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Abstract — We consider a reservation-based medium
access control (MAC) scheme where users reserve
data channels through a slotted-ALOHA procedure.
The base station grants access to users in a Rayleigh
fading environment using detectors that utilize mea-
surements at the physical layer and system informa-
tion at the MAC layer. The performance analysis is
based on a Markov Chain formulation with the states
being defined by the number of busy and locked chan-
nels. M AP detectors with cost optimized for through-
put are presented. Also considered is a Neyman-
Pearson-like detector with false-alarm rate optimized

for MAC throughput.

I. INTRODUCTION

Detection plays a key role in Medium Access Control (MAC)
of random access networks. In UMTS-WCDMA [6], for ex-
ample, a random access scheme is used for channel (code)
reservation. Users attempt reservation by transmitting a sig-
nature randomly chosen from a pool of available codes. The
base station grants or denies transmission based on the mea-
sured signal strength. Collision occurs if more than one users
send requests for a code and that code is acknowledged. On
the other hand, if a code is acknowledged while no user sends
request, the code is mistakenly taken out of the pool of avail-
able codes for other users, which causes an inefficient channel
(code) utilization and heavier traffic, more frequent collisions
in other channels.

It is not obvious that the classical approach to optimal
detection based on trade-offs of misdetection and false alarm
naturally leads to optimal MAC performance. Here, we must
take into account properties of the arrival process and the
impact of collision on throughput and delay. To this end,
the literature is scarce; only a few ad hoc schemes have been
reported [2, 3, 7).

Motivated by the idea of cross layer design of signal de-
tection and MAC, we consider the detection and acknowl-
edgement strategies for a CDMA random access network with
transmissions undergoing flat Rayleigh fading. Focusing on
the detector design, we exploit information from measure-
ments at the physical layer, the traffic statistics, and the net-
work states at the MAC layer.

The paper is organized as follows. We describe the system
model in Sec.Il where basic functions and assumptions are
presented separately for mobile and base stations. In Sec.III,
a throughput analysis is presented using a Markov chain for-
mulation. Detector design is considered in Sec.IV where we
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present several detectors optimized for throughput. We con-
clude after discussing the results of simulations in Sec.V.
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Fig. 1: A reservation-based random access in CDMA. CMF: Chip-
matched-filtering and sampling. MF: Code matched filter.

II. SYSTEM MODEL

The system considered here is similar to that used in the ran-
dom access channel (RACH) in WCDMA [6] and is illustrated
in Fig. 1.

A The Mobile Stations

The random access scheme is based on slotted ALOHA
channel reservation. At the beginning of each slot, the base
station broadcasts a set C of available orthogonal preamble
signatures for the uplink reservation. An interested user trans-
mits a randomly selected signature from C and waits for an
acknowledgement. If a positive acknowledgement is received,
the user proceeds to transmit data using an orthogonal code
having a one-to-one relationship with the preamble signature.
If a channel is acknowledged when two or more users are at-
tempting access, a collision occurs and the channel becomes
locked i.e., it is unavailable to the other users even though the
channel is not contributing to the throughput. We further
note that a channel might get locked when the base station
transmits an ACK even when no user is attempting access. In
case no acknowledgement is received, the user backs off and
retries after a random delay. We assume that no preamble
power ramping is carried out ¢.e., a user does not increase
power on retries.

We assume that the access attempts that include new ar-
rivals as well as retries lead to a Poisson process with intensity
A attempts/slot. The Poisson assumption is an approximation
used here as in [2, Ch. 3-4] for tractable analysis.

We further assume that, once a signature is acknowledged,
the user transmits a data packet of size L slots, L being geo-
metrically distributed with mean E(L) = 1/l slots. Thus an



occupied channel becomes free in the next slot with probabil-
ity I. We also assume that a channel locked due to collision
becomes free in the next slot with the same probability . On
the other hand, a channel unavailable due to false alarm is
assumed to become available in the very next slot.

B The Base Station

After announcing the available preamble signatures C, the
base station performs matched filtering for each code in C.
The output of each matched filter is used in some form of hy-
pothesis testing (denoted as D), and the MAC protocol makes
decisions on acknowledgement based on the outcome of the
test.

To assemble the set of available preamble signatures for the
next slot, the base station first takes out those codes acknowl-
edged in the current slot. It then checks whether those occu-
pied codes has become free, and adds those released codes to
the new signature pool. For simplicity, we assume that there
is no error made in determining whether a code is still in use.

