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Abstract

Acquisition of the code timing in a direct-sequence code-division multiple-access system at the base station
must take place before signal detection and decoding is possible. Code acquisition under severe multiple access
interference conditions with time varying codes makes the task even more difficult. Inefficient designs lead to large
number of false alarms and/or missed detections. This requirement is needed for conventional single antenna (one
dimensional) designs and also for multi-element antenna (two dimensional) designs. This paper details a powerful
code acquisition technique for the uplink of direct-sequence code-division multiple-access systems under high
loaded situations for both 1-D and 2-D schemes, where the number of users is greater than the processing gain.
Under this high multiple access interference condition the DS-CDMA acquisition problem becomes very difficult
and conventional search methods simply fail. The method discussed utilises soft data from a multiuser detector to
reduce the interference received by the acquisition unit. Analytical performance is compared to simulation results
in terms of the number of users, processing gain, interferer signal power, cancellation factor, antenna configuration,
and noise variance. Numerical results validate performance under realistic conditions with amplitude, phase, and

frequency impairments.
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I. INTRODUCTION

The introduction of cellular wireless systems in the 1980s has resulted in a huge demand for personal
communication services. This demand has increased the need for efficient systems, which has been partiall
satisfied by the introduction of second generation digital systems, some of which are based on direct-
sequence code-division multiple-access (DS-CDMA). New third generation systems, almost all based on
DS-CDMA, are now being deployed and will require even more efficient utilisation of the limited spectrum
if the high bandwidth features are to become a reality.

In the uplink of a DS/CDMA cellular communication system it is well known that the limiting factor
on performance is interference from other users, i.e. multiple access interference (MAI). To mitigate this
effect, a large body of research work has been performed to find receiver methods for minimising the MAI
[1]-[4]. A very promising receiver technique, that has been recently developed, is based on the “Turbo
Principle” from Turbo Codes [5]. The technique is known as iterative multiuser detection (IMUD) and
iteratively reduces interference. These techniques can achieve single user (no interference) performanc
even when the number of users is greater than the processing gain. Although there are many variations
on the IMUD technique the low complexity interference cancellation based approach was first published
in [2] and was analysed in [3]. Although these receiver techniques bring large improvements, further
performance improvement are sought. Antenna arrays at the receiver can be included in the iterative
MUD scheme and performance has been shown in [6]. System performance in terms of capacity and cell
size improvements was shown in [4]. This work describes simulation and analysis for a high performance
acquisition scheme for both single and multiple antenna elements are used by the receiver,, while [4] was
essentially concerned only with data detection performance

Efficient timing acquisition in 1-D DS-CDMA systems [7]-[9] is essential to minimise false alarms and
missed detections. The acquisition function is to determine the code timing to within a half-chip interval
prior to passing the timing information to a tracking function such as a delay lock loop. It has been
shown that the acquisition task in the presence of MAI can significantly reduce the capacity of the system
[10]. In [11] the authors defined the capacity of multiple users while maintaining acceptable acquisition
performance. In [10] the authors suggested a multiple dwell solution, consisting of a search mode and

a verification mode, in this paper the number of users was significantly less than the processing gain.
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Intuitively the sensitivity of the acquisition unit is reduced due to the MAI, which appears as noise-like
interference.

In this paper we develop acquisition techniques that work under high interference scenarios. The situa-
tions we are interested in is where the number of users is greater than the processing gain. Previous work
on 1-D code acquisition with the presence of MAI includes [12] which studied acquisition performance
in the presence of MAI and the near-far problem. The authors compared the performance of approximate
maximum likelihood, MUSIC and correlator performance, where the number of users was only one third
the spreading factor. In [13] a constant modulus algorithm was proposed. However the number of users was
also always less than the processing gain. In [14] an investigation into parallel acquisition in DS-CDMA
systems with MAI and other effects was performed. However no suggestions on how to reduce MAI were
discussed. In [8] an improved acquisition technique was introduced which is useful for channels with low
SNR or MAI. The paper treated the MAI as noise and is therefore not in the same class as the technique
we propose. A Paper by Mooet. al. [15] studied the effect of MAI and an acquisition approach where
multiple users exist. This only considered a small number of users where the ratio of users to spreading
factor was far less than one.

Efficient timing acquisition in 2-D DS-CDMA systems exploits the spatial dimension to maximise the
capacity of a receiver that utilises an antenna array. A technique for single user acquisition was first
proposed in [16], a multi-user approach utilising a subspace technique was proposed in [17], however, the
authors used a system where the number of users was only equal to the processing gain. The effective
processing gain is actually the product of the number of antenna elements with the processing gain of the
spreading code. In [18] the authors studied 2-D code acquisition, however they treated the interfering users
as noise. In [19] a 2-D code acquisition approach based on antenna arrays and least mean square (LMS
was presented. As we will show, the performance of a system that performs a 2-D acquisition as well
as interference cancellation, can significantly outperform a system that treats multiple access interference
(MAI) as noise. We show acquisition under loadings equivalent to the product of the number antenna
elements with the processing gain, therefore removing the capacity limitations caused by code acquisition.

Our acquisition technique is based on acquiring each path of each user one at a time. In a practical

implementation this is what is required. Users, or paths from users, are detected (and lost) one at a time
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as a user enters (or exits) the particular cell of interest. For example when a base station is switched on
there are no users present and one by one they are acquired, detected and received by the base statior

We describe in this paper a data directed acquisition system where the current users’ information is used
to improve the signal used for detecting new users or new paths from current or new users. The method
is independent of acquisition technique. For the analysis and simulations in this paper we use simple
correlator techniques [20], however, the technique could be used with both alternative detection methods
or alternative acquisition methods, such as MAX/TC methods [21]. The utilization of long sequences
has no impact on the performance of the iterative MUD schemes as dicussed in [3]. The technique
described has been patented under [22], [23]. We show performance in terms of probability of false alarm
and probability of missed detection. This paper does not say anything about the correct design points,
however, as this depends on numerous system issues including the amount of correlation integration time
used, channel variation and frequency offset specifications.

