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Abstract

Multipath Detection in CDMA Systems

Mohamed A. Abou-Khousa

_This thesis addresses the problem of multipath detection in CDMA systems. In
conventional CDMA receivers, the detection of multipath components and RAKE
finger management is normally based on the received signal energy per path. These
energy-based schemes essentially overlook the interference component contaminating
the total received power. Consequently, they exhibit poor detection capability espe-
cially at low signal-to-interference-plus-noise ratio (SINR). In this thesis, we present
a new scheme for multipath detection and RAKE finger assignment that takes into
consideration the interference level in each resolved path individually. The proposed
scheme utilizes information provided by the pseudo random code acquisition circuit
to estimate the interference power per path. To account for the hardware limitations
of the receiver, a low complexity version of the proposed scheme is designed and
incorporated into the receiver structure Analytical and simulation results show that
the proposed scheme provides significant improvements in the detection probability of
multipath components over the energy-based schemes. For instance, our results show

that the proposed scheme can achieve the same detection probability of all multipath
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components as that of the energy-based scheme with a saving of at least 2 dB in

Ey/Np. In some cases, it is shown that the improvement can be as high as 3 dB.
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Chapter 1

Introduction

Over the past two decades, we have witnessed a drastic increase in the demand for
providing reliable wireless communication links to support high-speed data transmis-
sion applications. Such applications include voice, video, e-mail, web browsing, etc.
This demand has been the driving force behind the migration from the second gener-
ation (2G) system to the third generation (3G) system. The 3G services, which have
been standardized around the world, are mainly based on the code division multiple
access (CDMA) technology. Prominent examples of existing systems that employ
CDMA are the cdma2000 and wideband-CDMA (WCDMA) systems.

In 3G CDMA systems, the signals transmitted are wideband in nature, which
gives rise to multipath propagation. Although multipath fading may seem harmful

because different replicas of the same signal may add destructively at the receiver, it



can be exploited at the receiver to improve the performance relative to the case when
there is no multipath. A key issue for dealing with multipath fading is to first identify
the potential paths at the front end of the receiver. Then, a RAKE receiver is used
to coherently combine the energy from these multipath components, and hence the
exploitation of inherent frequency diversity in the channel.

A RAKE receiver basically consists of several correlators called fingers that are
time-aligned with the different paths. Each finger is intended to de-spread the corre-
sponding path and then the outputs of these fingers are properly combined to max-
imize the signal-to-interference-plus-noise ratio (SINR) at the output of the RAKE
receiver. As such, the RAKE receiver can be thought of as a matched filter that is
matched to the channel impulse response.

Matching the RAKE to the channel impulse response essentially requires the re-
ceiver’s knowledge of the potential multipath components in the channel and the
channel fading coefficients of these components. During traffic mode, the receiver
dynamically searches for candidate multipath components for combining. Once these
paths are detected, they are fine aligned (brought within a fraction of a chip from each
other) with respect to the locally generated user’s spreading code, and then assigned
to the RAKE fingers. The channel fading coefficients are estimated for the assigned
paths and used in the RAKE for coherent combining, i.e., maximum ratio combing
(MRC) of the assigned paths.

Clearly, missing potential paths or assigning incorrect paths to the RAKE fingers

will result is a loss in the diversity order achieved, as well as in an increase in the



interference level after combining. In such cases, the overall system performance
will deteriorate significantly. In light of this, the criterion by which the multipath
components are detected and assigned to the RAKE fingers should be devised such
that the probability of detecting the correct paths is maximized and the probability
of combining the incorrect paths is minimized [1] [2].

In conventional CDMA receivers, the multipath components are detected using a
search block and an acquisition circuit {3] [4]. The search block correlates the received
signal with locally generated shifted versions of the intended user’s pseudo random
(PN) code, and the correlation results are then presented to an acquisition circuit.
In the acquisition circuit, the correlation results are subjected to hypotheses testing
using a pre-calculated threshold [1]—[5]. The resolvable paths with energy exceeding
this threshold are detected and assigned to the available RAKE fingers for combining.
In case the number of these paths is greater than the number of available fingers, the
paths with maximum energy among the potential paths are selected and combined
2], [6]—[8]. The process by which these paths are detected and assigned to the RAKE
fingers is commonly referred to as the finger assignment algorithm (FAA).

Normally, deciding on what paths to combine at the RAKE receiver depends on
several factors, including the available number of fingers, energy content per path, and
the inter-path separation. For instance, if the number of available fingers is greater
than the number of resolvable paths, it may not be a good idea to combine weak
paths since they will contribute more noise to the combiner output and hence may

degrade the bit-error-rate (BER) performance of the system. In this case, however,



it may be useful to combine strong paths that are within a fraction of a chip apart,
i.e., correlated paths, if extra fingers are available at the receiver [7].

Conventionally, the paths with maximum ‘total’ energy are detected and assigned
to the available RAKE fingers. This scheme is referred to here as energy-based mul-
tipath detection scheme (EMDS). There are two FAA strategies available in the lit-
erature for assigning RAKE fingers to detected multipath components based on the
EMDS [6]. The first strategy assigns the paths with the largest instantaneous ampli-
tudes to the available fingers. This strategy is well suited for cases when the channel
coefficients are slowly changing during the search process for new paths. The second
strategy assigns the paths with the largest average powers to the available fingers,
which is applicable when the fade rate is comparable to or larger than the search rate.

Although the conventional multipath detection and finger assignment schemes are
deemed to be practical from an implementation point of view, they suffer from major
drawbacks. Mainly, the correlation energy, based on which the multipath components
are detected, is typically comprised of the desired signal energy and the interference
coming from other multipath components belonging to the desired user as well as other
users. At low SINR, the desired user’s multipath components are vulnerable to be
‘masked’ by other paths with large interference power. Consequently, the probability
of detection deteriorates considerably.

Additionally, the conventional multipath detection scheme does not maintain a
constant false alarm rate (CFAR). This is an undesirable phenomenon which may be-

come significant particularly in multi-access fading channels where the desired user’s



signal as well as the interference level fluctuate with time. In an effort to address this
issue, many researchers have recently proposed adaptive acquisition schemes (AAS)
which involve using an adaptive threshold to encompass the changes in the inter-
ference level [9]—[14]. However, it was shown in [9] that the performance of these
schemes is highly affected by the presence of multipath components in the search
window. To reduce the effect of the multipath propagation on the AAS performance,
a detection scheme based on removing the multipath components from the search
window before estimating the interference level was proposed in [11] and [12]. Al-
though this scheme has theoretically reported promising results, its major drawback
is that the multipath components to be removed should be identified first.

In {13], an adaptive PN acquisition scheme based on estimating the interference
power using a moving average filter over the search results was proposed. In deriv-
ing the probability of detection and probability of false alarm for this scheme, the
estimation of the interference power was considered to be perfect assuming that the
filter length is large enough. However, this assumption becomes practically invalid
when the channel changes rapidly. Furthermore, the design of the moving average
filter was not addressed rigorously in [13].

In the conventional energy based FAA, the finger assignment is based upon the
assumption that the multipath interference at all fingers are mutually uncorrelated
and have equal energy. However, this is not always the case. For instance, if we

consider the forward link in CDMA systems, the multipath interferences may differ



in energy magnitude from one finger to another as illustrated in [15] and [16]. There-
fore, finger combining based on signal strength alone does not achieve maximal-ratio
combining [17]. Consequently, a better combining strategy should consider combin-
ing the paths with maximum SINR rather than the ones with maximum total energy
contents [18]—[20]

In the advanced spreading techniques, the performance of the recently proposed
space-time spreading (STS) scheme is highly affected by delay and channel estimation
errors. Hence, there is an increasing demand for detection schemes that are more
efficient than the conventional EMDS. In particular, a detection scheme that exhibits
more immunity against the co-channel interference is sought.

In this work, we investigate and analyze the performance of the conventional
energy-based multipath detection scheme (EMDS). It will be shown that the major
drawback of the EMDS is that its decision metric depends on both the power of
the desired user as well as that of the interference. Consequently, the probability
of detection becomes directly proportional to the interference power. To overcome
the above deficiency, we propose an improved multipath detection scheme (IMDS)
that addresses the problems of the conventional scheme. The efficacy of the proposed
scheme stems from its capability of estimating the interference level at each delay
offset in the search window using a practical estimator at the acquisition stage. This
feature of the proposed scheme allows for taking the interference component into
consideration more effectively in the multipath detection process.

As compared to the AASs presented in the literature, the proposed detection



scheme does not suffer from any performance degradation due to the existence of
multipath components in the search window. This is especially true since the IMDS
is based on estimating the interference variance per delay offset in the search win-
dow, thereupon, subtracting these estimates from the total signal power before the
detection decision is made. This is basically different from the approach behind the
existing AASs which rely on averaging the search results over the delay offsets other
than the one under examination. As it has been shown in [9], when multipath compo-
nents exist in the search window, averaging around a certain delay within the search
window does not provide accurate estimate of the interference.

We also address the problem of multipath detection in ST'S-based CDMA systems.
We extend both the conventional EMDS and the IMDS to cope with the spatial
channel structure. By simulations, we investigate the effect of imperfect multipath
detection resulting from both the EMDS and IMDS on the performance of the STS
scheme.

This thesis is aimed to meet the following objectives.

e To evaluate the performance of the EMDS in a realistic communication envi-

ronment.

e To improve upon the EMDS by introducing a cost effective detection scheme.

e To study the performance of the STS-based CDMA systems with imperfect

multipath detection.



The intellectual contributions presented in this work are summed up in the fol-

lowing points.

1. This thesis offers an in-depth analysis and comprehensive performance evalua-
tion of the conventional energy based multipath detection scheme for CDMA
systems operating over frequency selective fading channels. Expressions for the
probability of detection and probability of false are derived when many multi-

path components are present in the search window.

2. An improved multipath detection scheme is developed, analyzed, and compared
to the conventional scheme under various operational conditions. The proba-
bility of detection and probability of false for the proposed scheme are derived.
A low complexity version of the proposed scheme is also introduced and incor-
porated into the receiver structure. To furnish the low complexity realization
of the proposed scheme, a customized design procedure is developed and imple-

mented.

3. The impact of multipath detection on the performance of the STS-based CDMA
systems is investigated using both the conventional and the improved multipath
detection schemes. Both detection schemes are extended to work on the sig-

nal model assumed by the STS scheme. The performance of the conventional

scheme is compared to that of the proposed scheme.

The remaining parts of this thesis are organized as follows. In Chapter 2, the

problem of multipath detection in the CDMA systems is tackled. Chapter 3 is devoted

8



to investigate the impact of multipath detection on the performance of the of the
CDMA systems with space-time spreading. Finally, the conclusions drawn from this

thesis and the suggested future work are presented in Chapter 4.



Chapter 2

Improved Multipath Detection for

CDMA Systems

In this chapter, we investigate and analyze the performance of the conventional
energy-based multipath detection scheme (EMDS). We propose an improved mul-
tipath detection scheme (IMDS) that addresses the problems of the conventional
scheme. The efficacy of the proposed scheme stems from its capability of estimat-
ing the interference level at each delay offset in the search window using a practical
estimator at the acquisition stage. This feature of the proposed scheme allows for tak-
ing the interference component into consideration more effectively in the multipath
detection process.

In Section 2.1, we describe the adopted system model and the receiver search mech-
anism for multipath components. Detailed analysis and description of the energy-

based multipath detection scheme (EMDS) are given in Section 2.2. We derive the

10



probability of detection and the probability of false alarm for the EMDS. Thereafter,
the energy-based finger assignment algorithm is outlined.

