 2 GHz and 6 GHz,
respectively. When the transmitter was on Laurier Avenue, between Kent St. and Bank
St., with the average Eb/ N 0 o f 15 dB, the performance o f BER o f 10'3 would be
achievable on 50 % at 2 GHz, and 33 % at 6 GHz. With an average Eb / N 0 o f 20 dB, the
same performance would be achievable on 74 % and 51 % o f the measured street sections
at 2 and 6 GHz, respectively. It can be concluded that with any practical average E b / N 0 ,
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channel protection in NLOS conditions would still be required to achieve a BER o f
10~3 on all street sections, even with a high spreading factor o f 128 (i.e. a low data rate o f
30 kbps with IMT2000 bandwidths) at both frequencies. It can therefore be concluded
that, in addition to the requirement for more transmit powers at 6 GHz, there would be
increased costs associated with realising the same performance on DSSS microcellular
mobile radio links at 6 GHz as that achievable on the same links at 2 GHz. It is therefore
considered to be probable that proportionate performance degradation, with respect to the
performance achievable at 2 GHz, would be suffered as a result o f operation in any other
frequency band between 2 and 6 GHz.

Recommendations for further work
There are other issues, related to the objectives o f the project that could be
considered in refining conclusions that result from this thesis:
•

Channel estimation was assumed to be error free in the work o f this thesis.
Improvements could be made by realistically accounting for channel estimation
errors

•

Data from only 27 street sections were analysed using the SAT for predictions
with low spreading factor (high data rates) because o f lengthy processing times.
If the associated MATLAB codes can be made more efficient, or coupled with a
“C” program, more data should be analysed for greater statistical significance of
results.

•

Application o f the SAT to analyse channel data appropriate to different RF
bandwidths is a logical next step. The channel sounder used for work reported in
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this thesis was also, as part o f another project, used to make similar quasisimultaneous 2 and 6 GHz band microcell measurements with an RF bandwidth
o f 100 M Hz (50Mchips/s chip rate). Resulting data could be filtered to represent
channel conditions over different RF bandwidths, and analysed, as in this thesis,
to predict DSSS link performance to investigate tradeoffs between RF bandwidth
and spreading factor in the achievement o f higher data rate transmission.
Methods, such as channel coding and equalisation to mitigate SI when lower
spreading factors are used could

be conducted, followed by a cost/benefit

analysis including consideration o f bandwidth/spreading factor tradeoffs;
Since frequencies in the range 400 M Hz - to - 6 GHz are being considered for the
expansion o f mobile services, the study reported here could be repeated with
quasi simultaneous measurements at 2 GHz and a lower frequency (say between
400 and 600 MHz).
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Appendix:

Semi - Analytical Technique (SAT) Review
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1. The PDF of / 2,
Recall from the equation (4.1.5) in C hapter 4, the cross correlation o f tw o random ly
shifted binary sequences is presented as:

W2I =

' b(t - r 2 )a(t - T2)a{t - T, )di

Following [3], the above equation can be written as
^ 2,1= \ i / T

j k

i

—k ,i/^rf_ k d )

(ap p -o

where r 2, = r 2 - r , . The first term in this equation represents the SI due to the
previous symbol and the second term represents the interference due to the current
symbol. Also, R a {r ) and R a ( t ) are the continuous-tim e partial cross-correlation
functions o f the tim e-delayed and reference sequences, and are given for 0 < t < Td :

Ra (r) = J a{t —z)a{t)dt

Ra(T) =

a(t-t)a(t)dt

(app.2)

Theses integrals can be expressed in term s o f the discrete aperiodic autocorrelation
function Ca( { ) o f the spreading sequence and the continuous-tim e autocorrelation
functions

R P/_c { f ) and R PrTc ( t )

o f the chip waveform . The function C„(tT)
is
u \* f /

dependent upon the signature sequence and is given by:
V+Wj-i+f
l - N d < C < 0
r= t'

t'+Nd-\-S
£ f l ra r+f
~0

d< ^< N d- \

(app.3)

\C \^N d

where t' = \ t/Tc\ .
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The functions RpT ( t ) and R Pr ( t ) are the continuous-time partial autocorrelation
functions o f the binary spreading sequences, and are given forO < t < T c :

RpTc W — ^ ^ 7; {t)Rrc

't) d t

(app.4)
Through com prehensive analysis, the equation (a p p .l) can be written as [3]:
w i,\ = wf i S j ) + z g { S 2 )
where

w ,

z

(app.5)

are

binom ial

distributions

that

are

independent,

and

& ) + / ! „ _ ( S ,)
g ( S 2) = Rp^

(s2) - RpT' {s2)

(app.6)

F or a rectangular chip waveform , f { S 2) =
and

y2 = L(T2~ Ti)/^cJ

■

A ssum ing

S2

Tc

andjg(S2) ) < rc .

S , = r 2 - r, - y 2Tc

is uniform ly distributed

on

(0, Te ),

\ g { S i ]Z T c is uniform ly distributed in [-1, 1], seeing Fig. ap p .l.