The paper is organised as follows. In Section Il we discuss the system model. Section Il describes
the data directed acquisition approach. An analytical study for 1-D is detailed in Section IV and 2-D is
analysed in Section V. Section VI describes maximum liklihood acquisition complexity and compares it
to our scheme. Analytical and simulation results for both 1-D and 2-D are presented in Sections VIl and
VIII. Section IX shows results when an asynchronous system is tested. Finally conclusions are drawn in

Section X.

I[l. SYSTEM MODEL

We assume thak” users each transmit data symb@ﬂ@ via BPSK modulation of the length spreading
codess; ; € {(£)/vV/N}¥, wheret is the time index and is a chip index and bold type represents vector
notation. We also assume that the pilot signal is transmitted using BPSK modulation, orthogonal to the
data signal with spreading code lengthand spreading codes, < {(£)/VN}". This is similar to the
modulation methods used in 3GPP [24].

The signal of interest, representing the transmitted preamble, uses random complex spreading code:
which is a short code (repeated every symbol interval. In this model we assume no modulation or data

encoding for the user of interest (i.éf.l) = #+1), as would be the case for the preamble of 3GPP [24].
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We generalise the model to include antenna arrays with a signal received byeament Uniform
Linear Array (ULA) (whereL = 1 for a single antenna solution) with half-wavelength element spacing

as described by

K+1
Yer = Z e® (5% Pud? + js, W Pp™) + eWsll) + ne, 1)
K+1
= Z e®ge +eWsl) +n,, 2)
where! is the element numbdr=1,..., L. P; and P, are constant and are the amplitude of the data

and pilot signal, respectively. Using vector notation to represent the antenna array the steering vector is

T
e®) — [1 exp {—jwl sin(Q(k))} .- exp {—jﬂ‘(L —1) Sin(Q(k))} (3)

for the k'th user andh.; = [n1.+,--- ,nr ¢ iS @ vector ofL independent, identically distributed Gaussian
noise terms, with variance?. We shall measure angles relatively to the broadside direction of the array.

Equation (1) shows the user of interest separate fronkiheterfering users while (2) shows the MAI
asge..

Initially, synchronous chip and symbol timing are assumed when comparing results with analysis,
where the phase of all signals are uniformly distributed 27. These constraints are later removed to
show simulation results for a chip and symbol asynchronous system. Our system performs non-coherent
detection and frequency offsets are included.

We assume we will be testing a finite number of code epochs obtained by discretizing the time
uncertainty region into cells, where correct detection results whenHtheell is above the threshold
and is the maximum. Likewise a missed detection is whenHhecell is below the threshold. A false
alarm occurs when &, cell (all other cells except thé/; cell) is above the threshold. The false alarm
probability (P;,) is defined as the probability of thé&l, cell being above the threshold per symbol
interval. The missed detection probabilit¥,(;) is defined as the probability of th&; cell being below

the threshold per symbol interval.

[11. ACQUISITION WITH ITERATIVE MUD UNDER HIGH MULTIPLE ACCESSINTERFERENCE

For given acquisition requirements the system capacity has been shown to be limited by the acquisition

techniques [10]. This means that as the ratio of number of users to processing gain increases traditional
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code acquisition techniques fail. This is because the system is interference limited and no amount of
integration time will allow correct detection of the timing position. In the uplink of a mobile cellular
system the base-station receiver is assumed to use a high performance multi-user receiver. This receive
contains information about the signals from the users that are currently being detected. These signals
cause the MAI in the acquisition unit which is looking for new (unknown) users and/or new paths for

currently known users in the mult-path case.

A. 1-D Acquisition Concept

Initially the base station is turned on and no terminals are connected, over time callers connect and
disconnect. The receiver detects the data for all users connected. The iterative MUD techniques [3], [6]
possess a very good estimate of the baseband spread signal at the receiver input. If the receiver cancel
the input baseband signal against the receiver estimate for every connected user then what is left is systen
noise, noise from incorrect estimation of interfering users, and signals from unknown users, or unknown
paths of currently tracked users.

If the signal estimates from the currently tracked users are “good” then the remaining cancelled signal
may be processed with a conventional correlator to find new users or new paths of currently tracked users.
The definition of a “good” signal from the receiver is subjective, however: the received signal must be
of a high enough signal to noise ratio after interference cancellation that the frame error rate conditions
(QoS conditions) are met. If this were not the case this user would be dropped by the receiver as part of
the Radio Resource Controller (RRC) function. Figure 1 shows a block diagram of the technique, here
soft information from the multi-user receiver (which is the receiver’s best guess at the input signals) is
subtracted from the input signal. A correlator may then be used to acquire these signals. Figure 1 also
highlights the need for a delay between the input signal and the cancellation process. The delay is needec
because the IMUD requires a certain amount of time to determine its estimate of the received signal.

We now show the formulation of the technique. We assume the received spread gignednsists of
signals that are being tracked by the receiygrplus one new signadgt). The decision-directed approach

then computes

Wer = yc,t_gc,t (4)
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whereg.; is the sum of estimates of the spread signal sent by dserg... K +1. The iterative multiuser
detection technique discussed in [4], [6] is well suited to this decision-directed approach as the receiver
has available the spread signal estimates as they are needed for the receiver implementation. The adde
complexity of the implementation is therefore very low as shown in Section VI. This paper says nothing
about the architecture of the correlating searcher unit only that it should be implemented following the
cancellation of the input signal against the receiver estimate of the input signal.

In the correlator the received signal is convolved with the time reversed complex conjugate of the
desired transmit sequence such that the timing position can be determined. This method is based on the

conventional correlation approach. The resultant signal is

N T
Z We,t (Sr(:llt)
c=1

where the absolute value is taken as the phase of the signal is unknown.

