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Abstract: We consider CDMA systems employing
packet switching where multiple users can access the sys-
tem simultaneously. The problem of detecting the activ-
ity of multiple new users in an efficient manner is stud-
ied. Under the optimistic assumption of a discrete delay
space,, the maximum likelihood receiver that detects the
presence of multiple new users, i.e the optimum multiuser
access detector, has high complexity. Thus, we propose a
suboptimum decorrelating receiver which has lower com-
plexity. We then investigate how this simple detector
performs under general conditions. The overall recogni-
tion of new users by the system is achieved by the decor-
relating access detector followed by a bit detector that
decodes users’ identification information. Performance of
the overall access scheme is given and factors effecting the
multiuser access capacity of the system are identified.

1 Introduction

Code Division Multiple Access (CDMA) is a promising
access scheme for future wireless systems that intend to
use packet switching to support a wide range of services
with different requirements. Considerable effort has been
directed towards establishing efficient protocols for packet
switched CDMA networks to date (see [1] and references
therein), however all these studies dealt with issues after
the timing parameters and the activity status of users are
obtained. In reality, future wireless systems may require
services where many users arrive and leave the system
quickly. Thus, determining which users are active and
the parameters associated with these users in an efficient
manner become important issues in system design.

In this paper, we consider a packet switched CDMA
system where a previously inactive group of users attempt
to gain access to the system. Their presence must be de-
tected by the system for them to be able to send infor-
mation. This includes determining which users become
active in a given period and the unknown parameters as-
sociated with an active user without which the user’s in-
formation bits cannot be received reliably. The most im-
portant of these parameters is the time of arrival (delay)
of the user.

Estimation of users’ delays in CDMA systems has been
an active research area. Timing acquisition work initially
concentrated on determining the delay of a single user as-
suming a Gaussian disturbance, then on determining the
delay of a single user in the presence of multi-access inter-

ference [2–4]. Finally extensive effort has been directed
towards estimation of all users’ delays (and amplitudes)
jointly [5–8]. These studies assume that each user whose
delay is estimated is known to be active. Also, these
studies assume a dedicated signature sequence per user
suggesting an inherently circuit switched structure. Re-
ceivers which can detect one new user’s activity at a time
along with estimation of its parameters have been con-
structed in [9]. This work is founded on the assumption
that at most one new user attempts to access the system
during the detection period which may not be appropriate
for packet switched networks.

In this work, we concentrate on detecting multiple
users’ activity along with the delays of each of these users
within the context of the model described in Sections 2
and 3. The optimum multiuser access detector under sim-
plistic assumptions is developed and is observed to be
highly complex. A decorrelating type suboptimum linear
receiver is constructed. The performance of the decor-
relating receiver in the absence of these assumptions is
investigated. It is observed that the access stage may be
potentially a limiting factor in the capacity of a packet
switching CDMA system. Factors affecting the multiuser
access capacity are discussed.

2 System Model

We consider CDMA systems where multiple users can
attempt to access the system at the same time. We as-
sume that the new users have all acquired the base sta-
tion’s pilot signal and are tuned to the downlink paging
channel where they can receive broadcast messages. The
start time of the access message is broadcasted from the
base station along with other necessary access parame-
ters. The delay uncertainty of the new users thus comes
from their transmission (propagation) delays relative to
the broadcast of the base station. We assume these de-
lays to be less than 1 bit period for each new user (see
Figure 1).

We consider a system where new users attempt to ac-
cess the system through a common signature sequence
(access channel). As mentioned in the previous section,
this is conceptually different than a conventional CDMA
system where users have dedicated signature sequences.