Before developing the improved multipath detection scheme, the estimators that
will be used to realize this scheme are pinned down in Section 2.3. The per path in-
terference variance estimator is developed when the channel coefficients are perfectly
known. We also derive the Cramer-Rao bound (CRB) for that estimator. Then, an
optimum channel estimator derived based on the knowledge of the channel autocor-
relation function is presented. The structure of this estimator will be used later as a
design benchmark to realize a low complexity improved multipath detection scheme.

Section 2.4 is devoted for the improved multipath detection scheme (IMDS) which
will be developed based on the per path interference variance estimator presented in
Section 2.3. The probability of false alarm and probability of detection of the IMDS
will be derived. Furthermore, a practical realization of IMDS will be designed by the
aid of the optimum channel estimator introduced in Section 2.3.

In Section 2.5, the performance of the IMDS and the EMDS will be evaluated and

analyzed by computer simulations. Finally, Section 2.6 concludes this chapter.

2.1 System Model

The system considered in this work is similar to that of the reverse link of the proposed
third generation cdma2000 system where a pilot channel is code multiplexed with the

data channel. The pilot channel is used for code synchronization (acquisition and

11



tracking), channel estimation, and signal strength measurement. More specifically,
we consider a direct-sequence spread-spectrum (DS-SS) system where the base-band

BPSK transmitted signal from the desired user is modeled as

Ne—1
sit)=>_ > (\/Eb;dliwj + \/@_p) c159(t — 1Ty — jTe) (2.1)
i j=0

where /Fy; is the average bit energy, dy; € {£1} is the it information bit, W; € {+1}
is & Walsh code used to separate the pilot channel from the traffic channel, G, is the
pilot channel power gain relative to the traffic channel (typically —3 dB or 0.5E),
c1; € {£1} is the spreading pseudorandom (PN) code of the desired user, N, is the
PN code spreading factor which is the same as the number of chips per bit, g(t) is
the chip pulse shape, T}, is the bit duration, and T, is the chip duration. The DS-SS
signal given by (2.1) is constructed using the circuit depicted in Figure 2.1. The pilot
symbols are assumed to be all ones!.

The transmitted signal passes through a mobile radio channel with L time vary-
ing paths. In a wide sense stationary uncorrelated scattering (WSSUS) environment,
these paths are represented by the channel coefficients {oy : I =1,2,..., L}, where
these coefficients are modeled as independent and identically distributed (i.i.d.) com-
plex Gaussian random variables with zero mean and variance 0.5 per dimension, i.e.,

|ou| is Rayleigh distributed and the phase is uniformly distributed in [0,27). The

channel coefficients are assumed to be constant during a symbol duration, i.e., N,

I'We remark that the system model presented here is a simplified version of the one adopted by
cdma2000 standard. For a complete description of the cdma2000 standard, the interested reader
may see [34].

12



Pilot symbols

c
}—é—» gt) F—> s

Data symbols

Q% %ﬁl

Figure 2.1: BPSK spreading circuit with the pilot symbols are code-multiplexed with
the data.

chips. Furthermore, the in-phase and quadrature components of any channel coeffi-
cient are assumed to be independent from each other [21]. In general, the average
power at the output of the channel as a function of the time delay, i.e., the channel

power delay profile (PDP), is denoted by ¢(1).

The received baseband signal at the base station receiver is then given by

u(t) =Y VSO tmsm(t — Tmt) + n(t) (2.2)
m=1 [=1

where oy and 7,y are the channel gain and path delay for the I** path of the m
user, respectively, and n(t) is a complex additive white Gaussian noise (AWGN)
process with zero mean and power spectral density Ny/2 per dimension. Throughout
this investigation, perfect power control is assumed, i.e., the interfering users in the

system impinge at the base station receiver with equal power.

13



2.1.1 CDMA Receiver Structure

The block diagram depicted in Figure 2.2 shows the structure of the CDMA receiver

considered in this investigation. The received signal is first applied to a multipath

search block (henceforth referred to as searcher). The searcher looks for potential

multipath components in the desired user’s channel. The search results are then pre-

sented to multipath detection logic. According to this logic, the potential multipath

components are selected, fine aligned by a Delay Lock Loop (DLL), and yet further

processed by the finger assignment algorithm before they are allocated to the RAKE

fingers. The fading channel coefficients are estimated for the assigned paths and

used for coherent combining in the RAKE. The channel is typically estimated using

a moving average filter after despreading the pilot symbols as described in [22].

u(t)

Searcher

Multipath
Detection
Logic

Finger
Assignment
Algorithm

RAKE [—»
&,,4,,...a,
Channel
Estimation
A
7,15ty

Figure 2.2: The assumed CDMA receiver structure.

In this work, we are mainly interested in the multipath detection logic and the fin-

ger assignment algorithm. We will start by presenting the multipath search procedure

before we describe the schemes used for multipath detection.

14



2.1.2 The Searcher

The 3G CDMA systems have wide transmission bandwidth and are intended to sup-
port high data rates over the wireless channels. The intrinsic bandwidth expansion of
the transmitted signal upholds an increase in the time dispersion of the channel. Con-
sequently, the receiver experiences an increased multipath resolution. In the wireless
channel and due to the movement of the mobile terminal, the delays as well as the
amplitudes of the resolvable paths are non-stationary, hence it becomes essential for
the receiver to search dynamically for new multipath components in the channel. In
the case if an already-assigned delay disappears, that delay is de-assigned, and new
‘stronger’ path will be assigned to the vacant finger [7]. The interworking mechanism

between detection, assignment and tracking processes is shown in Figure 2.3.

assign  f————p

Searcher Tracking

and de-assign and
Acquisition 8N |¢—— RAKE

F

re-assign |

Figure 2.3: The functional interworking between delay detection, assignment, and
tracking.

During the data traffic transmission (traffic mode), the receiver searches continu-
ously for new potential multipath components to be combined in the de-modulation
stage. The search algorithm is basically an integral part of the acquisition circuit

used to perform the correlation between the received signal and different replicas of

15



the desired user’s PN code. Basically the searcher despread the incoming signal using
different time shifted versions of the user’s code.

The searcher examines a window of C possible delays for a period of time (dwell
time Ty), and the correlation results are stored for further processing. The search
step size, denoted by S, is typically a fraction of a chip, e.g., one-half a chip. The
delay uncertainty region consists of K = C/S delay offsets. The time span of the
uncertainty region is normally set according to the Channel Ezcess Delay, defined
as the length of the channel impulse response for a power exceeding a given power
threshold [7]. Thus, the channel excess delay defines the delay search window to be
examined by the searcher.

Without loss of generality, T is assumed equal to the bit duration 7;. Hence, the
search results, which we call the search delay profile, will consist of K = C/S values

where each value is given by

he(n) = fuie(n) + fix(n) + Nin (2.3)

where the index k represents the k' delay offset within the search window and n is
the search time index within received frame, fix(n) is the contribution of the desired
user’s signal, f;x(n) the interference component, and Np, is the contribution of the
AWGN noise. The searcher circuit used to produce the channel delay profile is shown

in Figure 2.4.
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Sy

Figure 2.4: The signal detector used by the searcher.

The first two components of (2.3) can be shown to be

fi(n Z\/—_ aun [\/'ET An(l,k)din + /Gy Bulk] (2.4)

and

M Lnm
ffk Z Z \/ aml I:\/ EbmAlm(la k)dmn + % GpBlm(l, k)}
m=2 =1 )

(2.5)

where Ej,, and L,, are the m!" user average bit power and number of paths respec-
g

tively,
Al k) = /Wcmclg(t —7)g(t — ) dt, (2.6)
and
Bun(l, k) = —\/% ! emerg(t — )g(t — 7). (2.7)

We remark that Ay, (l, k) and By, (1, k) scale the interference coming from the traffic
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channel and the pilot channel, respectively, by the auto- and cross-correlation values
of the shifted versions of the PN sequences assigned to different users.

The searcher should detect an effective path for the first user whenever [ equals
k, i.e., ; = 7, where the spreading code’s autocorrelation function will be at its

maximum. In this case, (2.4) can be re-written as

L
fus(n) = /GpdR)ane(m) + 3 VEWau(m) [VEaAu(l, ks ++/CuBu(l,b)|
£k
(2.8)

Substituting (2.8) into (2.3) yields

he(n) = 1/ Gpp(k)azx(n) + Ix(n) (2.9)

where

L
I(n) = Z VoD au(n) {\/E‘;An(z, k)d1n + /CpBu L, k)] + frm(k) + Ny
” (2.10)
The term Ix(n) in (2.10) represents the total interference that is coming from
other paths belonging to the desired user, interference from other users along with
their multipath components, and the noise seen by the k** delay offset. Under the
standard Gaussian approximation, this term can approximated as AWGN [23]—[25].

This approximation is justified by the central limit theorem and holds when the

number of the transmitting users in the system is large. With this assumption,
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equation (2.9) is re-written as

hi(n) = /p(k)awk(n) + 1/c?(k)I(n) (2.11)

where I(n) is a normalized complex Gaussian random variable with zero mean and
variance 0.5 per dimension, p(k) = G,é(k), and o?(k) is the variance of the interfer-
ence component.

To improve the probability of multipath detection, N, independent search results
are obtained through repeating the search process at different time instants, e.g. bits
or search blocks, during a data frame. These time instants are usually chosen to be

spaced sufficiently far from each other within a frame for the following reasons.

e To give the searcher the required time to correlate the received signal with
all shifted versions of the PN code. In serial searcher circuits, the total time
required is proportional to K X Ty. This time is reduced considerably when a
parallel searcher is utilized. This reduction comes at the expense of the increased
complexity through implementing parallel correlators, especially if the search

window is large [4] [5].

e To give the fading process some time to de-correlate. When the Doppler rate is
high, the channel de-correlates faster, and hence the time spacing between the
search results can be reduced and still the search results would be independent.

The converse is true when the channel is slowly fading.

A schematic diagram showing the search blocks within a segment of the incoming
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frame is depicted in Figure 2.5. The search blocks are used by the multipath detection
scheme to measure the energy content of the examined delays. The searcher discards

the blocks between the search blocks while processing the search results.

v

search blocks

Figure 2.5: The search blocks within a segment of the incoming frame.

2.2 Enmergy-Based Multipath Detection Scheme (EMDS)

In the energy-based multipath detection schemes (EMDS), the correlation energies
are averaged over N4 independent search blocks at each delay offset and the result
is compared to a threshold. If the average energy at a certain delay offset exceeds
the threshold, the path with that delay offset is acquired. This process is done for all
delay offsets in the search window. The selected delay offsets are then fine-aligned
through the tracking process, which is accomplished by employing a delay locked loop
(DLL). If a wrong delay, which does not contain the desired user’s signal, passes the
threshold test, the tracki‘ng loop will detect it and declare a false alarm state after a
relatively long period of processing time. Thus, it is extremely important to reduce
the probability of false alarm of the detection scheme. The detection metric of the
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EMDS is computed as shown in Figure 2.6.

1w, Y, Threshold
h,(k) —> |o}? N_AZ"=‘(.) £ Test

Figure 2.6: The EMDS detection metric computation.

From (2.11), the average correlation energy at the k' delay offset is

1 A
Y(k) = ]—V—;ZIhk(n)lz

= k) + 53(R) (2.12)

where 5%(k) is an estimate of the interference power (k) obtained from N, obser-
vations, and p(k) is an estimate of the user power p(k) = G,¢(k) obtained from N4
independent search samples. In (2.12), it is assumed that the interference and the
desired user’s signal are independent. This is a valid assumption since each multipath
component fades independently as per the WSSUS model.