(5)

Tet =

B. 2-D Acquisition Concept

We now show the formulation of the technique for the 2-D case. The configuration is similar, except the
variables are now vectors due to the antenna array. We assume the received spreay. sigruaisists of
signals that are being tracked by the recepygrplus one new signaigt). The decision-directed approach

then computes

Wetr = Yet _gc,t (6)

whereg.; is the sum of an estimate of the spread signal sent by user@ — K + 1 on each antenna
element.
Beamforming is performed prior to correlation. This is achieved by multiplying by the transpose of the

steering vector, and is equivalent to maximum ratio combining [25]
T
Wer = (e(p)) Wet (7)

wheree® is the steering vector is for the" sub-sector of interest. The cell is divided into sub-sectors,
where time correlation is performed before moving to the next sub-sector.

The same conventional correlation process can be performed then as in the 1-D case



RETURN LINK CODE ACQ. FOR 1-D AND 2-D WITH DS-CDMA FOR HIGH CAPACITY MU SYSTEMS. REED ETAL. 8

IV. 1-D ANALYSIS

In this section the goal is to develop an analytical result for the performance of the proposed system
in terms of false alarm probability and missed detection probability. This result will be in terms of the
number of users, processing gain, noise variance and the cancellation factor of the system. In [3] an
analytical method was developed for computing the second order statistics of the interference. This was
used successfully to predict the performance of the receiver. In this section we extend this result and
analytically determine the density functions of the interference terms.

We need to determine the second order statistics of both the MAI and AWGN. The variance ief
Var{wc,t} = E {(yc,t - gc,t)Q}

K41
= o’F {Z(sﬁ’?)z} + 0?2

k=1
P+ P K +1
2°d J4 2
= 8
e ®)
O = Onarto, 9)

since the sgi) are i.i.d., with variancel/N and the variance of the cancellation factor d§ =

E{(dt - Jt)Q} where d, = P(d, = +1) — P(d, = —1). The distribution of the MAI is therefore

N (0,02, ,,) and the noise igV' (0, 52). Although the individual values of are not Gaussian the sum of

a large number of these values will be and we utilise this assumption throughout our work. It turns out
from comparing the simulation to the analysis that this assumption is very close to correct. The value of
d is provided by the decoders on subsequent iterations, as per the turbo receiver principles, this does no

necessarily equal the distribution of the source data.

A. Analysis of Off-timeH,) Density for 1-D Analysis

We now develop a method to determine the density of the off-tifdg) Gignal, that is, where the
correlator sequence is not time matched with the transmitted sequence. As the codes are random this i
equivalent to determining the density of any random code convolved with (4). Utilising the real valued
distributions, we first need to compute the distributionupf which is the sum of two independent random
variables that are both Gaussian distributed. Utilising a result in [26] that the distribution of the sum of

independent random variables, normally distributed has a mean value equal to sum of the mean of the



RETURN LINK CODE ACQ. FOR 1-D AND 2-D WITH DS-CDMA FOR HIGH CAPACITY MU SYSTEMS. REED ETAL. 9

individual densities, with a variance equal to the sum of the variances of the individual densities, the
resulting Gaussian distribution is

Cl —2’2
= ex
V2o, P o0 2

where (' is a constant not required as the result is later normalised.

f2(2) (10)

The next task is to convert this result to a density which represents the random variables after convolu-

+145
VN

phase rotation and some constant multiplication, which can be absorbed in the c6hstaotverting the

, therefore the convolution process is a

tion. The convolution process is the multiplication b&t) =

Gaussian density to the density associated with the absolute value we then have a Rayleigh distribution

[27],

() = xp{_—rg} (11)

202 ¢ 402
We have now developed the so-called off-tifg) density and along with (8) we have now the result
as a function of the number of useks, the spreading factolV, the noise variance?, the signal level
for the interfering pilot and data signals, and a given x-axis valased as the threshold point later).
This density will be later used to determine the missed detection probaliity) (where this is found

by integrating from the threshold value to infinity.

B. Analysis of On-timé{,) Density for 1-D Analysis

We now derive the on-timeH;) density. The real valued Gaussian distribution is similar to (10),
however now there is a non-zero mean due to the on-tihg ¢orrelation peak. Therefore the density is

C, —(e —m,)?
= exp 5
V2mo, 20;

EH 4 02, m, = V2, and C, is a constant not required as the result is later

fe(e) (12)

2 (PngPg)
T

where g2 = 02—

normalised. The variance is reduced byV as there is only interference frofd users due to the code
of interest generates the reallimag. value/&£.
This density represents the random variable in either the real or imaginary axis, to convert this to a

density which represents the absolute of the signal we utilise the Rician distribution where the statistically
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independent Gaussian random variables can have different means and a common variance [27]. Therefor:

Csr r? 4+ s? rs

e

the density is

wheres? = m? + m3 = 4, and [,(.) is the zero order modified Bessel function of the first kind.

C. Integrating densities to generate Probabilities for 1-D Analysis

Now that we have derived the densities we wish to integrate these functions to determine the probabilities
of missed detection and false alarm. This means we need to integrate (11} fremo to determine
the false alarm probability. We also need to integrate (13) fiom a to determine the missed detection

probability. Starting first with (11) we have
017“ —7’2
pe(r) = 207 P {403} }dr

= 204Cirexp {—r204} (14)

whereCy = —
P;, = Pr(R>a)
= (] /Oofrexp {—7“204}617"
_ 2G4 / Tetdu w=—Cp?  du= —2Cyrdr

2C,
= Ciexp{—Cya®} (15)

We now derive the probability of missed detection by integrating the Rician distribution from (13),

therefore

Ph.a = Pr(0<R<a)

* Csr r? + s? rs
= [ el fu (o) 4o

where(C; = 1 as (16) integrated — oo must equal 1. The probability of missed detectid?,f) is

therefore the CDF of the density which is detailed in [27] as

S a

Fr(r) = Ppa=1—0 (—,—) a>0 a7

Oe O

where Q;(.) is the generalised Marcum’s Q function and = n/2 = 1 as the degrees of freedom is

n = 2.
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V. 2-D ANALYSIS

The 2-D analysis is similar to that generated for the 1-D case, the biggest difference is in determining
the variance and the mean of the densities used. These parameters need to be extended to include tt

antenna configuration and cross-correlations between users.

