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Abstract—This paper develops a framework for the analysisfo
a slotted ALOHA (S-ALOHA) network employing a two antenna
LMMSE receiver. Throughput of such a network is andyzed
under a Rayleigh channel condition. Two collision mdels are
presented in this paper. One is signal to interferece plus noise
ratio (SINR) based and the other is average bit ear rate (ABER)
based. Coding is also considered when using ABER licgsion
model. We compare the throughput of one and two aetna
systems under Rayleigh fading channel and demonste the
performance improvement. A closed form expression fothe
throughput of S-ALOHA network using a two antenna LMMSE
receiver is derived.

Index Terms—LMMSE, SINR, ABER, collision model, S-
ALOHA, throughput.

I. INTRODUCTION

Effect of noise is considered in developing the ABEased
CM. This paper also considers the effect of modttagnd
packet length on the throughput. More work on ABE&sed
CMs can be found in [7-9]. The authors in [8—9taduce the
effect of coding along with modulation, packet lémgnd
signal to noise ratio (SNR).

In this paper, we present a framework for the aialpf
slotted ALOHA network employing a two antenna rgeei
The network model using a general CM is first egthbd.
Then SINR and ABER based CMs are developed usiag th
authors earlier work on LMMSE receiver analysis][Tlhese
CMs are then used in the network model to obtapr@pmate
closed form expressions for the throughput. Thenénaork is
then used to analyze the effects of coding, modulapacket
length, and SNR.

The rest of paper is organized as follows. Secliagives
the network model that describes the S-ALOHA neknamnd

HERE is great interest in defining a realistic physicathe assumptions therein. Bounds on throughput dse a

(PHY) layer model, also called the collision mo@eM),
that enables a better analysis of wireless netw@ke of the
earliest and seminal work used a simple distanced&M

[1]. However, the two most common CMs are basedipn:

signal to interference ratio (SIR) [2-6] and iieaage bit error

rate (ABER) [6-9]. A number of these models haverbe

developed for Rayleigh fading channel. However, nadghe
models are for omni directional antennas. The astlo [3]
presented a novel CM for multiple antenna lineanimim
mean squared error (LMMSE) receivers.

derived in this section. The CMs using the LMMS[Eeiger
are presented in Section Ill. Simulation detaild agsults are
presented in section IV. Conclusions follow in SatlV.

II. NETWORKMODEL

A slotted ALOHA based traffic model is used to captthe
effect of bursty packet transmissions in the nekwdtvery
packet in the network is of lengthand is transmitted only at
the beginning of a slot period. An unsuccessfukpawill be
retransmitted after waiting a random number of ssldthe

Slotted ALOHA (S-ALOHA) networks have been verychannel is memoryless, i.e. a packet experiencdlsioco

frequently used for developing a networking framew&sIR
based CMs with Rayleigh fading with simple pathslosodel
are the most commonly used in such framework [Zéminal
work in [2] and [10] showed that independent fadatgnnel
of the interferers result in a higher throughputSsALOHA
network than a line of sight channehly path loss or distance
based collision models). The work in [2] was exthdn [4]
to include the effect of number of interferers el choice of
modulation. Rician and Nakagami fading with additiwhite
Gaussian noise (AWGN) channels were consideredl]irio
compute the throughput. The authors in [6] use ltl¢hSIR
and ABER based collision models under Nakagaminfadi
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uncorrelated with its previous attempts.

We assume that the total number of packets gemkirathe
network (including retransmissions) be Poissonrithisted.
The validity of this assumption is important whemeo
considers packet delays, since if one assumesssd?opoint
process for packet originations, then the assumpgtat the
combined process, of origination plus retransmissiois
poisson is valid only when one allows very largekes delays
compared to the slot time. The mean generatiom fratm
each node igl packets per second. The mean offered channel
traffic expressed in packets per time sloGis A7. The
probability of an arbitrary test packet being oapged byn
other interferers is

1)




Most of the studies of standard ALOHA networks assu
that any collision results in a lost packet. It veéa®wn in [2]
that Rayleigh fading channel results in improvemianthe
network throughput. The advent of MIMO technolodipas
nodes to have multiple antennas. In this work weerek the
work of [2] to multiple antenna receivers.