It can be shown that both variables 5%(k) and §(k) have distributions that can be
approximated by central Chi-square distributions with 2/N4 degrees of freedom. The

approximation holds well when the time-bandwidth product NsTy/T, is large [26].
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The first and second order statistics of these variables are given as

E{5i(k)} = oi(k),

var(ai)) = 1,

B{(K)} = p(k), and

P(k)
N,

var{p(k)} =

When Y (k) exceeds the the threshold, then the k% delay offset will be detected.
Furthermore, if the RAKE receiver has L fingers, the k**delay offset will be assigned
to one finger if it is one of the L maximum components in the search window.

Apparently, when the SINR is low, some of the actual multipath components will
be masked by other delay offsets with strong interference power,‘ and consequently
wrong paths will pass the threshold declaring a false alarm state.

To illustrate the concept behind the EMDS, consider the case when the desired
user’s channel contains 4 paths at relative delays 0, 2, 4, and 6 chips. Let us assume
that the searcher examines a window of 16 chips looking for these delays. The decision
metric given in (2.12) is computed from the search results at each delay offset. An
example of the computed average energy profile (average energy per path) is shown
in Figure 2.7 at signal-to-interference ratio SIR = 10 dB and average bit energy to
noise power spectral density Fy/Ny = 20 dB.2 We remark that the values of the STR

and E;,/Ny assumed here are quite unrealistic. However, they are used here to define

2While the SIR is defined before despreading, Ey/Ny is defined at the output of the despreader.
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a perfect detection event. As shown in the figure, since the average energy content of
the paths at delays 0, 2, 4, and 6 chips exceed the threshold level at 0.1, these paths
will be detected and assigned to the RAKE fingers (since they are the 4 maximums

in the window). Furthermore, none of the other delays (other than the actual ones)

has exceeded the threshold. Hence no false alarm has occurred

Average Energy Profile at SIR = 10 dB, E bIN0= 20dB

0.35 T T T T T T T T
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03k AND T i
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pa2sf b -
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Figure 2.7: An illustrative example of the average energy profile at the examined
delays with the EMDS.

Let us consider some practical figures for E,/Ny and SIR; say 7 dB and —10 dB
respectively. The average energy profile is shown in Figure 2.8. As it is shown in the
figure, some of the actual paths do have energy contents that exceed the threshold,
and they are among the 4 maximums in the window, e.g. the paths at delays 4 and 6
chips. On the other hand, the incorrect paths at delays 10 and 11 chips are mistakenly
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detected and assigned. This basically defines the false alarm event. Because of noise
and interference the actual path at delay O chip is missed. Furthermore, the path at

delay 2 chips is masked by other paths with stronger power.

Average Energy Profile at SIR=-10dB, E bINo =7dB
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Figure 2.8: Realistic path’s average energy profile.

To evaluate the performance of the EMDS we need to find the probability that the
detection logic implies that the examined path is correct while it is not, i.e. probability
of false alarm, and the probability that the logic indicates that the examined path is
correct while indeed it is, i.e. probability of detection. The dependence of these two
probabilities on the E,/Ng, SIR, and the threshold can be sensed from the previous

examples. In the following the relationship between these parameters is formulated.
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2.2.1 Probability of False Alarm (Py,)

Let us assume that the desired user’s signal impinges at the receiver front end from
L different paths {l1,ls,...,lr}, with set of delays d = {7, 7,..71}. Any of the
remaining delay offsets in the search window other than the ones in d may cause a
false alarm. Since the desired user’s signal arrives only via the paths {ly,ls,...,Ip},
the probability of false alarm can be calculated from the probability density function
(pdf) of the decision metric of the k' delay offset when 7, ¢ d, that is when the
received signal consists of noise and interference only. In this case, the decision

metric is given as

Y (k) = 62(k). (2.13)

It can be shown that Y (k) has a central Chi-square distribution with 2N, degrees of

freedom whose pdf is given by [27]

1 NAy Na-1 Nay/o?(k)
—_—— —Nay/o > i
)= () e,y 20 (2.14)

where I'(z) is the Gamma function defined as I'(z) = [z* 'e™®dz, z > 0. The
0
cumulative distribution function (cdf) of Y'(k) is then given as [27]

Ny—1

_ 1 ( Nay \'*
Fy (y) = 1 — e~ Nav/oi(k) = (——) . 2.15

Using (2.15), the probability that the k** delay offset produces a false alarm state
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is

Nazlq Nan \'
— > — ~Nan/o}(k) — A .
) = PHY () 2 1) = 00 3 4 (Z2) (2.16)

We notice from (2.16) that the probability of false alarm increases as the interfer-
ence power increases. In the existing AAS, the threshold is varied to compensate for
any variations in the average interference level, and consequently a CFAR is main-
tained. However, the selection of the threshold also affects the probability of detection

as it will be shown next.

2.2.2 Probability of Detection (Pp)

The probability of detecting a multipath component in the desired user’s channel is
basically the probability that the average correlation energy corresponding to that
component is greater than the threshold. If the desired user’s signal impinges at
the receiver front end from L different paths {l1,ls,...,l1}, the average correlation
energy corresponding to any one of these paths is given by (2.12). Since the decision
metric is a function of two independent random variables, namely #(k) and 53(k), we

formulate its conditional pdf as

frily | B(k)) = 1 Nay et LN/l >
T'(Na) \B(k) + o3 (k) » Y=

(2.17)
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and the conditional cdf is

Ng—1 1 Nay i
F. 5(k)) = 1 — e~ Nav/lot(k)+5(k)] = <_~__.._A___)
vi(y | B(k)) ; it \ (k) +a?(k)

(2.18)

The probability of detecting the (lj)th multipath component, for j =1,2,... ,L,

is given as

g Nt Nan ‘

Pr(l) = —Nan/loF(;)+50;)] — (——A (p(l;))dp(l;

(1) / Nl > i Gy vy Joeas
(2.19)

where
_ 1 N@(b))”"‘l NABG) Bt
(H(L)) = apll)/Bndlls) 51 >0
fl](p( ])) P(NA) (Ebl¢(l]) € p(]) -

(2.20)

The expression in (2.20) shows explicitly the effect of the channel PDP on the
probability of detection. The deficiency of the EMDS scheme is inferred from the
probability of false alarm and probability of detection expressions. It is clear that the
probability of detection depends on the total received energy per path p(l;) + o2(1;).
Consequently, when the interference power is high, the probability of detection and
probability of false alarm are proportional to each other. Meaning that trying to
maintain a low probability of false alarm by using a high threshold level will retain a

low probability of detection as well.
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2.2.3 Energy Based Finger Assignment Algorithm

As it has been mentioned before, the finger assignment algorithm works on the search
results for all multipath components in the search window. The energy based finger
assignment algorithm assuming that there are L fingers in the RAKE is outlined as

follows [18].

1. Perform a search over the window of possible delays and obtain the search

results at each estimation bit, as per (2.11).
2. Compute the detection metric as per (2.12) .

3. According to the desired false alarm probability, e.g. 1%, the delays with aver-
age energy Y greater than the threshold and they are the L maximums among

all paths in the search windows are assigned for RAKE combining.

4. In case none of the delays in the current search window exceeds the thresh-
old, the detected delay with maximum Y from the previous search window,

corresponding to the previous received frame, is used for demodulation.

5. Repeat this process for each received frame.
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2.3 Per-Path Interference Power and Channel Es-

timation

In this section, a simple per-path interference power estimator is developed and an-
alyzed. The proposed estimator assumes perfect knowledge of the channel fading
coefficients during the search instants. Subsequently, a channel estimator based on
the knowledge of the channel autocorrelation function is developed. The channel es-
timation algorithm presented herein, Will be used later to realize a low complexity

improved multipath detection scheme.

2.3.1 Interference Variance Estimation

To improve upon the energy based detection scheme and finger assignment algorithm,
the received per path interference power at the searched delay offsets should be con-
sidered. For this purpose, the interference power should be estimated at each delay
offset in the search window.

Writing (2.11) in terms of the in-phase and quadrature components, a given sample

of the searcher output could be expressed as follows

hi(n) = hir(n) + jhio(n) = /p(k)(carr(n) + jonrg(n)) + 1/ 05 (k) (I (n) + jIg(n)).

(2.21)

Assuming that the in-phase and quadrature components of the interference are
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independent, the joint pdf of the in-phase and quadrature components of a sample

from the searcher output is given by

L C

where, g(n) = [hxr(n) — /p(k)arer(n)]* + [heg(n) — \/p(k)carg(n)]?. Hence the joint

pdf of the N4 independent samples can be found to be as follows

£ (her, bygloess, ; 03) = (02 (k)) ™M x exp[%k) S g (222)

n=1

Equation (2.22) represents the Likelihood function for the data model presented

above. Taking the natural logarithm of (2.22) yields

Ny
L(o3(k)) = —Na In(mo?(k)) — ;—}7) S g(n). (2.23)

The first derivative of (2.23) with respect to the interference variance is

dL(o%(k))  —Na 1 s
52k = 72 T o 20

Observing that since ZQI 4 g(n) = Nao?(k), the likelihood function satisfies the reg-

ularity condition [28] and the its first derivative can be written as
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OL(0f(k)) _ N. ) 1 &
9o (k) “a;(z)["of(kﬂm;g(n)]- (2.24)

Hence the Minimum Variance Unbiased (MVU) estimator exits and its variance

attains the CRB bound [28]. From (2.24), the estimator can be expressed as

) = 3 3 () — vlass (P 225

One the average, the estimate 6%(k) equals the the actual interference variance o%(k),
ie., E{6?(k)} = o?(k), where E{-} is the expectation operator. Moreover, the vari-

ance of the estimator, i.e. the CRB, is given by

var{6%(k)} = PM (2.26)

As it may be expected, the variance of estimator decreases as the number of inde-
pendent observations N4 increases. Thus, more accurate estimates of the interference
power can be obtained by increasing the number of accumulations. For a given num-
ber of accumulations, the variance of the estimator increases as the interference power
increases.

Although the interference variance estimator in (2.25) is optimum in the sense
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that it is MVU, it assumes perfect knowledge of the desired user’s channel coeflicients.
Clearly, this is rather a strong assumption to hold in practice. In the following, an
optimum channel estimator will be developed based on the knowledge of the chan-
nel autocorrelation function. The obtained channel estimates can be used in (2.25)

instead of the perfect channel coefficients.

2.3.2 Channel Estimation

The task to be carried out here is to obtain optimum estimates of the channel fading
coefficients based on the data model constructed by the search results as per (2.21).
The sought channel estimator would be optimum in the sense that it minimizes the
mean squared error in estimating the fading coeflicients at the search instants. Form
estimation point of view, it is well known that the Bayesian estimators are the opti-
mum estimators in the mean squared error sense [28]. This is mainly attributed to
the fact that the Bayesian estimator assumes knowledge of the pdf of the parameter
to be estimated. To derive such an estimator, we need to take a closer look at the
data mode presented in (2.21).