A. Analysis of Off-timeH,) Density for 2-D Analysis

We now develop a method to determine the pdf of the off-tifig) (signal, ie., where the correlator
sequence is not time matched with the transmitted sequence. Each user’s signal will be weighted by the
spatial filtering of theL element array according to their location. We assume that the signal angle of
arrival of each user is distributed uniformly at random over the intdrval/6, 7 /6]. The effect on MAI
is to adjust the equivalent noise variance by a faatpevhich corresponds to the received power from
each (interfering) user subject to the location of each user.

The correlation is carried out after beamforming, where the beamforming is performed for sub-sectors
and each sub-sector is approximately equal to the beamwidth of the antenna array. This implies that
the correlation between steering vectors for distinct sub-sectors is at3letistless than for the same
sub-sector.

For each sub-sect@r we compute the sum of cross-correlations between each user angle and the sector
angle. This provides a spatial weighting of the variance for each interferer. For each subpsebisr

weighting equals

K+1 N
a,=FE {Z {rpTek| } (18)
k=2
where e;, is the C'*F steering vector for th&™ user andr, is the C'*% steering vector for the™

sub-sector witlp = 1, ..., P. The total variance — including MAI and noise — for sub-segt@qguals

2 (P74 P2
a;:“f;\‘;x( d 5 p)+Lag (19)

As the codes are random this is equivalent to determining the density of any random code convolved
with (7). Utilising the real valued distributions, we first need to compute the distributian. pfvhich is

the sum of two independent random variables that are both Gaussian distributed. Utilising the same result
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as earlier, the resulting Gaussian distribution is

Cl —22
= ex
V2mo, P2 2

where C; is a constant which is later normalised. The next task is to convert (20) to a density which

fZ,P(Z>p) (20)

represents the random variables after convolution. Converting the Gaussian density to the density associate:

with the absolute value we get a Rayleigh distribution [27] for a single sub-sector

Chr —r?
frp(r,p) = T‘g exp F‘g, r=|z] (22)

To compute the result for multiple sub-sectors we averagefthé, p) over all sub-sectors. We have
now developed the off-timeHj,) density as a function of the number of uséfs the spreading factor

N, the noise variance?, the number of antenna elemenfs),(user and interferer position, and a given
x-axis valuer (used as the threshold point later). This density will be later used to determine the missed

detection probability £,,;) where this is found by integrating from the threshold value to infinity.

B. Analysis of On-timé{;) Density for 2-D Analysis

We now derive the on-timeH;) density. The real valued Gaussian distribution is similar to (10),
however now there is a non-zero mean due to the on-tihé ¢orrelation peak. The mean value is given
by the square root of,, (18) fork = 1.

The density is only calculated for the sector which has the on-tifhg (ser. Therefore the density is

C —(e —me)?
= exp .
V210, 20,

where (5, is a constant which is later normalised.

fe(e) (22)

The density (22) represents the random variable in either the real or imaginary axis, to convert this
to a density which represents the absolute value of the signal we utilise the Rician distribution where
the statistically independent Gaussian random variables can have different means and a common varianc

[27]. Therefore the density is

Cyr r2 4+ 2m? rs
f(r) = %GXP{—TG}[O (—) r =1l (23)

p 20,

Iy(.) is the zero order modified Bessel function of the first kind. The integration of the densities is the

same as that for the 1-D case.
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VI. MAXIMUM LIKELIHOOD ACQUISITION WITH MULTIUSER INTERFERENCECANCELLATION

To understand the complexity and size of the acquisition problem it is beneficial to describe the
Maximum Likelihood (ML) problem where there is multiuser interference. In the following subsections
the ML solution is described. This will be compared to the computational complexity of our proposed

method.

A. One Dimensional Case

The maximum likelihood solution for timing synchronization of ugér+ 1 given K users exist in
the system already will be described. This analysis is independent of the search algorithm used and only
describes the complexity based on the search space. The assumption is that hypotheses are taken for &
users over all data symbols that are currently being detected. The assumption is that the data hypothese

are hard, therefore the data to correlate against is baséd 08 y.; — g.., whereg., = S 1! s pydt®)

c,t
andd € {+1,—1}. We assume the pilot signal is known at the receiver and already cancelled.

This is described by the following equation

T N

{r, (Elk:hK} = arg max (24)

T,dk=1=K

R T
wC,t(SSZt)
1

t=1 | c=

here the solution is to maximise a correlation for the known spread sequence and data set, where all
combinations of timing offset and data symbol possibilities for the other users is searched. MHhere

¢+ Nt is the chip time epoch that provides the maximum of the function. If the data symbols involved

in the correlation ard” then the order of the complexity of this searchO$N,D.27%), where the first

N,T is for the number of timing positions that need to be checked,2afidare the number of different

data combinations of data combinations that need to be hypothesised.

B. Two Dimensional Case

For the two dimensional case the ML solution for timing synchronization is extended in the spatial

dimension. Assuming there are subsectors and the" subsector is searched sequentially.

T N

{r,p,d*="K} = arg max (25)

p77—7dk:1:K

. T
We,t (Sgllt)
1

t=1 | c=
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The order of the complexity for this is thed(PN,T.27K), therefore increasing the search size By
The complexities of both the 1-D and 2-D solutions are exponentially greater than that of our proposed

approach.

C. Proposed Solution Computational Complexity for 1-D and 2-D Acquisition

In this section we describe the computational complexity of the proposed solution as discussed. The
optimisation cannot be described as the maximisation of the argument as soft values are taken from the
detector and cancellation is performed. Therefore the computational complexity for the 1-D system is
simply O(N,.T.K) cancellations and for the 2-D case the complexitY(®.N,.T.K). The use of soft
values in our solution rather than hard values, will at most lead to a constant increase in complexity, i.e.
the number of bits required to represent the soft value.