The probability of being able to capture the reeeiwn an
arbitrary time slot is defined as

Pop =1- D RPZ (n7) 2)
n=1

To use the above result in S-ALOHA framework, whitas
more than two users in the network, we need to rgdine it
for an arbitrary number of users. We use the thadhat non-
zero eigenvalues of a matrix and its conjugatesprase is the
same. Hence, eigenvalues of interference covariaatgx for
two antennas witlvl users is the same as thoseNbantennas
and two users. This allows us to use the collismodel
developed in [11] for in the framework of S-ALOHA&mork.
The average eigenvalues of interference-plus-rmsariance
matrix becomes

A =2M+a?/P, A,=(M-1)/2+0%/P (8)

where P, (n,7) is the probability of no-capture in presence The expression for the CDF of SINR can be obtainidg

of n interferers and average SINR. This probability depends
upon the type of CM represented in the supersc3igttion Il
discusses these CMs in detail. Using the captubatnility of
Eq. 2 the channel throughput can be stated as

S=GP,,. (3)
The lower bound on the throughput will be obtainelgden
Py (n, ;7) is equal to one. In this case the probability Eq.
contains the infinite sum of the terrRs. We then recover the
classical expression for slotted ALOHA

Sy =Ge°. 4)

However, for any smaller value Bf. (n, 17), the throughput
will exceed Eq. 4, as determined by the relativersths of
the packet signals reaching the common receiverntimber
of receiver antennas, modulation choice, etc. Tgpeubound
on the throughput is obtained whgg. is equal to zero. In this
case the capture probability is one, hence

Shax =G . (5)
This implies that that all the received packetd & captured
without any error.

max

Now that the traffic model has been identified weus our
attention on developing a good collision model aptare the
PHY layer effect. The collision model used in tipiaper is
same as the one in [3], however, that paper useeéna-
analytical model. The authors derived a closed foattision
model [11] for LMMSE receiver that will be used for
developing the analytical framework for the netwankder
consideration. The semi-analytical collision modeleloped
in [3] used monte-carlo simulation for computing ttequired
average eigenvalues of interference covariancebmathe
closed form model derived in [11] obtains an apprate
expression for the average eigenvalues for twaferers and
one desired user transmission for an arbitrary reundf

COLLISION MODEL

[12, Eq. 25]

(9)

e_XZV

P(y|M,p)=1- (10)

(11)

P(y)=P{SINR< }
2
= 25[1— exp(— /T,y)]
= A
where B; is obtained using partial fraction expansion d,[1
Eq. 20]. For all equal power interferers and desinser case,
Eq. 9 can be re-written using the average eigepvalu
approximations in Eq. 8 as
i, [e? e
-k A
The probability of no-capture for SINR based CM caw be
obtained by setting a SINR thresholg, .
R (M. 7) = P{SINR< s}
/T:L/TZ e‘/Tsz e‘/TLVm
A

Next, we derive the ABER based collision model ibatot
only closer to providing a more realistic PHY laydastraction
but also allows a detailed analysis of the netwmgiormance
because of different PHY parameters. In this wone
consider the following parameters: packet lengtigrecontrol
coding, and modulation.

Gaussian approximation on the interferers is used
simplify the BER collision model. LetPeb(y) be the BER
when the interferes are approximated to be Gausaiah
equivalent SINR isy. If the packet length i1 then the
probability that the packet is successfully receivfer the
specified SINR is

— L
RL.y)=[-Pu(y)" . (12)

A flat fading channel is assumed such that alldite in the
packet undergo the same amount of fading. Hence, th
probability of capture for a packet with an aver&sR, ) is

receive antennas, sd§. The approximate average eigenvalueg1en

[11] are given in Eq. 1.
a, =M (Pl + Pz)

— -1

a,=(Mm —1)(%1+PA2)
If received power from both the users is saReF= P, = P,
then the approximation becomes

(M-

(6)

- P
= 1)2

a, =2MP, a, (7)

PR(M,7)=1-[P(Ly)pyIM,.PHy.  (@3)
0

Wherep(y| M ,;7) is the SINR probability density function for

an LMMSE receiver that is obtained by differentigtiEg. 10
w.r.t . It can be observed from Eqgs. 12 and 13 thataiptuce
probability obtained using the BER collision modigpends

upon L andPeb(y). The latter is a function of the type of



modulation; hence, to model the effect of modutatiee need
to plug-in the appropriate expression of the BER.