In our model, the channel coefficient oy, is complex Gaussian random variable with
zero mean and variance 0.5 per dimension. Under the WSSUS channel model, the
inphase and quadrature components of any given channel coefficient are uncorrelated,

i.e. independent in this case also. The inphase and quadrature components of the
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search results can be written separately as

hrr(n) = v/p(k)aarr(n) + 1/0%(k)I1(n),n =1,2,...Ny, (2.27)

heg(n) = /p(k)awkg(n) + /o3 (k)Ig(n), n=1,2,..Na. (2.28)

Since the complex channel coefficient ayx(n) is a linear combination of aqxr(n) and
arrg(n), ie. a(n) = arr(n)+ joukg(n), a minimum mean square error (MMSE) es-
timate dyx(n) can be obtained by linearly combining MMSE estimates of the inphase
and quadrature components of channel coefficient &yx7(n) and &1xg(n), respectively,
as @ix(n) = &ukr(n) + jéikg(n). Therefore, the estimation problem reduces to esti-
mating the inphase and quadrature components of the fading coefficients.

It is evident that the models in (2.27) and (2.28) are linear models and the under-
lying processes, i.e., the channel and interference, are jointly Gaussian, the MMSE
channel estimates at the search results can be obtained using a linear filter conven-
tionally known as the Wiener filter [28].

If the covariance matrix of the inphase components of the channel coefficient and
the interference are denoted by the N4 x N4 matrices C, ;r and Cy i respectively,

the MMSE estimates of the channel coefficient’s inphase component at the search
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instants, n = 1,2,...N4 , can be found as

uer = Ahyy (2.29)

where, &;x; and hy; are column vectors of length N4 containing, respectively, the
MMSE inphase channel estimates and the inphase search results, and the Wiener

filter matrix A is given as

A =p(k)ca’[[[P(k)Ca,[[ + U%(k)C],H]—l. (230)

Having defined the form of the filter, we are left with defining the covariance matri-
ces Cq 1y and Cy 7. As it has been mentioned previously, the interference component
I(n) is modeled as an AWGN with zero mean and variance 0.5 per dimension, and
the inphase and quadrature components of interference are independent. Therefore,
the covariance matrix of the inphase component of the interference samples Cy ;s is

given as

Cy g = 0.51 (2.31)

where I is an N4 X N4 identity matrix.
The covariance matrix of the sampled channel’s inphase component, C, ;7, can be
obtained from the channel autocorrelation function. The autocorrelation function of

the of the inphase component of the channel is given as [21]
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orr(nr) = 0.5Jo(27 fanr) (2.32)

where, Jo(z) is the zero-order Bessel function of the first kind, nr is the delay index
in terms of T} seconds, and fy = f,,T} is the normalized Doppler rate where f,, is the
maximum Doppler frequency. As it has been mentioned before, the search instants
are spaced in time within the received frame. Effectively, the searcher samples the
channel process at a rate of N4 samples per frame. If the samples are spaced uniformly

by ns, Cq, 11 is constructed from (2.32) as follows.

[Ca11lij = @r1((5 = j)ns) (2.33)

where, 7 and j are the samples’ indices, i.e. ¢ and j assume values in {1,2,..N4}.
With the assumed channel and interference models, the inphase and quadrature

components have the same covariance matrix, i.e., Co 11 = Cq,0g and Cy 1 = Cr g

[21]. Hence, the same filter is used to estimate the quadrature component of the

channel, that is

o = Ahyg. (2.34)
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Finally, the complex channel estimates are obtained as

Qg = gl + JOakg- (2.35)

Although the estimator in (2.35) is optimum in the sense that it minimizes the
mean square error, it relies on the assumption that the interference power and the
channel autocorrelation function are known. Because we are mainly interested in
estimating the interference power, the Wiener filter solution is rendered unfeasible.
In the next section, however, we will use the Wiener filter presented here to propose

a more practical filter structure.

2.4 Improved Multipath Detection Scheme (IMDS)

In this section, we present an improved multipath detection scheme based on esti-
mating the interference power seen in the resolved paths. A new detecting metric
is formulated by subtracting the estimated interference power from the total power
received from each path. This will have the effect of reducing the influence of the
interference on the probability of false alarm and probability of detection as we will
see later in this section. The properties of the interference variance estimator pre-

sented in the previous section will be used to derive the probability of detection and

probability of false alarm for the IMDS.
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2.4.1 The IMDS Detection Metric

Using the estimates computed from (2.25), the new detection metric is

Z(k) =Y (k) — 62(k). (2.36)

Consequently, under the IMDS, the paths with maximum actual signal power Z will
be acquired. Comparing the decision metric given in (2.36) and the one in (2.12), we
observe that the proposed metric depends on the desired signal power as opposed to
the conventional metric which considers the composite, signal and interference, power

in the detection process.

2.4.2 Probability of False Alarm

The detection metric can be written compactly as

Z(k) = p(k) + (57 (k) — 07 (k)]. (2.37)

Clearly, the detection metric consists of the signal component p(k) and estimation
error given by the term 6%(k) — 6%(k). Since the estimator in (2.25) is MVU, the
estimation error is Gaussian distributed with zero mean and variance o4(k)/N4. This
is particularly true when the number of search results, i.e. observation samples, is
large [28].

Assuming that the desired user channel has L paths with delaysset d = {7y, 7, ..., 71},
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the probability of false alarm is derived as follows. When the k% searched delay offset
does not correspond to a correct path delay, i.e. 7, ¢ d , the detection metric equals
the estimation error, i.e. (k) = 0, and consequently Z(k) ~ N(0,0%(k)/N4). Using
this result, the probability that the estimation error for the k**delay offset exceeds a

given threshold e can be found to be

Pro(k) = Q ( U;z,:)e ) (2.38)

where Q(z) is the Q—function defined as Q(z) = 1/v/27 [ e=*/%dx .

2.4.3 Probability of Detection

The probability of detection can be found following the same steps used to find

the probability of false alarm. The conditional probability of detecting the (lj)th

multipath component is given by

: (2.39)

Poll; | 5(0,)) = Q (m“(jjf“j”) .

Averaging over the received signal’s envelope results in the probability of detecting

that component is given by

7@ ( — 2l ”) (7)d5 (2.40)

It is important to note that while the probability of false alarm at a certain

38



threshold level depends on the interference power, the probability of detection is a

function the received per path signal-to-interference-plus-noise ratio, p(l;)/o7(l;).

2.4.4 Practical Realization of the IMDS

Up to this point, we have considered the IMDS based on the MVU interference
variance estimates. As it has been pointed out in section 2.3.1, the MVU variance
estimator assumes a perfect knowledge of the channel coefficients. At the data de-
modulation stage, this is a reasonable assumption since the channel coefficients are
needed by the RAKE receiver to implement coherent combining of the assigned fin-
gers and a channel estimation algorithm is usually implemented at the receiver for
that purpose. At the initial acquisition stage, however, the estimator requires the
knowledge of the channel coefficients for all the K delay offsets in the search window.
When the search window is large, estimating the channel at each delay offset becomes
prohibitive.

In the previous section, the Wiener filter has been introduced as an optimum
channel estimator. We have seen that it is required that the interference variance
and the channel autocorrelation function be known in order to calculate the filter
coefficients. There are two main drawbacks of the Wiener filter solution. First, the
channel autocorrelation function should be estimated at the acquisition stage. To
estimate the autocorrelation function, long term observations are needed. Hence, the
path acquisition will require longer time and more computations. Second, and most

importantly, the Wiener filter solution assumes the knowledge of the parameter of
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interest for estimation; the variance of the interference.

To account for the hardware limitation of the receiver, a modified low complexity
version of the MMSE estimator should be implemented at the detection stage. The
Wiener filter structure will serve as design benchmark for the low complexity solution.
This can be accomplished as follows.

To obtain an estimate of the interference power, the N4 search results at each
delay offset in the search window will pass through an FIR filter to produce ‘rough’

channel estimates &x(n). The filtered versions of the search results are given by

Kp—1

ag(n) = Z f(m)he(m —n) (2.41)

where f(-) is the filter shaping function and K is the filter length. Using the filtered

search results, a simple per-path interference variance estimator can be expressed as

1 Qe
F0) = 3 > Ihn(n) = n(n)P. (2.42)

n=1

It can be seen that the estimator in (2.42) uses the output of the FIR filter as rough
channel estimates in order to estimate the interference variance and the signal power.
It is important to notice that other estimators such as the Maximum Likelihood (ML)
estimator, which is ought to maximize the likelihood function given in (2.22), may
be theoretically employed. However, a search over 2N, + 1 variables (the in-phase
and quadrature components for all N4 complex channel coefficients in addition to the

interference variance) should be conducted at each delay offset by the ML estimator.
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Such a computation is highly prohibitive especially at the acquisition stage [25].

In Figure 2.9, we present a schematic diagram of the proposed IMDS structure
where the simplified estimator is incorporated into the detection scheme. While the
upper branch is used to compute the decision metric of the EMDS, the lower branch
is used to estimate the interference variance. It is worth mentioning that the increase

in complexity is rather modest compared to the EMDS implementation.
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Figure 2.9: A practical realization of the improved multipath detection scheme.

In light of the above discussion, the received signal is first applied to the searcher
block. The search results are then used to estimate the per path interference variance
using the FIR filter. The decision metric in (2.36) is computed and compared to the
threshold. The comparison results are presented to the FAA processing block where
the potential paths are chosen for combining.

To highlight the potential of the IMDS on enhancing the detection capability of
the multipath components, consider the example where we have 4 paths at 0, 2, 4, and
6 chips. The computed detection metrics for the EMDS and the IMDS at E,/Ny =7
dB and SIR = —10 along with estimated interference variance are given in Figure

2.10 as a function of the examined delays. The realization in Figure 2.9 has been
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used in this example with normalized rectangular window FIR filter of length 6. As
shown in Figure 2.10, while the EMDS has not assigned the path at 2 chips (because
of the ambiguity resulted from the path at 8.5) , the IMDS has detected and assigned
that path. It is evident that the EMDS results in high false alarm rate. This rate
is reduced effectively in the case where the IMDS is utilized due to subtracting the

interference power seen at each path from the total received path’s power.
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Figure 2.10: The computed total and signal energy profiles with the estimated inter-
ference variance as a function of the delays examined by the searcher.

2.4.5 The FIR Filter Design Procedure

Herein, a procedure to design the FIR filter used to provide coarse channel estimates

in the low complexity realization of the IMDS is described. More specifically, the
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filter shaping function and the filter length will be determined using the Wiener filter
as a design benchmark.

First let us focus on the filter shaping function. As shown in equation (2.30), the
shape of the Wiener filter is drawn by the covariance matrix of the interference and
the channel. In reality, the interference power is unknown, and the channel autocor-
relation function is very complex to estimate. Hence, the Wiener filter structure can
not provide us with a realistic filter shape to implement. Consequently, we adopt a
normalized rectangular window FIR filter, i.e., Yoot [f(m)|? = 1.

Having defined the filter shape, we are left with one degree of freedom; the number
of filter taps Ky. As it can be inferred from the Wiener filter, the number of filter
taps depends on the number of the search results N4 and the normalized Doppler

rate. In a fixed frame length, when the number of the search results is small, and the

Doppler rate is high, the Wiener filter can be approximated by
A, =——F7——1 (2.43)

In this case, the channel estimates would be equal to the search results scaled by
p(,%)’;%. Thus, the current estimates depends on the current search result, i.e. the
filter becomes memoryless. Consequently, a rectangular FIR filter with small number
of taps is expected to provide acceptable performance compared to the Wiener filter.

By increasing N4 or decreasing the Doppler rate, off-diagonal terms will appear in

the Wiener filter matrix, and hence, the current estimate will be calculated from some
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of the previous and next search results. In particular, the search results which are
highly correlated will affect each other. In this case, the number of the rectangular
FIR filter taps should be increased to account for the correlation between the search
results.