The computational complexity is therefore linear with the spreading factor and the number of symbols
for the 1-D case and for 2-D this is extended to include the number of antenna elements. The complexity
is trivial compared to the exponential search over the number of symbols and the number of users for the
ML solution.

Figure 2 shows the computational complexity as a function of the number of users. For this example
the integration time wa§' = 3, the number of Antenna sub-sectors for the 2-D case fas 6, the
spreading factor wad/ = 100, and the number of users waS= 150. As can be expected the maximum
liklihood (ML) computational complexity increases exponentially with the number of users, while the
interference cancellation (IC) computational complexity only increases linearly with the number of users.

For more than about 10 users the ML approach is not feasible.

VIl. 1-D ANALYTICAL AND NUMERICAL PERFORMANCERESULTS

In this section we show results from both our analytical development and from our simulation. The
simulation consists of transmitting symbols where the codes for the multiple access interference are
randomly selected for each symbol interval and for each user. The system is chip and symbol-synchronous
and all users have equal power.

Although this result is based on the assumption of a single cell we have considered the loading that can

be supported in multi-cell environments. This was studied in detail in [28] where a similar interference
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canceling receiver was considered. The author discusses the problem of noise rise in a multi-cell situation.
The author found that the system load could support uf't&V = 1.7, this means the load that we use

of 1.5 is under this level and therefore realistic for the multi-cell environment.

A. Determining Residual Interference Levels

The residual interference from the MUD receiver will determine the performance of the acquisition unit
under the proposal we have detailed here. The purpose of this section is to determine a typical residual
interference valueof?), which can be used in showing the expected performance of the system. The typical
frame error rate (FER) that maximises capacity has been determined to be FER = 0.1 [24][p.270]. We
assume that the bit error rate requiredds= 10~3. Using the rate 1/3 memory equals 8 convolutional
code from 3GPP [29][p.166] th&),/N, = 1.8 dB. Allowing headroom we seledf, /N, = 2 dB, which
equates to arf;/N, = —2.7 dB. If the pilot is 6dB lower than the data signal (typical) then the pilot
E;/Ny = —8.7 dB. Assuming the preamble is &,/N, = 1 dB we can therefore set the amplitude
of the data/pilot signals based on an amplitude of 1 for the real/imag. value of the preamble. The data
and pilot signals amplitude for this configuration are therefof&3 = 10~37/20 and 0.327 = 1027/,
respectively.

To determines? we utilise the variance in/variance out analysis approach [3] of the memory = 8 rate
R = 1/3 convolutional code, along with the interference canceller function line with user loading of
K/N = 1.5. As can be seen in Figure 3 the residual variance is where these two curves cross. We can
see that this value is? = 0.005 when the noise variance i = 0.946, this value of noise variance is

computed for aF, /N, = 2 dB for the code rate 1/3 convolutional code.

B. Performance in Terms of False Alarms and Missed Detections

Figure 4 shows the on and off-time densities for three different scenarios. In this regylt/sn= 10.54
dB was usetland the simulation was run over 2500 symbols. The first plot is the single user scenario,
here the on-time density is centred around 2 and is a Rician distribution, while the off-time density is

centred around 0.5 and is Rayleigh distributed. For the single user case there is a distinct separation

1This is also equivalent to afs /Ny = 1 dB with processing gain = 100 and integration over three symbols.
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between the two densities, for example, a threshold set at around 1.2 would provide both a low false
alarm probability and a low missed detection probability. The probabilities of missed detection and the
probability of false alarm are based on the area under the tails of these two densities, which we want to
minimize. In practical systems the threshold is determined for a particular fixgahis determines the
amount of time the receiver will be occupied processing false alarms. In the last sub plot the densities for
a K = 150 user system is shown. Here it is clear that a logical threshold point is not achievable as the
on and off-time densities are not clearly separated, this will also be seen later in Figure 5. In the second
sub plot the densities fak’ = 150 are shown, however here partial cancellation is used wingre 0.04.

As can be seen the resultant densities, although not as distinct as the single user case are substantiall
separated.

In Figure 5 we show the performance of the full interference, no interference and two partial cancellation
cases €2 = 0.04 and o2 = 0.005). We compare the analytical result (solid line) to the simulation results
(points). As can be seen the performance of the partial cancellation scheme is substantially better than
that of the full interference system without cancellation. This is because the distributions are separated,
allowing for a threshold value between the distributions which minimises both false alarms and missed
detections.

As the terminal removes the large initial frequency offsets [30] the remaining frequency offset is
typically less than 571Hz, consisting of 200Hz frequency error from the terminal, and the addition of 371
Hz, which is due to a vehicle traveling at 200 km/hr. In all of the following results the interfering users
have a random frequency offset betweesi71 Hz, uniformly distributed, while the signal of interest has
a +571Hz frequency offset. The effect of this, as will be shown, is insignificant, as acquisition occurs
within a few symbol intervals, where the rotation in this time interval is less than 16 degrees. The system
model assumes no multi-path and no time variation during acquisition, such as time drift. It is the authors’
belief that similar benefits with this approach would be found with multi-path and time varying channels.

The y-axis describes the probability of missed detection and the x-axis describes the probability of false
alarm, where this probability is related to a symbol interval of time, for this cagg /@, = 10.54 dB, or
alternatively, at’; /Ny, = 1 dB with three symbols of integration. For example, fixing;a = 10~° in each

case the single user (no interference) ias ~ 0.39 while the partial cancellation results af,; ~ 0.4
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and P,,,; ~ 0.7 for o2 = 0.04 ando?2 = 0.005, respectively. In comparison to the full interference system

where P,,; = 1, ie. 100% of detections would be missed. The scenario whére- 0.005 represents

a realistic cancellation noise factor derived from the variance in/variance out curves for the multiuser

detector at a frame error rate &f-zr = 10~!, or probabiltiy of bit error of 2. = 1073. The o2 = 0.04

value is to show the difference in performance with a cancellation value an order of magnitude greater.
This paper does not say anything about the correct design point8 foand P,,, as this depends

on numerous system issues including correlation integration time, channel variation and frequency offset

specifications.