We assume the initial packet that each user sends in-
cludes a preamble (a sequence of 1s) that we use to detect
the user’s activity and estimate its propagation delay fol-



lowed by the user’s identification. If the user’s presence
is detected by the system during the access phase and
its identification is decoded correctly, the user receives
an acknowledgment to go forward with the information
transmission. The model as depicted in Figure 2 sug-
gests a two-stage receiver whose initial stage works on
the transmitted preambles to detect the activity status of
the users and is followed by a detector which will decode
the active users’ identification information (see Figure 3).
In this paper, we will concentrate on how to construct
the first stage, i.e. the detection of the presence of the
active users. This will be done by detecting the activities
(if any) at or around certain delay values determined by
the users’ propagation delays. The detector for the sec-
ond stage is an asynchronous multiuser detector and is
constructed using the information about the activity sta-
tus of the users supplied by the first stage, i.e. if users’
activity is detected at or around a delay value, a corre-
sponding receiver filter is designed to decode the incoming
identification information and/or suppress interference.

The performance of the first stage is of vital impor-
tance to the system since the performance of the second
stage detector hinges upon the correctness of the infor-
mation supplied by the first stage. A false alarm event,
the event that the system declares one (or more) user(s)
present at a particular delay when there is none, implies
waste of resources for the second stage since it may re-
quire the detector to try to decode fictitious users and to
suppress their actually non-existing interference to other
users. A miss event which contributes to the rate at which
the system fails to capture a user is also highly undesir-
able since an active user will not enter the system and
its interference will not be cancelled while other users are
being decoded during the second stage.

3 Analysis Preliminaries

The problem we will consider in this paper is the detection
multiple new users in a Gaussian channel. Users enter the
system with the initial packet that contains the access
preamble and the identifier, transmit their messages and
leave the system before the system announces the next
access start time, thus no other connection is present or
established during the service of these users.

The total received signal during the first stage of access
(the preamble stage) can be expressed as:

r(t) =
NA∑
i=1

√
qisa(t − τi) + n(t) (1)

where NA is the number of active users, qi and τi are
the received power and the delay of the user i and n(t) is
the zero mean white Gaussian noise with power spectral
density σ2. The accessing signature sequence sa(t) can
be expressed as

sa(t) =
G∑

i=1

c(i)
1√
G

p(t − (i − 1)Tc) (2)

where G is the processing gain, Tc is the chip duration,
c(i) ∈ {−1, 1} is the ith chip value, and p(t) is the chip
waveform normalized to have unit energy. Throughout
the paper we will assume for simplicity that p(t) is rec-
tangular. Thus,

p(t) =
{ 1√

Tc
, 0 ≤ t < Tc

0, else
(3)

The received signal is observed from the start of the ac-
cess message with 1-bit delay, thus for a total of L − 1
bits where L > 1 is the length of the preamble. The
reason of observing the signal with 1-bit delay is to en-
sure the capture of at least one bit period where all new
users are actively sending their access preamble (see Fig-
ure 4). Note that during each observed bit interval, the
contribution of each active terminal consists of the access
signature sequence circularly shifted by that terminal’s
delay value. This fact will be used extensively in the se-
quel. Specifically, we will term the contribution of the
kth user the effective signature sequence of user k.

4 Discrete Timing Delays

To motivate the subsequent development, let us first as-
sume that the time of arrival of each user’s access pream-
ble can be one of M possible values between 0 and Tmax

and these M values are uniform and ∆ = Tc

v apart
(M = �Tmax

∆ + 1�). We can then design a bank of fil-
ters each of which is matched to a possible effective sig-
nature sequence and filter the received signal in each bit
period (starting at t = Tb = GTc) of the preamble stage.
Defining

c̃i = c(k) (k − 1)v ≤ i ≤ kv, k = 1, · · · , G (4)

p̃(t) =
{ 1√

Tc
, 0 ≤ t < ∆

0, else
(5)

we can express the jth possible effective signature se-
quence (jth filter to be used) as:

sj(t) =
vG∑
i=1

c̃i⊕(vG−j)
1√
G

p̃(t − (i − 1)∆) (6)

where ⊕ denotes the sum modulo vG.
Let us also assume that accessing users all arrive at the

base with equal received power. Then, given the observa-
tion period, the resulting filter outputs that are contained
in the vector r constitute a sufficient statistic for deter-
mining the number of active users at each possible delay.
r can be expressed as:

r =
√

q(L − 1)Γa + n (7)

where Γ is the M × M circular autocorrelation ma-
trix of the accessing signature sequence, i.e. Γij =∫

Tb
si(t)sj(t)dt, ai ∈ {0, 1, ..., N} is the number of active



users at ith possible delay1 and n is the zero-mean filtered
Gaussian noise with covariance matrix (L − 1)σ2Γ.