Finally, for a given large N, if the Doppler rate is high, the number of the FIR
filter taps must be decreased in order to assure sufficient averaging of the interference
while the channel is varying rapidly. This implies that the number of filter taps
should be selected such that the time span of the filter be proportional to the channel
coherence time, i.e. the inverse of the Doppler bandwidth.

Although adapting the number of filter taps according to the Doppler rate for
a given number of search results is a possible solution, it requires estimating the
Doppler rate at the acquisition stage, which in turn, adds extra complexity at the
receiver side. To avoid any additional complexity, it is always desirable to have a
fixed design for the FIR filter. To this end, the following steps are customized, taking

into consideration the comparison with Wiener filter, to furnish the desired filter.

1. Since we don’t know the interference variance at each delay offset (so we can not
calculate the Wiener weights even if we know the channel covariance matrix),
we adopt a normalized rectangular window FIR filter of length K; with impulse

response given by

fln) = ——= Z 8(n —iTy) (2.44)
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where d(t) is the dirac delta function.

2. Assuming that the channel is known, the number of search results N4 is fixed
to yield a certain detection performance (as predicted by equations (2.38) and
(2.40)). Ny, however, should not be selected arbitrary large since that would

increase the delay acquisition time.

3. The number of taps for f(n) should be selected upon comparing the performance
with the Wiener filter. The best strategy is to select the taps that would make
the detection performance with f(n) as close as possible to the Wiener filter
performance when the Doppler is high. This will work well even when the

Doppler rate is low since the search results are spaced in time.

In the next section, we will show that this strategy results in a good performance

under most realistic channel conditions.

2.4.6 Finger Assignment Algorithm Based on the IMDS

Having defined the detection decision metric of the IMDS in (2.36), the IMDS based
finger assignment algorithm assuming that there are L fingers in the RAKE is outlined

as follows.

1. Perform a search over the window of possible delays and obtain the search

results at each estimation bit, as per (2.11).

2. Compute the detection metric as per (2.36).
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3. According to the desired false alarm probability, e.g. 1%, the delays with signal

power Z greater than the threshold are detected.

4. The delays with maximum L signal power Z values among all the detected

paths in the search windows are assigned for RAKE combining.

5. In case none of the delays in the current search window exceeds the thresh-
old, the detected delay with maximum Z from the previous search window,

corresponding to the previous received frame, is used for demodulation.

6. Repeat this process for each received frame.

2.5 Numerical Results and Discussion

In this section, we examine the performance of a CDMA receiver when multipath de-
tection and finger assignment are performed based on the detection schemes described
and developed in the previous sections; the EMDS and the IMDS. As it has been seen
from the description of the multipath detection problem in general, there are many
design parameters which should be considered in various operational environments in
order to draw conclusive remarks about the performance of the receiver. As far as the
performance of the CDMA receiver is concerned, we will confine ourselves to a set of
performance measures. Mainly, we will study the receiver performance in terms of the

operational characteristics, i.e. probability of detection and probability of false alarm,
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and the transmission reliability represented by the bit-error rate (BER). The com-
munication environment’s and the multipath detection scheme’s design parameters

pertaining to the adopted performance measures will be considered herein.

2.5.1 System Parameters

An uplink CDMA system similar to the one proposed by the cdma2000 standard
was simulated in the baseband. The simulation setup for the system, transmitter,

channel, and the receiver parameters are as listed below.

e System: The system consists of a total of 6 (1 desired and 5 interferers) asyn-
chronous users communicating with a single BS, and each mobile terminal trans-
mits its own pilot channel. Perfect power control is assumed, and hence, the 5

interferers’ signals arrive at the BS with equal power.

e Transmitter: Each user is assigned a distinct pseudorandom (PN) code of length
N, € {32,128,256}. The BPSK modulated data bits are spread by a Walsh code
before they are code-multiplexied with the pilot channel. A rectangular pulse
is used to shape the transmitted chips. The pilot channel gain Gp is set to —3
dB relative to the traffic channel, i.e. Gp = 0.5F,. The transmitted average bit
energy is normalized to 1. The frame duration is 20 ms which consists of 192

bits at a data rate of 9600 bps.

e Channel: A frequency selective Rayleigh fading channel is considered here. the

Doppler spectrum of the channel follows the classic (outdoor) model as given
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in equation (2.32) where the normalized Doppler rate f; € {1072,1073,107*}.
The number of paths L is set to 4 at relative delays d ={0,2,4,6} chips with

uniform power delay profile, i.e. ¢(I) =1/4.

e Receiver: The receiver structure described in section 1 is used in this simulations

with following parameters.

1. Searcher: The search step size S is set to one-half a chip. The search
uncertainty region C' spans a total of 167, seconds. Thus, the uncertainty

region consists of K = 32 delay offsets.

2. Multipath Detection and FAA: Both the IMDS and EMDS will be consid-
ered. Unless specified otherwise, the practical realization of the IMDS

shown in Figure 2.9 is utilized with normalized rectangular FIR with

K; € {3,6,9}.

3. RAKE: The RAKE receiver consists of L fingers. If the number of detected
and assigned paths is less than the number of available fingers, the vacant
fingers are switched off. For each assigned delay, the channel is estimated

using a moving average rectangular filter of length 6.

The average bit energy-to-noise power spectral density (Ey/Np) is defined at the
output of the despreader. The considered E}/Ny varies from 0 to 10 dB. The signal-
to-interference ratio (SIR), on the other hand, is defined before despreading. Hence,

the measured SIR after despreading SIR,,, in dB, would be approximately the set
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SIR in dB plus the processing gain in dB. That is, STR,, = SIR+10log(N.). Herein,
SIR € {-10,0,10} dB.

Finally, the developed simulation environment allows for easy access to the re-
ceived signal components at the receiver (so that we can measure the actual interfer-

ence power for instance). The simulation environment has been built entirely using

MATLAB.

2.5.2 Validation

In the analysis given in sections 2 and 4, some approximations have been made in
order to pin down expressions for the probability of detection and probability of
false alarm for the EMDS and IMDS. In the following, the validity of the adopted
approximations is assessed by comparing the theoretical and simulation results.

For the EMDS, it has been assumed that the average signal power and interference
variance, measured at the output of the despreader as 62(k) and p(k), have distribu-
tions that can be approximated by central Chi-square distributions with 2N 4 degrees

of freedom. The first and second order statistics of these variables have been given as
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As a sample scenario, let’s consider the simulation results when Ny = 24, N, =
128, f4 = 0.01, SIR = 0 dB, and E,/Np = 0 dB. For the first path, 6%(1) = 1+1/N, =
1.0078 and p(1) = (1/L)(0.5) = 0.125. Table 2.1 compares the distributions’ first and
second order statistics as expected from the equations above against their empirical
counterparts. It is evident that the theoretical results are in good agreement with the

corresponding empirical results.

Table 2.1: EMDS: emperical versus approximation.
Approximation Empirical

E{57(1)} 1.0078 1.0028
var{a3(1) 0.0423 0.0418
E{p(1)} 0.125 0.1248

var{p(1)} | 6.510 x 10~* | 6.6251 x 10~*

To evaluate the validity of distribution approximation, the probability of detecting
the first path as expected from equation (2.19) is plotted in Figure 2.11 against the
threshold values at the operational parameters mentioned above. In same graph, the
empirical counterpart is also depicted.

The probability of detection is selected as the assessment measure since it depends
on both pdf approximations. As it is shown in the figure, there is almost an exact
match between the theoretical and erﬁpirical results. This is explained in terms of
the underpinning condition for the pdf approximation. As it has been mentioned
in section 2, the pdf approximation holds well when the time-bandwidth product
N4T;/T, is large. Observing that dwell time T; = T, = N.T;, the time-bandwidth
product evaluates to NaN, = 3072. It is clear that the time-bandwidth product

is large enough for the approximation to hold. Fortunately, this is true for most
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Figure 2.11: The theoretical probability of detection for the first path compared to
the one produced by simulations.

practical values for Na, Ty, and T, [22] [26].

For the IMDS, a higher level of approximation has been used to derive the proba-
bility of detection and probability of false alarm. Beside the approximations adopted
for the EMDS, the IMDS assumes that the error in estimating the interference vari-
ance possesses a Gaussian pdf with zero mean and variance o(k)/N4. It is imperative
that N4 be sufficiently large for the Gaussian approximation to apply. To assess this
approximation, Table 2.2 lists the theoretical mean (0) and variance (¢7(1)/N4) of
the estimation error against their empirical counterparts for the same operational
parameters used above.

As shown in Table 2.2, the theoretical first and second order statistics compare well
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Table 2.2: IMDS: emperical versus approximation.

Approximation Empirical
E{o%(1) —65(1)} 0 —4.8627 x 107°
var{c?(1) — 67 (1)} 0.0423 0.0443

with their empirical counterparts. However, the variance produced in the simulations
appears to be a bit larger than the one expected theoretically. To further investigate
this case, the pdf of the estimation error as produced from the simulations is plotted

in Figure 2.12 against a Gaussian distributed random variable (RV) with mean equal

to zero and variance of (0.0423.
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Figure 2.12: The estimation error pdf as it compares to a Gaussian distributed random

variable.

It is clear that estimation error pdf flares in at the tail probability. This basically
makes the variance increase. Except for the tail probabilities, the approximation

holds quite well. By the virtue of the condition behind the approximation, increasing
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the number of search results N4 beyond 24 will insure a better match between the
theoretical and empirical results.

To highlight the impact of the Gaussian approximation on the probability of
detection, the probability of detecting the first path as computed from equation (2.40)

is plotted in Figure 2.13 against the results produced by simulations.

fy=001, Eb/N°=0dB, SIR=0dB,N =128
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Figure 2.13: The theoretical probability of detection for the first path using the IMDS
as it compares to its simulation counterpart.

Immediately apparent is the fact that, for high probability of detection, the theo-
retical results agree very well with the empirical results. The effect of the aforemen-

tioned mismatch is practically negligible as shown in Figure 2.13.
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2.5.3 The Receiver Operational Characteristics (ROC)

The most informative performance assessment aids for any detection scheme is the
receiver operational characteristics (ROC) curves. In the ROC curve, the probability
of detection is plotted against the probability of false alarm at certain operational
parameters. The ROC curves are typically produced via off-line calibration processes.
During these processes, the threshold level is varied, and thereupon the probability
of detection and probability of false alarm at each threshold level is measured. In the
forthcoming discussions, the ROC curves will be investigated in various communica-
tion environments.

To illustrate the detection performance improvement provided by the IMDS when
the FIR filter length K is varied with the Doppler rate, the ROC curves are produced
at different Doppler rates for both detection schemes. The filter length K is increased
when the Doppler rate decreases. The used adaptation scheme is described by the
set {(f1, K;) : (1072,3),(1073,6),(107%,9)}. As sample results, consider Figure 2.14
which shows the ROC curves, i.e. the probability of detecting the first path as a
function of the probability of false alarm, for both detection schemes at E,/Ny = 8
dB, STR = —10 dB when N, = 128 and Ny = 24.