C. 1-D Performance for a Fixed Probability of False Alarm

Typically in communication systems the false alarm probability is fixed to constrain the false alarms
and set the performance of the communication system. This limits the amount of time the receiver is
occupied detecting and decoding false timing positions. In this sub section we study the performance of
the receiver in terms of a fixe®#,, we utilise our analysis to illustrate the advantages of using partial
cancellation methods.

In Figure 6 we show the>,,, for a fixed Py, = 107% where the x-axis variable is the,/N,. This
shows that the improvement if; /N, only helps to a certain degree before there is a flooring effect or
the case withv? = 0.04. This floor is due to the interference from other users that cannot be removed.
Notice we are able to cancel the interference from other users?fer 0.005 and virtually single user
performance is achieved.

The same results for Figure 6 are now plotted with integration on the x-axis in Figure 7. The integration
amount is the number of symbols that are coherently combined before a decision is made. This is typically
used to improve the performance of the acquisition unit. Again the flooring can be observéd-far.04
value. For the realistic value of? = 0.005 essentially single user performance is attained and no more
than five or six integration steps are needed for fast convergence to a very low probability of missed
detection.

What is important to note from Figure 6 and 7 is that for the full interference case no amount of

integration or increase in signal power will improve the performance of the acquisition unit. These figures
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also illustrate the performance improvement possible when partial cancellation is used.

VIIl. 2-D NUMERICAL AND ANALYTIC RESULTS

In this section we show results from our analysis and numerical results for a receiver with an antenna
array. The parameter configuration consists of transmitfing 2000 symbols where the codes for the
multiple access interference are randomly selected for each symbol interval and for each user. The systen
is chip and symbol synchronous and the power levels are set according to Section VII-A. The number of
users wask’ = 500 and the processing gain of each spreading code Mas 100. The E/N, = 10.54
dB. The receiver uncertainty variance was = 0.04, ando2 = 0.005 . The direction of arrival of the
interfering users was uniformly distributed betweef3 and —=/3 radians, as would be the case for
a 3 sector cellular configuration. The user of interest was positionedrat8 radians from boresight,

The antenna array is assumed to be a ULA with half wavelength spacing of the antenna elements and
with L = 5 antenna elements. The beamforming positionsbarél8, 37 /18, 7 /18, —7 /18, —37 /18, and
—57/18 radians. The phase offset of every user was uniformly distributed between Draradiians.

In Figure 8 we show the performance of the full interference and partial cancellation cases. It can be
seen that the partial cancellation schemes are substantially better than that of the full loaded system. In fact
for the realistic value ofr2 = 0.005 the false alarm probability is virtually zero for all missed detection
probabilities belowP,,; = 10~*. The simulation results can only be compared for the full interference

case and the? = 0.04 case as determining simulation results fo¢, = 10~ is not possible.

IX. ASYNCHRONOUSRESULTS FOR THE1-D SYSTEM

In this section we show results in Figure 9 when the correlation process is allowed to be asynchronous
for the 1-D case. Each users timing position is randomly selected with a uniform distribution over the
symbol, the spreading codes are random, the phase of each user is uniformly distiibuted|, the
oversampling rate i€, = 4, each interfering user has a random frequency offset betwean Hz
and the signal of interest has a frequency offset of 571 Hz. For this example the number of users was
K =150, and the processing gain waé = 100. The signal power of the preamble was/N, = 10.54

dB, or alternatively with integration of three symbolsft/N, = 1 dB. The interference power was as
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described in Section VII-A. The transmitter and receiver pulse shaping filter is a root raised cosine filter
of length 24 chips, providing overall raised cosine filtering. Under these conditions analysis of the system,
to the authors’ knowledge, is not possible as this would require knowing the distribution of signals that
have been low pass filtered.

The results in Figure 9 show the same trend as those for the chip synchronous solution [31]. The
results are shown in terms of the false alarm probability (x-akjs)and the missed detection probability
(y-axis) P,,q4. The performance shows that the partial cancellation is essential to acquire signals under the
given conditions, where the conventional approach has 100% missed detections. We also can note as th
reliability of the data from the receiver degrades so to does the performance of the acquisition system.

Figure 9 also shows results with impairments “Imp”, for amplitude and phase impairments, with the
rest of the parameters the same. As expected the acquisition performance degrades but the results are st
very good. Here the amplitude error variance of the sum of the multiple access interferefice (5005
and the phase error varianced$ = 0.09 radians. These interference levels are an estimate based on
a mean multiple access interference amplitud®.8f which equates to a mean square error of MSE =
0.038, this is equivalent to an operating pointif/ N, = 2dB in [32] and therefore is a pessimistic value,
where [32] evaluates the channel estimation performance in terms of MSE within an iterative multiuser

detector.

X. SUMMARY

In this paper we have investigated a low complexity acquisition technique based on a soft data directed
assistance from the receiver. This has been performed under severe multiple access interference, wher
the number of users is greater than the processing gain for a 1-D system, and greater than the product o
the processing gain with the number of antenna elements for the 2-D case.

For both the 1-D and 2-D cases we detailed the system model and the concept of using a data
directed interference cancellation approach to minimise multiple access interference with acquisition. We
analytically derived density functions to represent the so-called on-tifg §nd off-time (H,) random
variables after convolution and we compared these densities to simulation results. These densities are

functions of the number of users, the processing gain, the power of the interference, the cancellation
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factor, number of antenna elements, cross correlations between user directions of arrival, and the noise
variance. We integrated these densities to determine the probability of false alarm and probability of
missed detection, as a function of the threshold value.