We emphasize that the size of C varies from slot to slot,
which makes the attempt rate time varying at each channel
(even though the overall attempt rate is constant). The fluc-
tuation of the available signatures makes detection thresholds
time varying. This makes the optimal detection problem non-
trivial.

III. MAC PERFORMANCE

Given the traffic model of the previous section, the MAC
performance in terms of channel occupancy can be evaluated
through a Markov chain, the formulation of which is the aim
of this section. Since the performance metric is channel oc-
cupancy, for each slot, we need to keep track of the number
of busy channels i.e., channels which are carrying data. We
should also keep track of the number of channels locked due
to collision and false alarm. These numbers directly influence
the number of channels that are actually available in a slot
which in turn influences the effective arrival rate per channel.
It will be seen later that the number of free channels is a key
parameter needed by a detector to optimize performance at
the network level. We, thus, define a state ¢ in the Markov
Chain by (nsi, nis, noi ), where np; is the number of busy chan-
nels when in state i, n;; is the number of channels locked as a
result of a collision, and ng; is the number of channels locked
due to false alarm. Thus, a user wishing to access needs to
choose from N, — np; — ni; — no; = ny; free signatures (chan-
nels).

In order to obtain the transition probabilities, P;; =
P(jlt) = P(nsj,ni;,noj|nes, i, nos), we define: npp - num-
ber of free channels that become busy in the next slot, nym,
- number of busy channels that become free in the next slot,
nip - number of free channels that become locked due to col-
lision in the next slot, n;, - number of channels locked due
to collision that become free in the next slot, nop - number of
free channels that become unavailable in the next slot due to
a false alarm, and ng,, - number of channels unavailable due
to false alarm that become free. We must have:

Np; i + Nop — Nbms (1)
n; = M+ Np — Nim, (2)
T0; Nop- (3)

The last equality follows from the fact that no; = nom,
since the channels locked due to false alarm become available

in the very next slot. And thus we get:

Pij =Y P(nup, nip, nop|nsi, D) P(nom|n6i) P(nim|mui),  (4)
A

where A is the set of {nyp, Nom, Nip, Mim, Nop} satisfying the
identities noted above. Notice the conditioning in the various
terms on the right hand side. Channels that are busy/locked
become free independently of the other channels. The proba-
bilities are governed only by the statistics of the packet size.
The first term on the right hand side, however, depends heav-
ily on the detector design. Given the number of free chan-
nels, if the arrival statistics at each channel are independent
of those at the others (which is the case in the premise of
this paper), the detector for each channel can function inde-
pendently. Thus, in order to obtain P(npp,mp, nop|nyi, D),
it is sufficient to obtain (i) Py(nyss;, D), the probability that a
free channel becomes busy in the next slot due to a success-
ful access attempt, (ii) P;(nf;, D), the probability that a free
channel becomes locked in the next slot as a result a of a col-
lision, and (iii) Py(ny;, D), the probability that a free channel
becomes unavailable for the next slot due to a false alarm.
Note again that the probabilities so described are dependent
on the detector strategy used. Given these we have:

ng;!
Npp!ngp!nop!il

P"'""(nsi, D) Py (ngi, D)P* (5)

P(lep,nlp,TlOp|nf¢,D) = P:bp(nfi’D) X

P(npmlny) = ()1 (1= )mmem) - (6)
P(nm|ni) = (1) (L= pmimmm) o (7)
where
i = ngi— (nep + mup + nop), ®)
P = 1—(By(nyi, D) + Pi(nyi, D) + Po(nyi, D). (9)

The equilibrium distribution of states, p;, can be ob-
tained from (4)-(7); the channel occupancy or the normalized
throughput, S\(D), can now be written as:

S\(D) = - 3 pimi (10)

The superscript denotes the dependence of the throughput on
A, the arrival rate. The problem that now faces us is that
of designing a detector that will maximize S). We can state
the problem informally as: Design a detector and acknowl-
edgement strategy so as to obtain the optimal probabilities -
Py(ny;), Pi(nygs), Po(ng;) - which mazimize the channel occu-
pancy. If we denote the optimal detection strategy by Do, we
have:

(11)

The problem is different from problems considered in clas-
sical detection literature. Though the probabilities can be
related to the classically defined probabilities of detection and
false alarm, they are not the same and we do not know how
they affect the network throughput. We observe that, even if a
closed form relationship were to exist between detector design
parameters and the probabilities - Py(nys;), Pi(nysi), Po(ngi) -
no such relationship would exist between the throughput and
the detection design parameter. Thus, any optimization will
have to be carried out numerically through a lookup search
over the design parameter space. Fortunately, the entire pro-
cedure can be carried out offline and before hand so that given

Do(A) = arg max S\ (D)



a scenario, the optimal detection strategy is immediately avail-
able. We next consider the signal model and study the detec-
tor and acknowledgement strategy design problem formally.