A closed form solution of Eq. 13 is difficult to @n and
numerical computation results in inaccurate resattshigh

SNR values because of very Ioﬁeb(y) values involved.

Hence, we separate the integration into two witfiedént
limits. The first integral, given in Eq. 14, willebcomputed
numerically.

%]
Ri(M.7)= [R(L.y)plyIM. )y (14)

The second uses two approximations:RgIL, y) =1-LP, (y)
at high SNRs and (ii) given in Eq. 15

X
exp ——

Ql)=—7 j

(15)

X 27T 2
The second approximation helps in obtaining a Ensfpsed
form expression for the second integral, given in. B6,
without much loss in accuracy. Using approximafignve get
the second integral as

©

P2 = [ Le, ()ply M. Py
Yo
The closed form solution of Eq. !6 is derived ie thppendix.

To model different modulatior&b(y) should be selected

accordingly [13, pp-217]. Using Egs. 14 and 16 &RER
based CM can now be written as

R (M, 7)=1-R: -RZ. (17)
Coding can be used to improve the probability giteee
for a packet. The BCH codes are examined to deterrfie
effects of coding in presence of interfering paskdtor a
given probability of bit error, the probability stirvival of a
packet of length. is given by

LSy SR RCADE

_ (18)

wheret is the number of bits the error correction code ca
correct. For an un-coded systeir=0 and the equation
reduces to Eq. 12.

(16)

[V. SIMULATION AND RESULTS

In this section we use the two CMs developed irtiSed!|
in the S-ALOHA network model presented in SectibriThis
framework allows us to study the network throughpsta
function of different physical layer parameterseTfarameters
for SCM are: SNR per user and SINR threshold. Th
parameters for ACM are: modulation, packet len§RR per
user, and coding. In all the results presentedii;jigection the
network employs a two antenna LMMSE receiver.

Fig. 1 shows the throughput results using SCM m
ALOHA network. Throughput is computed for different
received SNRsy (5 and 30 in dB), and SINR thresholds,

(2, 3, 5, and 10 in dB). We observe that the thinpug is

higher for higher SNR. However, this increase ist n
monotonic. Increasing the SNR beyond 30 dB doegemilt

in further increase in throughput. This is becaube
interferers become dominant beyond this level amadcé the
effect of noise is reduced. Also, we note that ¢faén in
throughput because of SNR is reduced when we chaose
lowery,, . This gain finally reduces to zero whef is around

10 dB. The throughput curve in this case correspdndthe
standard S-ALOHA throughput, i.e. a transmission
successful only when there is no collision. Thihdor is
analytically explained by Eq. 4. We also obsensa teducing
Vi results in significant throughput improvement. Henwe

conclude that a PHY layer design that can suppthes
interferers even with a lower post LMMSE process8iBiR

will improve network throughput. A good example farch a
design is CDMA. Let us assume an IEEE 802.11b sithrad

is spread using a 11-chip Barker sequence. Becaiskee

good autocorrelation property of the sequence asymchrony
between the desired user and an interferer resutteound 10
dB gain in SINR.
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Figure 1. Throughput of S-ALOHA network employingat antenna receiver

with LMMSE receiver processing, SINR collision mbde
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Figure 2. Throughput of S-ALOHA network employingat antenna receiver
Quith LMMSE receiver processing, ABER collision mbaéthout coding at
20dB SNR, L =128
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Figure 3. Maximum throughput of S-ALOHA network Vper user SNR for
different modulation schemes, L = 128
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Figure 4. ABER collision model without coding parmterized on SNR,
BPSK modulation, L = 8192