Note that for this simple case, the vector a captures
all the information about the time of arrival of the active
users.

From Equation (7), the maximum likelihood joint de-
tection of the number of users active at each delay value,
i.e. the optimum multiuser access detection problem, re-
duces to the following combinatorial problem:

min
a∈{0,1,...,N}M

−2rT a +
√

q(L − 1)aT Γa (8)

The problem is of identical structure to the well-known
optimum multi-user symbol detection problem which has
been shown to be an NP-hard optimization problem [10].
Following the same approach, it is straight forward to
see that one needs to evaluate the above cost function
at (N + 1)M points to get the maximum likelihood esti-
mate of a. Since this could be of prohibitive complexity
for large values of M , we instead suggest a sub-optimum
multiuser access receiver that is similar to the decorre-
lator Lupas and Verdú used for bit detection [11]. The
decision statistics then are:

y =
1

(L − 1)
Γ−1r =

√
qa + ñ (9)

where the covariance matrix of ñ is σ2

(L−1)Γ
−1. The value

of ai is then declared in the maximum likelihood sense
using yi.

Note that the existence of the detector depends only on
the existence of Γ−1 and not on the number of potential
users. Thus the existence can be guaranteed by using
an accessing signature sequence whose possible circular
shifts are linearly independent.

It is also important to observe that the detector can
be precomputed since the form does not depend on the
number of active users. The complexity of constructing
the detector is the complexity of inverting a matrix which
in general is O(M3). However, it is easy to show that
the circular autocorrelation matrix Γ is Toeplitz and the
inverse operation can be carried out more efficiently using
this observation.

5 Continuous Timing Delays

In the construction of the decorrelating multiuser access
receiver we assumed that the delay space of users is dis-
crete which is not a realistic assumption. On the other
hand, it was this assumption that led us to the construc-
tion of a simple linear detector. Also, it is not realistic
to assume that the received power values of the users are
known and equal. In this section, we relax these assump-
tions and investigate how the decorrelating multiuser ac-
cess detector can be used to detect the accessing users in
this case.

1We assume at most N users can be active at one delay value
and NA ≤ MN

We begin with an observation that will be of impor-
tance for the sequel. Proof of the observation is omitted
due to space limitations. Let us define sα

j (t) as the circu-
larly shifted version of the basic access signature sequence
by (j + α) ∆ where α ∈ [0, 1] is the delay mismatch ex-
pressed in fraction of one resolution interval of the multi-
user access detector (∆).

Observation 1 The signal sα
j (t) filtered with sk(t) re-

sults in

ρjk(α) =
∫

Tb

sα
j (t)sk(t)dt = (1−α) Γjk +α Γ(j+1)k (10)

In words, the observation above means that at the out-
put of the matched filters described by Equation (6), the
effective signature sequence sα

j (t) poses as a convex com-
bination of effective signature sequences sj(t) and sj+1(t)
weighted by 1 − α and α respectively.