We illustrated that increasing the, /Ny, or the integration amount, will not improve the performance of
the non-cancelled result (full interference system), however this does allow the partially cancelled systems
to achieve improved results while being able to determine the integration amount agdkarrequired to
achieve a required performance level. Our results, for the given parameters, showed that acquisition using
conventional correlation techniques is not practical, however, when utilising the cancellation approach, a
significantly improved performance is possible for both 1-D and 2-D situations. We detailed a complexity
study and show the low complexity of our solution. We also showed asynchronous numerical results with
and without impairments to indicate the benefits of our technique.

This paper demonstrated that for high performance multiuser detection designs that information sharing
between the acquisition unit (searcher) and the receiver is essential to maximise the capacity of the systern
and achieve acquisition of new users, or new paths of current users. Depending on the reliability of the

information from the receiver, this technique significantly improved the capacity of this return link system.

XI. ACKNOWLEDGMENT

M. Reed and L. Hanlen are with National ICT Australia and affiliated with the Australian National
University. National ICT Australia is funded through the Australian Governmesdisking Australia’s

Ability initiative and in part through the Australian Research Council.

REFERENCES

[1] S. Verdl, Multiuser Detection Cambridge University Press, 1998.

[2] T. R. Giallorenzi and S. G. Wilson, “Suboptimum multiuser receivers for convolutionally coded asynchronous DS-CDMA systems,”
IEEE Trans. Communvol. 44, pp. 1183-1196, Sept. 1996.

[3] P.D. Alexander, A. J. Grant, and M. C. Reed, “Performance analysis of an iterative decoder for code-division multipleEaoogesh
Trans. on Telecomvol. 9, pp. 419-426, Sep./Oct. 1998.

[4] M. Reed, P. Hertach, and J. Maucher, “An iterative multiuser detection receiver for 3GPP with antenna arrays : Performance in terms
of BER, cell size and capacity,” iMobile Communications Technology Conference 3G2Q0@ndon U.K.), May 2002.

[5] C. Berrou, A. Glavieux, and P. Thitmajshima, “Near Shannon limit error-correcting coding and decoding:turbo-cotieBF imt.

Conf. on CommunicationgGeneva, Switzerland), pp. 1064-1070, May 1993.



RETURN LINK CODE ACQ. FOR 1-D AND 2-D WITH DS-CDMA FOR HIGH CAPACITY MU SYSTEMS. REED ETAL. 21

(6]

(7]

(8]

&)

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]
(23]

[24]

M. C. Reed and P. D. Alexander, “lterative detection using antenna arrays and FEC on multipath chHBBEIs]’ Selected Areas
Commun. vol. 17, pp. 2082—-2089, Dec. 1999. Special Issue on Spread Spectrum for Global Communications.

R. D. Gaudenzi, F. Giannetti, and M. Luise, “Signal synchronization for direct-sequence code-division multiple access radio modems,”
European Trans. on Teleconvol. 9, pp. 73-89, Jan./Feb. 1998.

S. Glisic, T. Poutanen, W. Wu, G. Petrovic, and Z. Stefanovic, “New PN code acquisition scheme for CDMA networks with low
signal-to-noise ratios JEEE Trans. Communvol. 47, pp. 300-309, Feb. 1999.

A. Polydoros and C. Weber, “A unified approach to serial search spread-spectrum code acquisition-part Il: A matched filter receiver,”
IEEE Trans. Communvol. 32, pp. 550-560, May 1984.

G. Corazza and V. Degli-Esposti, “Acquisition based capacity estimates for CDMA with imperfect power conttBEEnnt. Symp.

on Spread Spectrum Techniques and Applicati¢®silu, Finland), pp. 325-329, 1994.

U. Madhow and M. B. Pursley, “Acquisition in direct sequence spread spectrum communication networks: An asymptotic analysis,”
IEEE Trans. Inform. Theoryol. 39, pp. 903-912, May 1993.

E. G. Stbm, S. Parkvall, S. L. Miller, and B. E. Ottersten, “Propagation delay estimation in asynchronous direct-sequence code-division
multiple access systemdEEE Trans. on Communvol. 44, pp. 84-93, Jan. 1996.

P. K. P. Cheung and P. B. Rapajic, “CMA-based code acquisition scheme for DS-CDMA syskeEi&, Trans. Communyol. 48,

pp. 852—862, May 2000

R. R. Rick and L. B. Milstein, “Parallel acquisition in mobile DS-CDMA systemEEE Trans. on Commupvol. 45, pp. 1466-1476,
Nov. 1997.
T. K. Moon, R. T. Short, and C. K. Rushforth, “A RASE approach to acquisition in SSMA systemBybin IEEE Mil. Comm. Conf.

pp. 1037-1041, 1991.

D. Dlugos and R. Scholtz, “Acquisition of spread spectrum signals by an adaptive dBB{" Trans. on Acoustics, Speech and Sig.
Proc,, vol. 37, pp. 1253-1270, Aug. 1989.

R. Madyastha and B. Aazhang, “Synchronization and detection of spread spectrum signals in multipath channels using antenna arrays,”
in IEEE Mil. Comm. Conf.pp. 1170-1174, Nov. 1995.

M. D. Katz, J. H. J. linatti, and S. Glisic, “Two-dimensional code acquisition in time and angular domi&iE’ Journal on Sel.

Areas in Communwvol. 19, pp. 2441-2451, Dec. 2001.

B. Wand and H. M. Kwon, “PN code acquisition with adaptive antenna array and adaptive threshold for DS-CDNRAQCINEEE
Globecom (San Francisco, U.S.A.), pp. 152-156, Nov. 2000.

R. L. Pickholtz, D. L. Schilling, and L. Milstein, “Theory of spread—spectrum communications—a tutd&E&8lF Trans. Communp.

vol. 30, pp. 855-884, May 1982.

G. E. Corazza, C. Caini, A. Vanelli-Coralli, and A. Polydoros, “DS-CDMA code acquisition in the presence of correlated fading - Part
i: theoretical aspectsfEEE Trans. on Communvol. 52, pp. 1160-1168, July 2004.