From the above figure, it is seen that, for the same Doppler rates, the IMDS results
in higher detection probability than the EMDS. For instance, at Ps, = 1%, the IMDS
is capable of detecting the first path at least by more than 20% of times compared
to the EMDS at all Doppler rates. It is also evidenf that the detection capabilities

for both detection schemes deteriorate as the Doppler rate decreases. This is mainly
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Figure 2.14: The ROC for the EMDS and IMDS when the FIR filter length changes
with the adaptively Doppler rates.

because the search results becomes more correlated at lower Doppler rates, and hence,
the search samples provide similar information about the energy content of the path.
Given that the probability of deep fade in the path is high, the information provided
by the search results are typically not indicative. One possible strategy to remedy
this situation for both detection schemes, is to further time-space the search results.
This, however, will increase the finger acquisition time for fixed N4 (a search over
more than one frame is needed). Another solution, is to decrease the number of search
results within the frame. As it may be expected, the drawback of this solution is that

the probability of detection will decrease.
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As mentioned in section 4, the practical realization of the IMDS can be imple-
mented with a fixed FIR filter design, i.e. with fixed K, by direct ROC comparisons
with the optimum Wiener filter described in section 3. To put the developed FIR
design strategy in practice, the detection performance of the IMDS when the channel
coefficients are perfectly known is computed with N4 = 24 to yield a certain detection
performance. With the same system parameters, the detection performance of the
EMDS and the IMDS implemented once with the Wiener filter and once again with
the normalized rectangular FIR filter with K = 3 is evaluated. Sample results of the
ROC comparisons are shown in Figure 2.15 at E,/Ny = 0dB, SIR =0dB, N, = 128,
and fy; = 0.01.

The performance gap between the cases when the channel is perfectly known
and when the Wiener filter and the rectangular FIR implementations are used is
clearly shown to be large. Later in this chapter, the potential of this gap on the
BER performance will be demonstrated. The performance improvement gained by
the Wiener and the rectangular FIR implementations of the IMDS compared to the
EMDS is also shown in the figure. Most importantly, the performance gap between
the (optimum) Wiener and the designed FIR realizations of the IMDS is very narrow.
From Figure 2.15, it can be concluded that the rectangular FIR realization with
K¢ = 3 performs well compared to the Wiener realization.

To illustrate the robustness of the designed FIR against Doppler rate variations,
the probability of detecting the first path is plotted in Figure 2.16 as a function of the

normalized Doppler rate for the Wiener filter realization of the IMDS, the rectangular
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Figure 2.15: The ROC comparisons between the EMDS and the IMDS when: the
channel is known, estimated by a Wiener filter, and roughly estimated by the designed
FIR with Ky = 3.

FIR filter IMDS realization with Ky = 3, and the EMDS at fixed probability of false
alarm of P, = 0.01. The other system parameters are shown on the top of the graph.

As shown in the above figure, the IMDS realization with rectangular filter with
Ky = 3 follows the performance trend of the Wiener filter even at Doppler rates other
that the one it has been design at, i.e. f; = 0.01. It is also observed from Figure 2.16
that the rectangular FIR realization of the IMDS maintains a superior performance
compared to the EMDS in the whole range of Doppler rates. The FIR realization of
the IMDS draws a detection performance that is higher than the EMDS’s at least by

15% at all Doppler rates.
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Figure 2.16: The probability of detection as a function of the normalized Doppler
rate.

These results demonstrate the efficacy of the fixed design procedure adopted here
to realize a feasible version of the IMDS. Considering the complexity of the Wiener
filter realization, the performance shown by the rectangular filter with the fixed design
makes it a prominent candidate for deployment. From now on, the IMDS implemented
with rectangular filter of length 3 will be used.

Finally, since some of the current 3G CDMA systems utilize a variable spreading
factor schemes to support different data rates, it becomes a critical issue to investi-
gate the detection performance of the EMDS and the IMDS with different spreading
factors. Figure 2.17 shows the ROC curves of the IMDS and EMDS for different N,;

32, 128, and 256. These values, respectively, correspond to approximate processing
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gains of 15, 21 and 24 dB. The other parameters are listed on the top of the graph.
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Figure 2.17: The ROC for the EMDS and IMDS with spreading factors; 32, 128, and
256.

It is apparent that the detection performance, for both schemes, is directly propor-
tional to the processing gain. This is mainly because the processing gain determines,
actually scales down, the interference power at the output of the despreader. Hence,
at low spreading factor as 32, the detection performance deteriorates severely. How-
ever, the IMDS maintains a performance improvement in the range of 8 — 12% for
the considered processing gains compared to the EMDS when the probability of false

alarm is set around 0.01.

After examining the performance of both detection schemes in terms of their
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capabilities of detecting a certain path under various operational environments, in-
vestigating the RAKE finger assignment performance drawn by both schemes is in

order.

2.5.4 Finger Assignment Performance

As it has been explained in sections 2 and 4, the detected paths with maximum
decision metric values are allocated to the vacant RAKE fingers. In this section,
we compare the finger assignment algorithm (FAA) performance when it is based on
the EMDS and the IMDS. The performance measure adopted herein is the average
probability that the assignment algorithm assigns the correct path, from the desired
user’s channel, to a RAKE finger. This probability is henceforth called the Probability
of Accurate Assignment (PAA).

As an illustration, Table 2.3 lists the assigned delays (in chips) by both assignment
strategies for ten frames at Ep/Ny = 0 dB, SIR = 0 dB, when N, = 128, Ny = 24,
fa=0.01, and the probability of false alarm is set to 0.01. As it has been mentioned
at the beginning of this section, the actual delay set in chips is d = {0,2,4,6}. A
delay of —1 chip indicates that no potential path is found.

Although the per-frame assignment results do not allow for conclusive remarks
about the average assignment performance be drawn, they indicate that the IMDS
would provide a certain improvement in terms of finger assignment.

In order to gain further insight on the actual assignment performance, the average

probability of accurate assignment needs to be studied. Figure 2.18 shows the PAA
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Table 2.3: Sample finger assignment results.

EMDS based FAA | IMDS based FAA
2,10,0,13 2.5,9,1
2,—1,-1,-1 2,—1,-1,—-1
8,—1,—-1,-1 1,-1,-1,-1
8 —1,-1,—-1 9 —1,-1,-1
8 —1,-1,—1 9, —-1,-1,-1
8,—1,-1,—1 9, —1,—1,-1
8 —1,—-1,-1 9 1,-1,-1
4-1,-1,-1 6,4,15,—1
4-1,-1,-1 6,—1,-1,-1
10,—1, -1, -1 6,—1,—1

of the first path as a function of Ej,/Np at different values of SIR based on both
detection schemes. The probability of false alarm is set to 1% for both schemes.

As we have pointed out before, the EMDS scheme suffers from severe degradation
at low E,/Ny for all values of STR. On the other hand, the IMDS exhibits a better
performance over the entire range of E,/Ny and SIR. This is again because the IMDS
takes into consideration the effect of both the interference and noise in the detection
process.

For diversity combining, the probability of accurately finding all the multipath
components is very important as it impacts the diversity order in the error rate
performance. This probability is depicted in Figure 2.19 as a function of E,/Np at
different SITR for both detection schemes.

As shown in Figure 2.19, the IMDS maintained a superior performance with re-
spect to the EMDS. Although at low E,/Ny the PAA is poor, the performance im-
proves exponentially as E;/Ny increases. Also, it can be observed that the IMDS

results in a gain that ranges from 3 dB (at low SIR) to 2 dB (at large SIR) for
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Figure 2.18: The probability of accurately assigning the first path by the EMDS and
EMDS based FAA.

large values of E,/Ny. This gain essentially suggests that the IMDS is more efficient
in utilizing the pilot channel’s power. This means that, as long as the assignment
performance is concerned in the realistic systems (which operates at low SIR), the
IMDS with 0.5 of the pilot power used by the EMDS, will draw the same assignment
performance as the EMDS . The potential of this gain on the power consumption of

the mobile terminal, which typically has limited power resources, is promising.

2.5.5 BER Performance

The impact of multipath detection and finger assignment on the average bit-error-rate

performance is investigated in the following. For this purpose, the BER performance

62



PAA for the alt 4 paths: N o= 128, Pfa=0'01'fd=o'm' Kf=3

................

] = === EmDS:SIR=-104dB

= =Q= = EMDS: SIR=0dB

Probabilty of Accurate Assignment
=)

:{ == == = EMDS: SIR=10dB e

IMDS: SIR =-10 dB
——— IMDS: SIR=04dB

woreef== |MDS: SIR = 10 dB

0 1 2 3 4 5 6 7 8 9 10
E/N, (dB)

Figure 2.19: The probability of accurately assigning the 4 paths by the EMDS and
EMDS based FAA(s).

of the RAKE receiver when the delays are perfectly known?3, assigned based on the
EMDS, and when they are assigned based on the IMDS is studied.
Figure 2.20 shows the above mentioned curves as functions of £,/ Ny at SIR = —10
dB, N, = 128. The other system parameters are listed on the top of the graph.
Immediately apparent is that the BER performance gap between the case when
the delays are known and when they are assigned based on EMDS is quite large
(around 4 dB at high E,/Nj ). This gap shrinks to almost 2.5 dB when the IMDS is

utilized to allocate the RAKE fingers. Hence, it is evident that the IMDS results in a

3But the channel coefficients seen at those delays are not known, they are estimated as mentioned
at the begining of the section.
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Figure 2.20: The BER, performance when N, = 128.

considerable performance gain as compared to the EMDS. As shown in the figure, a
gain of around 1.5 dB in E;/Nj is realizable when finger assignment is conducted based
on the IMDS as opposed to the EMDS. This gain is justified by the superior detection

and assignment performance drawn by the IMDS as it has been demonstrated in the

previous sub-sections.

The effect of the reduction in the processing gain on the BER performance of the
RAKE receiver can be examined by the aid of Figure 2.21. In this figure the BER

performance for the same cases mentioned above is presented when the spreading

factor is set to 32.

Since reducing the processing gain has the effect of the increasing the interference
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Figure 2.21: The BER performance when N, = 32.

level at the output of the combiner, the BER performance deteriorates even when the
delays are perfectly known. Nevertheless, the IMDS has shown a better performance
as compared to the EMDS. At large E,/Ny, the IMDS provides a gain of more than

3 dB compared to the EMDS.
The results shown here, and with an eye on the simplicity of the IMDS, once again

suggest that the IMDS constitutes a prominent candidate for deployment.

2.5.6 On the Delay Resolution of the EMDS and IMDS

As a matter of fact, the EMDS and IMDS are both based on a passive correlation

search. Hence, these schemes offer low path resolution as compared to the MUltiple
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SIgnal Classification (MUSIC) and ML techniques [25] [29] [30]. Both schemes fail
to detect paths that are within a chip. Actually, they can only detect two paths
when the inter-path delay is greater or equal to the chip duration [31]. This is mainly
because of the autocorrelation behavior of the used pseudorandom codes.

To illustrate the resolution capability of IMDS and EMDS, the noise and interfer-
ence free average search energy delay profile is examined when there are two paths
that are separated by a chip duration or less. Figure 2.22 shows the search profile
averaged over many channel realizations when there are two paths that are spaced

by 0.25, 0.5, and 1 chip in the channel.
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Figure 2.22: The delay profile for different inter-path spacing.

As shown in the figure, two peaks will be resolved only when the inter-path delay
spacing is in the order of the chip duration. This is observed for the paths when they
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are placed at delays of 10 and 11 chips.

For practical systems, however, the promising resolution attained by MUSIC and
ML is not utilized since these techniques are prohibitively complex to realize [30].
Thus, the current systems utilize the EMDS followed by a DLL to resolve fractionally
spaced delays if ever needed. In this structure, the IMDS can replace the EMDS with

moderate additional complexity.