Let us further define Ii, i = 1, · · · , M − 1, as the in-
terval [(i − 1)∆, i∆]. Using this definition we can restate
Equation (1) as:

r(t) =
M−1∑
i=1

∑
τk∈Ii

√
qksa(t − τk) + n(t) (11)

Associated with each active user k, there is a fractional
mismatch αk (0 ≤ αk < 1) such that

αk =
τk

∆
− ik, ik = �τk

∆
� (12)

Recall that the received signal is observed starting at time
t = Tb and the contribution of user k within each bit of the
observed signal is the access signature sequence circularly
shifted by τk. So, the received signal in the observation
window t ∈ [Tb, L Tb] is

r(t) =
M−1∑
i=1

∑
τk∈Ii

√
qksαk

i (t) + n(t) (13)

The output of the jth filter out of M circularly shifted
filters can be expressed as:

rj =
M−1∑
i=1

∑
τk∈Ii

√
qkρij(αk) + nj j = 1, · · · , M (14)

Now, using Equation (10), we can express the output vec-
tor of the filter bank as

r = (L − 1)Γβ + n (15)

and the output of the decorrelating multiuser access de-
tector is

y =
1

(L − 1)
Γ−1r = β + ñ (16)



where

βi =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

∑
τk∈Ii

(1 − αk)
√

qk, i = 1
∑

τk∈Ii−1

αk
√

qk +
∑

τk∈Ii

(1 − αk)
√

qk, 2 < i < M

∑
τk∈IM−1

αk
√

qk, i = M

(17)
As can be seen from Equation (17), users whose delays
τk belong to I(i−1) or Ii, i.e. in [(i − 2)∆, i∆] con-
tribute to yi with their associated weights that depend
on their delay mismatch parameters. Users that are out-
side [(i − 2)∆, i∆], on the other hand, are eliminated by
the decorrelating detector.

Since βi contains contributions from an unknown num-
ber of users each of which has an unknown delay offset, it
is difficult to solve for the exact number of active users.
Instead, we can simply try to detect if there are any ac-
tive users around the ith delay value by designing a simple
threshold test. If we ignore the correlations between fil-
ter outputs, we can design a Neyman-Pearson type binary
hypothesis test for yi with the hypotheses:
• Hi1 : Activity detected at the ith filter
• Hi0 : No activity at the ith filter
The threshold is set for each test so that a fixed false
alarm probability performance (αF ) is achieved. Specifi-
cally, for yi we set the threshold Λi such that

αF =
∫ ∞

Λi

1√
2πΓ−1

ii σ2

e−x2/(2Γ−1
ii σ2)dx (18)

The threshold Λi can be expressed as:

Λi = Q−1(αF )
√

Γ−1
ii σ2 (19)

where Q(x) is the standard normal complementary CDF.
The test is:

yi

H1i

≷
H0i

Λi (20)

So, for activity to be detected at the output of the ith

decorrelator, the output should exceed a factor that de-
pends on the specified false alarm rate times the enhanced
noise magnitude at that decorrelator. Once activity is de-
tected at the output of the ith decorrelator, the second
stage detector uses this information to try and decode
the identification information of a user around the corre-
sponding delay value.

6 Results

We have simulated a DS/CDMA system with process-
ing gain G = 31. The accessing signature sequence is
chosen to be an M-sequence, i.e. when ∆ = Tc, the cor-
relation between all circularly shifted effective signature
sequences are Γi,j = −1/31, i 	= j. The access arrivals
to the system are generated from a Poisson random vari-

able with mean λ and users which cannot access the sys-
tem are immediately cleared, i.e. we did not include any
retry rule. The received power of each user is assumed
to be a log-normal random variable with standard de-
viation 4dB. The background noise power σ2 is unity
(0dB). Each active user has a propagation delay that is
uniform between 0 and 5 chips. We have constructed first
stage receivers with 1 and 1/2 chip resolution intervals,
i.e. ∆ = Tc and ∆ = Tc/2. For ∆ = Tc, the first stage has
6 filters matched to the basic signature sequence circu-
larly shifted by the 6 possible delay values (0, Tc, ..., 5Tc)
followed by the decorrelator. For ∆ = Tc/2, the first
stage has 11 filters matching the possible delay values
(0, Tc/2, Tc, ..., 5Tc) followed by the decorrelator. We have
used L = 20 bits of preamble for the first stage. In all ex-
periments, we have set the thresholds for the decorrelator
outputs of the first stage such that the false alarm rate of
each test is αF = 0.01. The second stage receivers con-
structed for our experiments are one-shot asynchronous
decorrelators and asynchronous matched filters.

