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Abstract

In this paper, we present a novel analytical framework ferdtudy of a multiple access scheme for an ad
hoc CDMA network with HARQ error control and MF-LSIC receigeUnlike most of the literature on Multi-
User Detection (MUD), we directly address networking issua particular, we develop an approach based
on renewal and semi-Markov processes, that accuratelyuatedor the statistical dependencies between
interference, coding rate, and performance in a multipleess system. We show that our approximate
approach can accurately predict throughput and failue values, and present results for a specific system,
providing useful insight on issues related to the use of HA&€r control and MUD receivers in CDMA

ad hoc networks.



I. INTRODUCTION

Nowadays wireless ad hoc networks suffer severe perforendegradation due to the poor reuse of
the channel resource achieved by carrier sense multipesaagith collision avoidance (CSMA/CA)
protocols. In fact, in order to protect ongoing communi@asi from interference, the neighbors of both
source and destination are denied access to the channélefaviole duration of the transmission.
Moreover, hidden terminal and exposed terminal problem&dun increase the throughput loss. Thus,
the throughput actually achieved is the result of a tradbetiveen failure rate and spatial reuse,
which is far from being optimized in CSMA/CA systems.

The use of multiuser detection (MUD) receivers appears ta peomising technology for future
networking, and considerable research effort has recgotie into designing and analyzing efficient
and effective MUD receiver structures. In particular, weu® on single antenna direct-sequence
code-division multiple-access (DS-CDMA) systems, wherdtiple users transmit over the channel
using distinct signature waveforms. Besides the well-kmganventional DS-CDMA matched filter
(MF) receiver, several other structures have been propddeel DS-CDMA MF linear successive
interference cancellation (MF-LSIC) receiver [1] sequediht decodes and cancels the signals in
descending power order using an MF receiver at each stage MMSE-LSIC receiver [2], [3] is
similar to the MF-LSIC receiver, except that an MMSE receigeemployed for signal detection. An
improved version of the MMSE-LSIC receiver has been progosd4]. A powerful and attractive
receiver structure is the joint iterative decoder [5]-[Where the receiver performs an iterative
algorithm exchanging soft information between the reqea@mponents. A comparison of several
DS-CDMA receivers is provided in [8].

The good performance of LSIC receivers and their relatidely complexity compared with
maximum likelihood (ML) optimum receivers have generatetbasiderable effort in characterizing
their behavior. In this paper, we focus our attention on OIMA LSIC receivers, taking the results
contained in [9] as the starting point of our analysis.

Despite the great amount of work done on the MUD PHY layerjtéchwork on CDMA MUD
network analysis and design has been done so far. In [10]etTale define the effective interference

and bandwidth for large systems with power control and randpreading sequences, and investigate



the capacity achieved employing several multiuser receif@ a single—cell cellular network. Nie
et al. [11] analyze the capacity of multi—cell cellular envirormte through reverse—link analysis.
Ulukuset al. in [12] propose an iterative algorithm for optimizing thepeaity of cellular networks
with DS—-CDMA MF systems.

Moreover, very little work exists regarding the issuesiagsvhen using CDMA MUD systems
in ad hoc networks. In [13], [14], the authors analyze a singide DS-CDMA MF system based on
the ALOHA access protocol. In [15] a system with iterativeltiuser detection and DS-CDMA MF
detection for decoding the packet and the preamble, and amtALOHA based access scheme is
presented. [16] analyzes the performance of a DS/ICDMA MEedosystem with ARQ and random
arrivals through a processor-sharing system model.

One of the distinctive features of the present paper is toigeoan in depth discussion of the
performance of MUD ad hoc networks. In particular we focustloa interaction between the error
control algorithm and the interference in a rate controletwork where multiple communications
are allowed to take place at the same time.