IV. THE DETECTOR

The detection considered here differs from the classical detec-
tion problem in two aspects. First, our objective is to maxi-
mize the network throughput. Second, the detector needs to
exploit the system state information (e.g.,number of available
channels). The challenge is that detection errors affect the sys-
tem state which in turn affects the statistics of the incoming
traffic.

A The Signal Model

Consider the model depicted in Fig.1. Each available chan-
nel has a detector associated with it. The detector takes as
its input the sampled chip-matched filtered signal. We assume
that the transmitted signal undergoes Rayleigh flat fading, the
Rayleigh parameter having the same value for each user. As-
sume that ny channels are available and K users contend for
reservation. The sampled output of the chip-matched filtered
can be written as:

K
r:Zaksk +w (12)
k=1

where aj, are the complex amplitudes which are i.i.d. with dis-
tribution CN (0,03 /2N?), N is the signature length in chips,
o2 the SNR. All the symbols in bold font denote vectors of
length N. The signatures, s, belong the set of available or-
thogonal signatures, C = {c1,2,...,¢n;}. The elements of C
have a one-to-one relationship with the set of available chan-
nels and cfc; = N for i = 1,2,..,ny (H denotes the her-
mitian operator). The noise w is AWGN with distribution
CN(0,1/2NT).

At the ** detector, decorrelating with the signature c; we
get:

z = cfr (13)
= Z Nag +w; = z; + w; (14)
k:sp=c;

where z; ~ CN(0, K;03/2) is the component due to K; num-
ber of users selecting signature ¢; and w; ~ CN(0,1/2). At
this point we may drop the subscript ¢ for the detector, be-
cause given nys, the working of each detector is identical to
the rest. Notice that |z|? is a sufficient statistic that can be
generated from z and that |z|> has an exponential distribu-
tion. For ease of notation we will refer to |z|> as y from this
point onwards. Based on the above statistic the detector must
make a decision on whether or not a single user is attempting
access.

Formally, consider the following [1]- parameter set defined
by the user indices A = {0, 1,2, 3,..}; random parameterf, ©,
taking on values in A. The realization, 6, is the number of
users attempting reservation of the same channel. The deci-
sion rule should be based on y. We have the following to work
with - conditional distribution of y given © = 6:

_ 1 -y
p(yl6) = o2 +1 P (ea§+1) :

fNote that © is not a design parameter, the design parameter 7
appears later in the discussion.

(15)

Since the arrivals are Poisson, given that ny channels are free,
the access attempt rate for a particular channel is Ay = A/ny.
Thus, the prior probability for § given the arrival rate can be
written as

0 a0

B The Bayesian Detector

We first consider the MAC protocol based on the binary
hypothesis on the number of users transmitting a particular
preamble. Specifically,

A

Hy 6€{0,2,3,---} = Ao

H : §e{1}2A;. (17)
Notice that Hp is a composite hypothesis.
The Bayesian detector has the form
1 >
A
=3 vor1l HEEME = atm) (9
0 <

where 7(ny) is the ’cost-ratio’ dependent on the number of free

channels as noted above. Now, since the cost-ratios are actu-

ally unknown, we might try a lookup search for the optimal

n(ns) with ny = 1,2, ..., Ne. In order to simplify the lookup

search, we assume that the cost-ratio remains fixed for differ-

ent ny. This simplification should result in sub-optimality.
For the present model, we have:

1 —
P(® € A1|y) _ ogtl xp ( d‘?"l‘l) Af (19)
P(© € Aoly) '

Ll
1 -y ) s
Ee;ﬂ 7o2+1 exp (W) B
Given cost-ratio 1 and access rate As (both might have de-
pendence on ny), we can numerically determine the decision

regions, I'1(n, Af) and Io(n, As) corresponding to the two hy-
potheses. The decision regions are of the form:

if TI(TI: )‘f) <y< 7'2(77, )‘f)
otherwise

(20)
(21)

where 71(n,Af) and 72(n, Af) can be interpreted as power
thresholds based on which the detector makes its decisions.
Intuitively, we would expect the decision regions to be of
the form given in (20), so that power falling below the lower
threshold corresponds to the case of no user attempting access,
while power falling above the upper threshold corresponds to
the case of two or more users attempting access.