2.6 Conclusions

In this chapter, the problem of multipath detection for CDMA systems has been
tackled. The energy based multipath detection scheme has been described and as-
sessed. We have presented an improved multipath detection scheme to boost the
system performance. With the proposed scheme, the multipath detection is modified
such that the interference component is taken into account in detecting and assigning
the potential multipath components to the RAKE fingers.

The performance of the proposed scheme has been analyzed and compared with
that of the energy-based scheme. We have shown that the proposed scheme outper-
forms the conventional one in different ways. In terms of the probability of detection
and probability of false alarm, the proposed scheme has shown a great potential in
enhancing the receiver operational characteristics. Also, the proposed scheme has
proved to be more efficient as it improves the bit error rate performance and requires

less pilot power.
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Chapter 3

Multipath Detection for CDMA
Systems with Space-Time

Spreading

In this chapter, we address the problem of multipath detection as it applies for CDMA
systems that employ space-time spreading (STS). As was shown in the previous chap-
ter, the multipath components are detected and assigned to the RAKE fingers based
on their average energy content, i.e. the EMDS. It will be shown that the errors
produced by the conventional scheme in detecting the potential multipath compo-
nents severely impact the performance of the receiver. To boost the performance,
we utilize the improved multipath detection developed earlier for the conventional
CDMA systems. The results show that the proposed scheme not only improves the

BER performance significantly but also utilizes the pilot power more efficiently.
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3.1 Introduction on STS

Transmit diversity techniques constitute promising means to compact slow fading in
mobile communication systems. Among all, open loop transmit diversity techniques
are particularly appealing to the system designer as they do not reduce the uplink
capacity by feeding the base station back with the channel information. Recently, a
space-time spreading (STS) scheme has been included into the Third Generation (3G)
cdma2000 standard as an open loop transmit diversity with two transmitter antennas
and one receiver antenna option. The STS scheme has been first proposed in [32],
and due to its potential in enhancing the transmission reliability and the capacity of
the system without penalizing the system resources, e.g. bandwidth and spreading
codes, it has been subsequently adopted by the cdma2000 standard [33] [34].

Since its intréduction, the STS scheme has been subjected to extensive perfor-
mance analysis and evaluation (see {33] for example). Moreover, various studies have
been conducted to compare the performance of the STS scheme with other open loop
transmit diversity schemes, e.g. Space-Time Transmit Diversity (STTD) and the Or-
thogonal Transmit Diversity (OTD). A basic comparison between STS, STTD, and
OTD has appeared in [35] for a CDMA system operating over flat fading channel
with one user only and the channel was assumed to be perfectly known. In [36], the
effect of the channel fading coefficients estimation errors on the performance of the
uplink STS CDMA system has been investigated. It has been shown that as the

number of multipath components increases, the estimation errors significantly impact
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the system performance. In [37] and [38], the performance of a downlink STS-based
CDMA system has been analyzed in frequency selective fading channel with imperfect
estimation of the fading coefficients.

The majority of the relevant work in the literature suggests that the ST'S scheme
is rather sensitive to the fading coefficients estimation errors especially when the
channel is highly time dispersive. In realistic systems, however, channel estimation
errors are composed of not only the errors in estimating the fading coefficients but
also the errors in detecting the multipath components impinging at the receiver front
end. The latter errors have profound effect on the performance of the system since
estimating the fading coefficients of a certain multipath component is functionally
carried out after that path is detected and identified. Hence, accurate multipath
detection is of great interest for STS-based CDMA systems as it impacts the overall
performance of the receiver. Up to date, neither the problem of multipath detection
for STS-based CDMA systems nor the effect of imperfect multipath detection on the
performance of STS scheme have been investigated.

The rest of this chapter is organized as follows. The signal model is described
in Section 3.2. In Section 3.3, the EMDS and the IMDS are extended to work on
the signal model under the STS scheme. Numerical results that compare the perfor-
mance of both detection schemes are presented and discussed in Section 3.4. Finally,

concluding remarks are given in Section 3.5.
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3.2 Signal Model

The system considered here is similar to the proposed downlink cdma2000 system with
space-time spreading. We assume that the base station transmitter is equipped with
two antennas and the mobile terminal receiver utilizes one antenna, i.e., (2,1) STS
scheme. The channel between the transmitter antennas and the receiver antenna
is frequency selective Rayleigh fading channel. We assume BPSK modulation and
spreading. Each transmitter antenna code-multiplexes a distinct pilot with the traffic
signal.

The base station is assumed to serve M users. Each user is assigned two different
codes from a set of orthogonal codes. A block diagram describing the spreading

scheme is shown in Figure 3.1.
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Figure 3.1: A (2, 1) space-time spreading scheme.

After splitting the users’ data into even and odd substreams, the transmitted

traffic and pilot signals from the 1% and 2"¢ antennas, respectively, are modeled as
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s1(t) = Z "E‘;‘ln'(alm(t)blm(n) + a2m(t>bZTn(n))} + %al(MH) (t)
) (31)
M

so(t) = Z { —E—gﬂ(alm(t)bgm(n) — agm(t)bm(n))} + \/%CLQ(M+1) (t)
- (3.2)

where, Ej, is the average bit energy for the mt* user, by,(n) € {£1} is the n®
information bit in the even substream for the m!* user, similarly, boy(n) € {£1} is
the n** information bit in the odd substream for the m* user, G, is the pilot channel

power gain compared to the traffic channel, and a4 (t) is the signature waveform

Nc~1
onn(t) = = 3 enli)olt - T (3.3

Cj_

where, A € {1,2,..., M + 1}, g € {1,2}, N, is the spreading gain, ¢,y is the spreading
code assigned for the A** transmitted channel from the ¢ antenna, g(t) is the chip
pulse shape, and T, is the chip period. The spreading code used for a particular
user or pilot channel is the multiplication of the channelization code assigned for that
channel, e.g., Walsh code, with base station specific scrambling code.

The transmitted signal from each antenna traverses a multipath fading channel

before it impinges at the desired user’s receiver front end. The channel between each
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transmitter antenna and the receiver antenna has L time varying paths. It is assumed
that each pair of paths from both transmitter antennas arrives at the receiver with
the same delay. This assumption is valid in practice since the propagation delays
between the two transmit antennas are typically in the order of nanoseconds, while
the multipath delays are measured in microseconds [33]. The channel between the
two transmitter antennas and the receiver antenna is depicted schematically in Figure

3.2 where the [** pair of paths, {ay;, ay} arrive at the receiver with delay 7;.
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Figure 3.2: The channel structure between the transmitter antennas and the receiver
antenna.

The total received signal at the m* user’s receiver is given by

r(t) = lau(®)si(t — m) + oa(t)sa(t — )] + w(t) (3.4)
=1

where a(t) is the complex fading coeflicient of the I** path between the ¢** antenna
and the receiver antenna, 7; is the delay of the [** path pair, and w(t) is complex
additive white Gaussian noise (AWGN) with zero mean and power spectral density
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No/2 per dimension. The channel coefficients {ag : 1 =1,2,...,L} are modeled as
independent and identically distributed (i.i.d.) complex Gaussian random variables
with zero mean and variance 0.5¢(7;) per dimension, where ¢(7) is the power delay
profile (PDP), i.e., |ay| is Rayleigh distributed and the phase is uniformly distributed
in [0,27). The channel coefficients are assumed to be constant during a symbol
duration, e.g. N, chips.

After the multipath delays detection and channel estimation is performed, the
received signal is processed by a RAKE receiver with L fingers as shown in Figure

3.3.
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Figure 3.3: The RAKE receiver structure for (2,1) STS scheme.

The fingers are time aligned with the detected multipath components. After

74



alignment and chip match-filtering, each finger despreads the incoming signal using
the 1% and the 2™ antennas’ spreading codes. As seen in Figure 3.3, each of the
despread signals obtained using the ¢™* antenna’s code in the [*" finger, Sy, is used

by the STS decoder/combiner to recover the transmitted bits as follows.

L
biym = sgn (Re {Z o (n)Sy — azl(n)Sgl}> (3.5)
1=1

bom = sgn (Re {Z ay(n)Sy + a{l(n)Szl}> (3.6)

=1

where sgn(z) = —1 when & < 0 and 1 for z > 0, and o(n) is the complex conjugate
of the channel coefficient seen during the nt* bit duration in the [** path between the
¢™* transmitter antenna an the receiver antenna.

In practice, the channel coeflicients are estimated in each finger using a moving
average filter over the pilot signal after proper alignment with the corresponding
delay. Hence, if an incorrect path is detected and assigned to a RAKE finger, forged
channel estimétes will be obtained and used by the STS decoder. This essentially
increases the transmission errors as it affects the demodulation of both data bits.

To investigate the impact of multipath detection on the bit-error rate (BER)
performance of the STS scheme, the search algorithm and multipath detection for

the system described above are in order.
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3.3 The Search Algorithm and Multipath Detec-
tion

Designating the pilot channel transmitted from the ¢ antenna as the 4% pilot chan-

nel, i.e. 7 = 1,2, the search results obtained using the j* pilot code are given by

hik(n) = fijk(n) + fie(n) + figue(n) + Nen, 7 # 4 (3.7)

where the index k represents the k' delay offset within the search window and n is
the search time index within the received frame, f;;(n) is the contribution of the j*
pilot signal, f; (k) the interference coming from the traffic channels transmitted by
both antennas, fjqu(n) is the interference seen due to the q'" pilot signal, and Ny,
is the contribution of the AWGN noise. The condition j # ¢ simply means that the
searcher attempts to despread the incoming signal using one pilot code at a time.

The first component in (3.7) can be shown to be

oL
Jije(n) = \/ 32 Z%’l (n) Ry j(m+1) ki (3.8)
=1

where

1 .
Rj,im,kl = ﬁ / ijcimg(t — ﬁ)g(t - T]C)dt, 1= 1, 2 (39)

Ty
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The second and the third components in (3.7), can be found as

M L
fim(k) = Z \/ %ﬂ Z (a1 (n) [Rj 1m kidim () + Rjom kidam(n)]
m=1 =1

+agi (1) [Rj 1m kidam () — Rjommidim(n)]) (3.10)

and

ok
figu(n) = \/ —22 Z g (1) Rjqm+1)m (3.11)
=1

The searcher should detect an effective path for the first user whenever [ equals
k, i.e., 7, = T, where the spreading waveform’s autocorrelation function will be at its

maximum. In this case, (3.8) can be written as
Gy Gy
Fiia(n) =\ 5 eue(n) +4/ 5 > () Ry s+ k- (3.12)
I#k

Now, the search result during the n'* time instant is written compactly as
hj,k(n) = —pajk(n) + I~,k(n) (3.13)

where

G L
Lix(n) =4/ 5 > " aju(n)Ryjum + fi,m(k) + Nin.

I#k
To improve the probability of multipath detection, N4 independent search results

are obtained through repeating the search process using each pilot at different time
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instants, e.g. bits or search blocks, during a data frame. These time instants are

usually chosen to be spaced sufficiently far from each other within a frame.