M. Reed, “Improved DS/CDMA signal acquisitionZuropean Patent EP1315307AMlov. 2001.

M. Reed, “Process and apparatus for acquisition of DS-CDMA signals received by an antenneEamapgan Patent EP 1315306A1

Nov. 2001.

H. Holma and A. ToskalayWCDMA for UMTS West Sussex, England: Wiley, 2002.



RETURN LINK CODE ACQ. FOR 1-D AND 2-D WITH DS-CDMA FOR HIGH CAPACITY MU SYSTEMS. REED ETAL. 22

[25]

[26]
[27]
(28]

[29]
[30]

[31]

[32]

J. C. Liberti and T. S. Rappapordmart Antennas for Wireless Communications: 1S-95 and Third Generation CDMA Applications
Prentice Hall, 1999.

A. Papoulis,Probability, Random Variables and Stochastic Proces$ésGraw-Hill, 3rd ed., 1991.

J. G. ProakisDigital Communications McGraw—Hill, 3rd ed., 1995.

P. Alexander, “Multiuser receivers in cellular CDMA,” IEEE Int. Symp. on Spread Spectrum Techniques and Applicatidas City,
South Africa), Sept. 1998.

R. Tanner and J. WoodartlyCDMA: Requirements and Practical Desigwiley, 2004.

Y.-P. E. Wang and T. Ottoson, “Cell search in W-CDMAEEE J. Selected Areas Commuwol. 18, pp. 1470-1482, Aug. 2000.
M. C. Reed and L. W. Hanlen, “Return link code acquisition for DS-CDMA for high capacity multiuser systemlEEE Int. Symp.
on Spread Spectrum Techniques and Applicati¢8gdney, Australia), pp. 218-222, Aug./Sept. 2004.

A. Lampe, “Iterative multiuser detection with integrated channel estimation for coded DS-COMBE Trans. on Communvol. 50,

pp. 1217-1223, Aug. 2002.

yc,t . .
lterative Multiuser

Input Signal Detector(IMUD) Output Data

New Path/User Information
et

Correlator
+ Wet

Fig. 1. Decision-Directed Acquisition Unit.



RETURN LINK CODE ACQ. FOR 1-D AND 2-D WITH DS-CDMA FOR HIGH CAPACITY MU SYSTEMS. REED ETAL.

25

23

10
—— ML Complexity 1D
10%° & ML Complexity 2D i
IC Complexity 1D
IC Complexity 2D
1015 i
z
x
Q
[=%
€
o
o
1010 a
5
10 oo o o o o g
i
100 L L L L
5 10 15 20 25
Number of Users
Fig. 2. Computation Complexity Comparison between ML and Interference Cancellation.
1.5 T T T
0.01 — — Vin-Vout, K=9 CC
— Int. Canceller
0.008
0.006 o
0.004]
1} 0.002 IR
0 -7
= 0.94 0.96 0.98 7
o -
® /
= /
8 y
g /
/
/
0.5 / -
/
/
/
/
/
/
/
/
/
/
7
O | | | = | | | | |
-1 -0.5 0 0.5 1 1.5 2 25 3 35 4
variance in

Fig. 3. Variance in vs. Variance Out Plot for Conv. Code and Interference Canceller.



RETURN LINK CODE ACQ. FOR 1-D AND 2-D WITH DS-CDMA FOR HIGH CAPACITY MU SYSTEMS. REED ETAL.

e e o
4 5 6
Full interference On-time/Off-time Densities
0.08 T T T T
* On-Time Simulation
0.06 — Analysis H
Off-Time Simulation

Pmd

Single User On-time/Off-time Densities
T T T

*

i

Full Interference Sim.
Partial Cancel. Sim. ox:0.04

Single User Sim.

Partial Cancel. Sim. oi:0.00S ]

o — Analysis o

T T
10 W
0

* OO0

10 10

Pfa

Fig. 5. Performance of the 1-D Acquisition Unit.

24



RETURN LINK CODE ACQ. FOR 1-D AND 2-D WITH DS-CDMA FOR HIGH CAPACITY MU SYSTEMS. REED ETAL.

T T
10° |:@ &
= ¢ Full Interference,
10 "¢ o Partial Cancel.o; =0.04 3
O Single User ]
x Partial Cancel.o;=0.005
X
1072k
=
o 1073 e
10k
10°kE
10*6 I I I
0 5 10 15 20 25 30
EJN, (dB)
Fig. 6. Missed Detection Performance 5, /No. (1-D)
10° L oo
10tk ¢ Full Interference,, 5
o Partial Cancel. o] =0.04 ]
O Single User s
x Partial Cancel. o =0.005
X
-2
10 "k
=
g 10°k
10*E
10°k
10° ‘

0 5 10 15 20 25 30
Integration Amount (Symbols)

Fig. 7. Missed Detection Performance vs. Integration Amount.(1-D)



RETURN LINK CODE ACQ. FOR 1-D AND 2-D WITH DS-CDMA FOR HIGH CAPACITY MU SYSTEMS. REED ETAL.

10

10"

Pmd

10"

¢ Full Interference Simulation
— — Full Interference Anaysis
10k O Partial Cancel. Sim.c©=0.04
_._ Partial Cancel. Ana.0°=0.04
_ . Partial Cancel. Ana. 03:0.005

— Single User Analysis

4 I I

107 -40 -30
10 10
Fig. 8. Performance of the 2-D Acquisition Unit.
Users (K=150), PG (N=100), Os=4, 5000 symbols, ES/N0=1O.54dB, Async MAI, fd =571 Hz
T T T
10°

Pmd

Conventional
Single User
0%=0.04
6%=0.005
6%=0.04 Imp
6%=0.005 Imp

+ <& % 00O X

107 107 107 10°

Pfa

Fig. 9. Acquisition Performance for 1D with 4 times oversampling

26