In Fig.2, we show the thresholds as a function of access rate
Ay for SNR’s of 5 dB and 10 dB. Plotted in Fig.3 is the varia-
tion of thresholds v/s SNR for Ay = 0.5 The upper threshold
T2 decreases as the SNR decreases and as Ay increases, which
is intuitive. What is surprising is the variation of the lower
threshold 71 which is not very sensitive to Ay or the SNR.
Against intuition, it does not go down as the As increases.

Having obtained the decision regions, we can now obtain
the event probabilities needed for the Markov chain formula-
tion.

As defined before Py = Pr{ A particular free channel be-
comes locked in the next slot due to false alarm}. The afore-
mentioned event occurs when the received signal power lies

y €T1(n, Ay)
y € To(n, As)



©
3

—+— SNR=10dB
—©- SNR=5dB

@
1<)
T

.
3
T
At
i

@
3
T

Ty SNR=10 dB

Power thresholds

w
S
T

]
1, SNR=5dB
\.\0\

L ey 4
0 S\S&s i,

s S

-
S\S‘@@\&eﬂereg@@ ~e *\k*\*
‘ boc: IR

0 L L I I I L I L L
0 0.2 0.4 0.6 08 1 12 14 1.6 18 2

A

Fig. 2: Thresholds vs. access rate Ay for SNR = 5 dB and 10 dB

140

120

@
<)

Power Thresholds
@
3

40

Fig. 3: Thresholds vs. SNR for Ay = 0.5

between the two thresholds with no user present. And thus
the event probability is given by:

Po(ngp)=e ™M (e ™ —e ) . (22)

Note that 71, 72 above are dependent on 7, SNR 03, and Af
(and therefore, n¢). A channel can also become locked if two
or more users attempt access and are ACKed. The probability
that channel gets locked due to collision between users is given
by:

(o) —
Pi(ng,n) = Z e )‘fk(!)\f)k <ef‘rl/(ka'3+1) -~ 677-2/(ka-3+1)) _
k=2

(23)
We have defined P, = Pr{ A particular free channel becomes
occupied in the next slot}. A channel gets occupied if only one
user attempts access and the received power level falls within
the two thresholds. Therefore:

Py(ns,n) = Age M (6771/(05+1) _e—rz/(a§+1)) L (24)

Given ), 55, N,, and o3, we know we can compute the var-
ious event probabilities and therefore the channel occupancy
as defined in (10). Optimization now simply involves finding
the n that maximizes the throughput for a given A. Denoting

the optimal cost-ratio by 7, we have:

No = arg m;zx Sx(n) . (25)

C The Multi-hypotheses MAP

The binary MAP does not admit a closed form expres-
sion for thresholds; numerical optimization must be carried
out for different traffic rates and available free channels. We,
thus, consider another class of detectors for which the decision
regions can be determined without resort to numerical com-
putations. The detector is actually a multi-hypotheses MAP
detector (as opposed to the Binary MAP detector, which is
just the Bayesian detector with = 1) which optimally de-
tects the number of users attempting access based on the a
posteriori probabilities of each § € ©. The detector basically
gives 6§ = arg maxg pg(y)w(h). The MAC protocol can then
make a decision based on §. H; will be held to be true when
6 = 1 has the maximum a posteriori probability amongst all
0 € O i.e., when:

arg mgaxpg(y)w(ﬁ) =1. (26)

For the Multi-hypotheses MAP detector it can be shown that
T1(Ay) and 72(Af) are determined by:

gl +1 ol +1

n(Af) = do_d log ( d)\f ) (27)
(02 +1)(203 +1) 2(205 + 1)

T2(Af) p log NeZiD)) (28)

The first threshold is determined by comparing the a pos-
teriori probabilities for § = 1 and § = 0. Similarly, the second
threshold is comparing the a posteriori probabilities for § =1
and 6 = 2. The identities hold for reasonable values of the ar-
rival rate but breakdown when \; is too large. For example,
71(ny) becomes negative when A exceeds o3 + 1.