Fig. 2 shows the effect of modulation on throughpsing
ACM. All the packets have same number of bits= 128)
irrespective of the modulation. Each symbol has esdime
period. Hence, the slot length reduces when usigigeh order
modulation. The throughput is expressed in termpaufkets
per slot in Fig. 2. We compare throughput for BPERSK,

16-QAM and 64-QAM modulations. Since, BPSK and QPSI

have the same BER for a given SNR per bit they tthee
same throughput in packets per slot. We observe ttie
throughput of 16-QAM and 64-QAM is lower than BP$K
packets per slot because of higher BER of theseutatidns.
However, when considering the same length of tisystems
using BPSK, QPSK, 16-QAM, and 64-QAM will have 1,42
and 8 times their throughput in packets/slot, respely.

We observe from Fig. 1 that only a limited rangeSR
affects throughput. Below this range noise dommatiee
desired signal and above that it is interferenamidated. Fig.
3 shows these results more explicitly using ACM ddferent
modulation schemes. In this figure we plot the mekw

modulation. Network capacity is defined as the mmaxn
throughput of the network for all possible mean rote
traffic. We observe the throughput limits for difat
modulations at low and high SNRs. In the linearetefence
range BPSK and QPSK have around 12 dB gain ove&)AlgH
and around 17 dB gain over 64-QAM. The throughpuini
terms of packets per slot. It should be noted thatlower
limit of throughput at low SNRs assumes that thsirdd user
can be decoded at an arbitrarily low SNR if there mo
interferers present. The CMs should be redefinededtier
capture the effect of noise in absence of interfere

0.8

e L = 8192

0.7F

0.6

cap

0.5F

=GP

0.4F

0.3F

Throughput, S

0.2f

0.1F

0 I Il Il I I
0 1 2 3 4 5 6

Mean channel traffic, G

Figure 5. ABER collision model without coding, peamerized on packet
length for BPSK modulation
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Figure 6. ABER collision model with coding parami&ed on correction
code and SNR, BPSK modulation

Fig. 4 shows the throughput parameterized on SNR.@5
20, and 30 dB). Packets are of length 8192 bitsusedBP SK
modulation.

Fig. 5 shows the throughput parameterized on pdeketh
(8192, 1024, and 128 bits). The SNR per user islBGand
again BPSK modulation is used. We can clearly olesérat
longer packets result in reduction in throughputause of

capacity as a function of SNR and parameterized diigher packet error rate.



V. CONCLUSION

Hence, we obtain the closed form solution of EquiiBig Egs.

We have developed a framework for the analysis of $'1) A3, and A7.

ALOHA network employing a two antenna LMMSE receive
The main contribution of this paper is derivatidrSéNR and
ABER based CMs. Using SCM in the framework brings o
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CDMA, results in a higher network throughput. UsiAGM
we observe that higher order modulation
throughput in terms of packets per slot, howevehemv
considering same time duration higher order motnat [
results in greater throughput. The current framévwassumes
that the desired user can be decoded at an ailpilaw SNR

if there is no interference. 2l

APPENDIXI [3]

The intermediate steps of deriving Eq. 17 from Eg|.are 4]
given in this section. Rewriting Eq. 16 as

P2 = [ p(yIM,p)dy- [ LP,(y)p(yIM, p)dy [5]
Yo Yo (Al)
=p2_pZ

wherePZ*andP are first and second integrals, respectivelyl®]

PZis the complimentary CDF of the SINR evaluategr,at
which can be obtained using Eg. 10 as

Pt =1-P(y, IM. ) COR
To simplify PZ? we use the high SNR approximation of the Q-

[7]

function as given by Eq. 15Peb(y) can be written in general [9]

form as

Po ()= aQlyy) (A3)
with o = g =1 for BPSK/QPSK and = 2-1/yM ), #=3/(M -1)
for M-QAM. After substituting Eq. A3 and PDF of SR\l i.e.
derivative of Eqg. 10, we obtain

networks.
reduces the
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