We have performed two sets of experiments. First, we
simulated the two-stage access receiver assuming a per-
fect tracking algorithm is inserted before the second stage.
That is if an activity detection is made at a delay value by
the first stage, a “genie” (the perfect tracking algorithm)
would tell the second stage the exact delay values of all
active users that are around that delay value. Thus, the
second stage asynchronous detectors are designed with
this perfect timing knowledge. The performance of this
system is a useful upper bound for any two-stage multi-
user access detector with a tracking algorithm that may
be implemented before decoding the identification infor-
mation of the active users (the second stage). Second, we
have considered a system where no tracking algorithm is
employed. That is, if activity is detected at a delay value,
the second stage asynchronous detectors would use that
delay value to design the receivers (one-shot decorrelators
or matched filters) to detect the identification information
of the possible active users.

Figure 5 shows the comparison between the system
with the perfect tracking algorithm and the system with
no tracking algorithm when the average received power of
each user is 15dB. As expected, when active users’ delays
are estimated perfectly, the one-shot decorrelator outper-
forms the matched filter in average number of users that
can gain access to the system, i.e. the multiuser access ca-
pacity. In the absence of a tracking algorithm, the second
stage receivers suffer from the mismatches between the
discrete delay values the first stage supplies and the ac-
tual delay values of the active users. We observe that the
mismatched one-shot decorrelators do take a great perfor-
mance hit consistent with the reported sensitivity of the
decorrelator to timing errors [12]. In fact, if the users’ av-
erage received powers are reduced to 1/3 (10dB), we see
that having a matched filter may yield to slightly better
multiuser access capacity (Figure 6).

Figure 7 shows the performance gain to be had by halv-
ing the resolution interval in the first stage to ∆ = Tc/2.



In this case, the range of timing mismatches are reduced
by half and the one-shot decorrelator performance is hurt
less. As expected, the performance of the one-shot decor-
relator gets better than that of the matched filter as the
system load gets heavier, i.e. as the interference level to
each user’s transmission gets higher.

7 Concluding Remarks

This paper examines a packet switching CDMA system
where users access the system through a common signa-
ture sequence and need to establish connections to send
information. Access detection is achieved by a two-stage
receiver. The first stage is a simple multiuser access re-
ceiver that uses the preambles to detect the presence of
the active users. The receiver constructed to serve this
purpose is a linear decorrelator and can eliminate inter-
ference due to other accessing users whose propagation
delays are sufficiently separated from that of the desired
user. The receiver uses a set of decision statistics to de-
tect activity around a set of delay values and supplies its
findings to the second stage receiver which will decode
the identification information of the active users.

Our experiments showed that the absence of a fine
tracking algorithm in the second stage limits the multi-
user access capacity of the system. This is due to the
sensitivity of the bit detectors used in the second stage
to the difference between the exact delays of the active
users and the coarse delay estimates supplied by the first
stage, i.e. the timing mismatches. In this case, there
is not much capacity gain to be had by constructing an
asynchronous decorrelator over a matched filter for the
second stage.

From Figures 5 and 6, we observe that the no track-
ing assumption results in a packet CDMA system with
very low capacity. That is, with a processing gain of 31,
the system would support at most two simultaneous ac-
tive users. In addition to reducing the first stage delay
resolution interval ∆, there may be a number of ways to
increase capacity. Two possibilities include developing a
frame structure with more than one access period before
data transmission, and using the vector y in Equation 16
to estimate the fractional timing offsets αk. Neverthe-
less, our observations lead us to believe that the access
process can be capacity limiting for a packet switching
CDMA system. This is in contrast to earlier literature
where capacity of random access CDMA is characterized
ignoring the effects of user acquisition.
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