3.3.1 The EMDS

The conventional multipath detection scheme can be extended to cope with space
time spreading scheme where two transmitter antennas are employed at the BS. As
we have shown previously, two sets of independent search results are obtained by
despreading the incoming signal with the pilot code for each antenna. For each set

of results, the multipath detection metric is formulated as

Na
Vi) = 5 3 sl (.14

Since each pair of paths between the transmitter antennas and the receiver antenna
arrive at the receiver at after the same set of delays, the detection metrics resulting

for both antennas can be averaged to yield the final detection metric as follows.
1
Y(k) = 5N(k) + Ya(k)). (3.15)

Averaging both detection metric will have the effect of increasing the probability
of detecting the potential multipath components. The detection logic is similar to

the one adopted for the conventional multipath detection scheme in Section 2.2.
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3.3.2 The IMDS

As it has been shown in Section 2.4, an improved multipath detection scheme can
be developed based on estimating the interference power seen at each delay offset
and subtracting this power from the total received power at that delay. To estimate
the interference power, coarse channel estimates at the search instants are used. The
channel estimates of the paths from the jt* transmitter antenna to the receiver an-

tenna at the k** delay offset ﬁjk(n) are obtained by filtering the search results using

an FIR filter f(n) as follows

hir(n) = > f(m)hjx(m —n), (3.16)

Having the channel estimates, the interference variance seen in the paths from
the j** transmitter antenna to the receiver antenna at the k' delay offset 62,(k) is

estimated using the following estimator.

Na

. 1 X

331(8) = 5 3 hia(m) = hys(m)l? .17
n=1

For the search results obtained from the pilot channel transmitted from the j®
antenna , the detection metric of the improved multipath detection scheme is formu-

lated by subtracting the estimated interference variance from the total power at each
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delay in the search window. Hence, the detection metric becomes

Z;(k) = Y;(k) = 63 (k). (3.18)

Similar to the conventional multipath detection scheme, the detection metrics

obtained from the search results using both pilots can be averaged as

2(0) = 3 (%K) + 7R, (3.19)

3.4 Simulation Results

A forward link CDMA system with a (2,1) space-time spreading scheme has been

considered for simulation. The relevant system parameters are listed below.

Number of users in the sector M = 20 (with equal power).

The spreading factor: 128

Number of paths L = 3, with relative delays [0, 4, 8] chips and uniform power

delay profile, i.e. ¢(ry) = 1/L VL.

Number of accumulated search results per pilot N4 = 12.

Normalized Doppler rate: 1073,

80



e The length of the FIR filter Ky = 6 (rectangular window)

e Pilot power Gain: Gp = 10, 15, 20 % of the total power transmitted from the

BS, i.e. 3.5, 5.5, and 7 dB relative to a single traffic channel.

e The fading coefficients are estimated for the assigned RAKE fingers using a

moving average filter of length 12 operating over the pilot symbols.

Figure 3.4 shows the receiver operational characteristics (ROC) for both detection
schemes. The probability of detecting the first path is plotted against the probability
of false alarm at E,/Ny = 8 dB for different pilot power gains. It is evident that
the IMDS enhances the receiver operational characteristics considerably compared
to the EMDS. At the same pilot power gain, e.g. Gp = 7 dB, the IMDS results in
higher probability of detection at any given practical probability of false alarm. For
instance, at probability of false alarm of 1%, while the EMDS results in probability
of detection of around 77% , the IMDS results in probability of detection of around
95%. This means that the IMDS misses the first path only 5 percent of times while
EMDS misses that path 23 percent of the times when both schemes allow false alarms
to occur at a rate of 1%. It is also interesting to observe that the IMDS with pilot
power gain of 3.5 dB outperforms the EMDS operating at pilot power gain of 7 dB.
As far as multipath acquisition is concerned, this result implies that the IMDS with
Gp = 3.5 dB is, at least, equivalent to the EMDS with Gp =7 dB.

The probability of accurately assigning the first path to a RAKE finger as a

function of E;/Ny is investigated using Figure 3.5 where the probability of false alarm
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Figure 3.4: The ROC produced by the EMDS and IMDS at E,/N, = 8 dB for different
pilot power gains.

is set to 1%. As shown in the figure, the IMDS is more capable of identifying the
first path and assigning it to one of the RAKE fingers than the EMDS. Once again,
the efficiency of the IMDS in utilizing the pilot power is illustrated by comparing the
IMDS with Gp = 3.5 dB to the EMDS with Gp = 7 dB.

For diversity combining, the ability of the assignment scheme to allocate all the
potential paths to the RAKE fingers impacts the receiver performance. In Figure
3.6, the probability of accurately assigning all the three paths to the available RAKE
fingers for both detection schemes is depicted as a function of Ey/Ny for different pilot
power gains. It is clear that the IMDS maintains a superior assignment performance

compared to the EMDS.
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Figure 3.5: The probability of accurate assignment of the first path as a function of
E, /Ny at different pilot power gains for both schemes.

Figure 3.7 shows the BER performance of the receiver as a function of Ey/No
for different pilot power gains. The ideal performance (when the channel is perfectly
known) is also shown in the same finger. It is evident that the deficiency of the EMDS
in detecting the potential paths significantly deteriorates the BER performance. As
the pilot power increases the gap between the ideal and practical performance is
reduced since better estimates of the delays and the fading coefficients are used for
combining. For the EMDS, the performance gap is almost 3.5 dB with G, = 20%
at high E,/Np. Utilizing the IMDS with the same pilot power, however, results
in reducing the gap to almost 1.5 dB indicating that the IMDS provides a gain of
around 2 dB compared to the EMDS at high FE,/Ny. We observe also that IMDS with
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Figure 3.6: The probability of accurate assignment of the three paths as a function
of E,/Ny at different pilot power gains for both schemes.

G, = 10% draws the same BER performance as that of the EMDS with G, = 20%
suggesting that the IMDS saves at least 3.5 dB of the pilot power.

The obtained BER results are consistent with detection and assignment results
shown in Figures 3.4, 3.5, and 3.6. The IMDS provides the RAKE with the accurate
path delays most of the times even when the pilot power is low. Consequently, the
channel is estimated for the correct paths. The EMDS, on the other hand, results
in assigning wrong path delays to the RAKE fingers, which in turn, increases the
channel estimation errors drastically.

As it has been demonstrated in [36], there is practical trade-off between the diver-
sity order and the pilot power. Meaning that, the number of transmitter antennas is
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Figure 3.7: The BER performance of the (2,1) STS scheme as a function of E,/No
and the pilot power as parameter when the paths are perfectly known, and when they
are detected and assigned based on the EMDS and IMDS.

typically limited by the available pilot power. This trade-off is brought about by the
channel estimation errors which increase as a pilot power decreases. Consequently, the
potential of the IMDS in reducing the required pilot power compared to the EMDS

is particularly appealing to the implementation of the STS schemes.

3.5 Conclusions

In this chapter, we have investigated the impact of imperfect multipath detection
on the performance of CDMA systems employing space-time spreading (STS). The
conventional (EMDS) and the improved (IMDS) multipath detection schemes have
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been extended to work on the signal model assumed by the ST'S scheme.

It has been shown that imperfect multipath detection as provided by the EMDS
deteriorates the system performance substantially. The IMDS, however, has resulted
in closing the performance gap between the ideal and realistic systems considerably.
Furthermore, the IMDS has shown great promise in reducing the required pilot chan-

nel power.
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Chapter 4

Conclusions and Future Work

Nowadays, the wireless communication systems are ought to support very high data
rates for a maximum number of subscribers. To this end, the third generation (3G)
wireless mobile communication systems are being standardized around the world. As
a matter of fact, some of the existing 3G standards are already deployed in some
countries.

In this work, the multipath detection problem and finger assignment algorithms for
CDMA systems have been addressed and investigated thoroughly. The conventional
energy based multipath detection scheme (EMDS) has been analyzed. Based on
remedying the main deficiency of the conventional scheme, an improved multipath
detection scheme (IMDS) has been proposed and analyzed. Relative to the EMDS, the
performance improvement of the IMDS has been examined in various communication
environments not only for the conventional CDMA systems, but also for the recently

proposed CDMA systems with space-time spreading.
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4.1 Concluding Remarks

Conventionally, multipath detection and finger assignment have been based on the
energy content per multipath component. To measure the aggregate energy each path
carries, a search algorithm is applied using the pilot channel and the used pseudo-
random code. Nevertheless, the conventional multipath detection scheme (EMDS),
suffers from many drawbacks.

Among all, the basic drawback of the EMDS is brought about by its ignorance of
the interference contaminating the received signal per path, and hence, it results in
low probability of detection at low SINR. The proposed IMDS, on the other hand, has
been developed such that its multipath detection metric is more immune against noise
and interference as compared to the EMDS. This has been accomplished by estimating
the aggregate interference power seen at each path, and thereupon, subtracting this
estimate from the total energy content of that path. To estimate the interference
variance at each delay offset, a simple estimation circuitry has been designed and
incorporated into the CDMA receiver structure with a rather moderate additional
complexity.

The analytical and simulations results have demonstrated the promising improve-
ment provided by the IMDS over the EMDS in terms of many performance measures.
In terms of the detection performance, the IMDS has the effect of increasing the
probability of detection and decreasing the probability of false alarm as compared to

the EMDS. Consequently, the IMDS has the potential of expanding the operational
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region of the CDMA receiver by reducing the influence of the noise and interference
on the detection process. It has been shown that the IMDS has the effect of reducing
the power consumption of the mobile terminal considerably by efficiently utilizing
the pilot power. This is particularly appealing since the mobile terminal typically has
limited power resources.

In terms of the bit-error-rate performance of the RAKE receiver, the IMDS has
shown significant improvement as compared to the EMDS. This is justifiable by the su-
perior finger assignment performance drawn by the IMDS. As opposed to the EMDS,
the IMDS has the capability of assigning the correct multipath delays to the RAKE
fingers with a higher probability under various operation conditions.

For multipath detection and finger assignment purposes in the recently proposed
CDMA systems with space time spreading, both the EMDS and IMDS have been
extended to cope with the spatial dimension of the channel. The effect of imperfect
multipath detection on the performance of the ST'S scheme has been investigated.
It has been shown that imperfect multipath detection as drawn by the EMDS dete-
riorates the system performance substantially. The IMDS, however, has resulted in
reducing the performance gap between the ideal and realistic systems considerably.
It has been also shown that the IMDS maintains the same improvement aspects en-
countered in the conventional CDMA systems. The IMDS has shown, once again, a
superior finger assignment performance, which in turn, has resulted in a significant
BER performance gain compared to the EMDS. Remarkably, the EMDS has shown

great efficiency in utilizing the pilot power transmitted from the base station.
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During this work, a special attention has been paid to realize practical solutions
for the multipath detection and finger assignment problems in CDMA systems. Con-
sequently, the proposed detection and assignment schemes have been implemented
with the lowest possible complexity. Hence, and with an eye on the performance of
these schemes compared to the conventional ones, the proposed solutions constitute

prominent candidates for deployments.

4.2 Future Work

In this work, it has been remarked that there is still a considerable performance gap
between the ideal receiver performance, i.e. when the delays are known, and the
performance drawn by the EMDS and IMDS. This basically suggests that there is
definitely room for future work on the area of multipath detection and finger assign-
ment. Some of the research issues to be considered in the future are highlighted in

the following.

e Better channel estimates would boost the performance of the IMDS, and conse-
quently, closing the performance gap between the ideal and practical systems.
Thus, future work may involve improving the channel coefficients estimation at

the acquisition stage.

e As it has been observed, the IMDS is much more efficient in utilizing the pilot
power as compared to the EMDS. An investigation of interest is to study the

maximum allowable number of antennas utilized for the space-time spreading
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schemes when the IMDS and EMDS are deployed with limited pilot power. It
is expected that, for the same pilot power, the IMDS will allow for doubling
the number of antennas as compared to the EMDS, i.e. increasing the diversity

order, and consequently, enhancing system performance.

Although the adaptive acquisition problem has not been addressed herein, im-
plementing the IMDS as an adaptive acquisition scheme seems promising and

shall be considered in the near future.
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