D A Neyman-Pearson-Like Detector

We compare the class of Bayesian detectors with fixed cost-
ratio with the class of single threshold detectors which ac-
knowledge a channel when the power exceeds a given threshold
(the upper threshold 7> = oo, which is essentially equivalent
to assuming that the SNR is high). The detectors discussed
in the literature available on RACH [3] belong to this class.
We consider a subclass of single threshold detectors defined
by design parameter o which is the maximum probability of
false-alarm’ allowed. The optimization here involves search-
ing for the a that gives the maximum throughput for a given A.
For a given threshold 7 and effective arrival rate into channel,
A, we can find the detection and ’false-alarm’ probabilitiest,
Pp(nys) and Pr(ny), respectively, as:

o/ (@3 +1)

k_—X

. Z e
_ - |
1—Afe™?7 ot k!

Pp(ns) = (29)

2
Pp(ng) = e~T/tke" ) (30)

The Neyman-Pearson-like formulation involves finding
7(ns,a) such that Pp(ny) is maximized subject to constraint

¥These probabilities are w.r.t the definition of the two hypothe-
ses and corresponding parameter sets. They are different from P,
and Py defined earlier.
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Fig. 5: Normalized Throughput vs. Arrival rate for various detec-
tors with L = 1,2,5, and 10. SNR = 20dB. Bayesian(o), Single
threshold(O), Multi-Hypotheses MAP(+)

that Pr(ns) < a. Once 7(nys,a) is known for ny = 1,2, ..., N,
we can determine the event probabilities needed for obtaining
the throughput (Sx(a)) as in (22)-(24), by putting 71 = T,
T2 = OQ.

As before, we need to optimize the throughput over the
design parameter, which, in this case, is @. Again, a lookup
search needs to be carried out to obtain the optimal g as in:

o = arg max Sx ()

(31)

V. SIMULATION RESULTS

We now compare the performance of the various detector
classes. Figs.4,5 show the throughput plots versus arrival rate
for SNR = 10dB, 20dB, respectively. As expected, throughput
is better for higher SNR.

We see that none of the detector classes performs consis-
tently better than the others. The Bayesian detector class
does the best for most cases. However, the Multi-hypotheses
MAP betters its performance for higher SNR. We note that
the optimal detector scheme is not yet within reach. The peak

Variation of throughput v/s n for various arrival rates, SNR = 10dB, L = 10
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Fig. 6: Normalized Throughput vs. n for the Bayesian detector.
SNR = 10dB, L. = 10, for various A

(over all arrival rates) throughput obtained with all the de-
tectors is almost the same. The single threshold strategy is
detrimental for high arrival rates as it hinders the possibility
of NACKing for the collision case. As expected, throughput
increases with increasing SNR and L (the mean packet size).

Fig.6 show the variation of throughput v/s n for the
Bayesian detector. Varying the cost-ratio does not vary the
throughput significantly, we could have as well worked with
17 = 1 which corresponds to the MAP detector. However, low
n is generally not good when X is high; smaller 7 leads to a
smaller 71 and a larger 72, which in turn increases both the
false alarm rate as well as the collision rate.

VI. CONCLUSION

The random access CDMA channel presents us with the inter-
esting problem of detector design for increasing the through-
put. The problem cannot and should not be considered in a
classical sense. The detector needs to consider not only the
signals as transmitted by users but also whatever system state
knowledge it can obtain. In the scenario we have considered,
it is difficult to obtain closed form relationship between the
detector design parameters and the performance measure (the
normalized throughput). We have considered three classes of
detectors: one is the class of classical Bayesian detectors where
we assume that the unknown cost-ratio is fixed, the second is
the class of single threshold detectors which are used in prac-
tice and the third which is a Multi-hypotheses MAP detector.
Given the arrival rate, the class of Bayesian detectors gives a
better alternative to that given by the class of single thresh-
old detectors or the approximate MAP detector for most cases.
However, no single class gives us the optimal detector which
as of now is out of reach.

We cannot be sure if the performance of any class is near the
optimal performance possible. Also, the scenario we have con-
sidered is very restricted. We need to broaden the scope and
develop analytical methods for more varied scenarios allowing
better understanding of the interplay between the MAC and
physical layers.
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