T c + T \
'T

'T

F ig .ap p .l: Tim e-delayed chip sequences that spread a data signal cause SI.
Therefore, for a rectangular chip waveform ,
W2, i = w T c + z s { S 2 )

(app.7)
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/ 2il = w +

zg(s2)

(app.8)

Define d = — —2 ^ , then

A ,i — w +

(app-9)

Based on z = 0 and z * 0 two cases exist leading to a PDF for I 2 l conditioned
o n C fl(l) = c :

//,, (z'|c)=/wOk)* f M
where

C)

(app.10)

indicates convolution. Cu( ^ ) is the discrete aperiodic autocorrelation

function o f the spreading signal a(t), and
A',,-l-l

Nd- 2

r= 0

r=0

c ,<0)=
(a p p .ll)

follows binom ial distribution:
'

* ,-1 '
j +N „-l

j = l - N d 3 - N d ...,Nd - 3 , N d - l

2

0

otherwise

(app.12)

2. The PDF of //,, conditioned o n /21 when either uniformly

distributed or a constant value
Recall from equation (4.1.1) in Chapter 4, the SI term for a Rake receiver with one
Rake finger and two MPGs:
cos 6
H 2,1 — ^2,1

A ssum ing / , ,

2.1

= N N 7 2,i cos e 2X

is uniform ly distributed on an interval (m, ri) or a constant k

conditioned on Ca (l) = c , using the Jacobian, from the above equation, the PDF
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of H 2,, i.e. the PDF of the SI for the cases when I 2, is either uniformly distributed or
a constant k can be w ritten [3] as:

ln< —4...... ...........
nhu { n - m )

m ^ +

— i-

0 < |x| <

ffiAjj < |x| < nh2,

0

|x| > nh2,

(app.l 3)

f n » ( 4 ‘= k >'c) := 1 k * 2,i^ l - x 2/(kh 21)2
0
Figure app.2 is a plot o f this result, conditioned on
distributed (5, 7), denoted as f IU| (*|i;c).

From the curve o

, being uniform ly
f

i',c), it is easy to

obtain the upper and low er bounds on the PDF o fH 2 Xfor each integer interval with
the range o f x , denoted by Wy’1( /;c ) and v j,!(z';c) respectively. The upper bound on
the PDF over an integer interval corresponds to the m axim um value o f the PDF over
that interval, while the lower bound on the PDF over an integer interval corresponds
to the m inim um value o f the PDF over the interval.
Tighter bounds can be defined by further dividing each integer interval into
sm aller subintervals. I f each discrete interval is divided into N s subintervals, the
i - -N d

vectors
and

low er

bounds

on

the

and V / i } \ c ) j = - N d , - - -, N d , form the upper
PDF

of

H 2] ,

i = - N d , - - -, N d , evaluated

at

2 N dN s +1 subintervals.
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X

Fig.app.2: The PDF o f H 2, conditioned on I 2 , being uniform ly distributed on (5,
7).

3 . The upper and lower bounds on the PDF o f H 2 ]
Based on equations (app.10), (a p p .l2) and (a p p .l3) the upper and low er bounds on
the PDF o f H 2 l , i.e. the upper and lower bounds o f SI for one rake finger with 2
M PGs, can be written as:

=

I ^ W

/ c o0 ) M

c=-NdNs

vj

=

^

v Y ^ c ) f c A i)(c )

(app.14)

c=-N„N,

where

u f (c ) = u f l (/; c ) f , u (z|c) and V2/ ( c ) = v f (i't c ) f ^ (ijc)

If there are K>2 received uncorrelated M PGs, the Rake decision variable will be:

D ,„

= N db\h,f + £
k-2

htJ
*c

+ 4 - ,0 ^ 7 ,
'e

(a p p .l 5)
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Due the fact that the cross correlations betw een each tim e-delayed sequence and
the reference sequence are independent, u 2A, u 2: ' , u 4 A

u 144 are independent,

also v 24, v]’1, v*'1,..., V j ‘l are independent. Thus, the upper and lower bounds on
the PDF o f SI due to the K -l interferences for a correlation receiver can be written as:

V . = V 2’1 * V 3’1 * V 4’1 *
J
J
J
J

* V A' ’1
J

(app.l 6)

In a sim ilar developm ent, one can obtain the upper and low er bounds on the PDF o f
SI for a rake receiver w ith L rake fingers.

4. Upper and lower bounds of BER
In the condition when SI is constant, there is only one random variable rjRake in
equation (4.1.1), which is Gaussian with zero m ean and variance (J2Rake . The BER for a
Rake receiver with L Rake fingers in non-fading channel can be w ritten in term s o f
the Gaussian 2(-) function, as:

V

J

(app.l 7)
O Rake

L

where /? is constant S I , cr2
Rake =

2

i=i
2E b

On a fading channel, SI is a continuous random variable.

In order to accurately
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m odel this interference, the upper and lower bounds on the PDF o f SI can be used.
The PDF o f SI is nonzero only on an interval [-Z ,(A T -l),L (A T -l)]. Considering
norm alized

version

of

this

PDF

and

partition

of

the

interval [ - N dL ( K - 1), N dL ( K - 1)] into a number, N s o f subintervals, there are total
2L ( K - l ) N dN J subintervals.
To obtain bounds on the average probability o f error o f the Rx, one can assume
that with probability Uj the SI is equal to the value in the interval \ j N ~x, (y +

]

that yields the largest probability o f error. Since the function g ( ) is a strictly
decreasing function, for the correlation receiver, this value is j N ~x. Then the upper
bound on BER perform ance at tim e instant n can be written as:
L{K-\)NjN,

PU
E {n ) =

2l

(

L

,

■ 'N

u i Pe \ N d T } h i(n ] .T7-

j = - L { K - l ) N dN,

V

(app.l 8)
J

'= 1

and the lower bound on BER perform ance at tim e instant tim e n is given by:

L(K-\)NdNs
p

M =

Z

f

L

, | + 1 ^

v j p e N d Y \ hM \ ~ ' ^ r

j = - L ( K - \ ) N dN,

V

'= 1

J

(app-19)

where A,(«) represents the am plitude o f the M PG corresponding to time delay Tj
from the n"' set o f M PGs

in a time series o f SREs.

Then the average upper and lower bounds on B ER can be written as:

(app.20)
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