The desire to fully exploit MUD in ad hoc networks opens sal@esign challenges, that also
involve MAC and higher communication layers. In ad hoc neksowith standard receivers, MAC
protocols basically try to avoid simultaneous transmission the same neighborhood, as they are
likely to achieve a failure due to mutual interference. lis finamework rate, power and error control
are generally intended to counteract channel gain comditamd access scheme failures. In a scenario
where nodes are equipped with MUD receivers, collision daoce protocols may severely limit
performance. In fact, thanks to the interference rejectiapability of MUD receivers, the effect of
the SINR loss due to interference is generally reduced vefipect to standard receivers. Thus, the
overall network throughput is likely to achieve its maximifnmultiple communications take place
at the same time.

The concurrency of communications increases the unpeddiity of the channel status, especially

in networks with distributed control, where nodes are nkélli to know other nodes’ decisions.



Moreover, nodes are generally not aware of the channel tiongiof other receivets Thus, a node
that wants to access the channel does not have an a prioridahgevof the effect of its transmission
on the other ongoing communications.

It is important to observe that channel predictability imis of interference is heavily dependent on
the control algorithms, and in particular on the error coinpolicy used. For instance, a retransmission
based error control scheme may result in a higher interéerampredictability due to the higher
overall birth rate. Conversely, an algorithm that reliestriong encoding (such as a pure FEC scheme)
increases the interference correlation because of theetdransmission time and the generally lower
failure probability. Thus, the efficiency of the control sohes plays a key role in this scenario, since
it not only directly influences the amount of interferencethe network, but also the interference
statistics. In particular the choice of the error contrahesme in simultaneous access networks is
critical since it realizes the tradeoff between commumicest reliability and per packet resource
expense, especially under variable conditions. Hybricbraatic retransmission request (HARQ)
schemes have proven to be more efficient than classic ARQ @ BEC schemes under highly
variable conditions. While in ARQ schemes packets tha¢ékib be received are simply retransmitted
over the channel, typically after a random backoff interfgbe | and Type Il Hybrid ARQ schemes
exploit coding in order to increase efficiency and throughpuType | HARQ schemes, packets are
encoded before being sent over the channel in order to isertee reliability of the transmission.
Upon a decoding failure, the source sends again the same franch as in ARQ schemes. Type
Il schemes, instead, transmit incremental redundancy stiantaneously needed. A low-rate mother
code is used to generate a large amount of redundancy, whitttein used one piece at a time, so
that further redundancy (which corresponds to a lower cati is used only when actually needed.
The main advantage of Type Il HARQ with respect to ARQ and TypARQ is this capability to
dynamically adapt the coding rate to the instantaneousngiaonditions. The investigation and the
design of effective HARQ protocols and rate—compatibleesoidr various scenarios and applications
have recently been attracting significant interest in tlohneal literature [17]-[23].

To provide full knowledge of all nodes status generally igggia too heavy signaling overhead. However, nodes caeatoll
information from other communications signaling. For @amste, a node can estimate the channel toward currentlyiegeaietwork
nodes through feedback messages. The decoding of thesageesslows nodes to acquire other communications statimspi@ve
the effectiveness of distributed load control



From the above discussion, it is clear that ad hoc networkdDMeceivers, multiple access and
HARQ are important areas of research. In this paper, we liham together into a comprehensive
study, and provide a discussion of how the error controlesysinteracts with the interference
distribution, and thus with the overall performance, in aOBSMA ad hoc network with MF-LSIC at
the receiver, HARQ and multiple simultaneous transmissibtore specifically, in this paper we make
the following original contributions: (i) we explicitly tlude the use of ARQ and HARQ schemes in
the considered system, and study their interactions wittDVhd multiple access; (i) we address
the issue of multiple access MUD performance in an ad hocorétng setting, and develop a novel
analytical framework to model the system and evaluate theicaef interest — this framework, based
on the theory of renewal and semi-Markov processes, a&yratodels interference relationships,
and explicitly accounts for transmission overlaps and far different statistics of the interference
duration and rate of transmission due to biased samplingrédsalts from random observations in
time; (iii) as a concrete example of application, we provepecific results for a detailed system,
namely a multiple access scheme in an ad hoc network basedSe@OMA and HARQ, with
MF-LSIC at the receiver. However, we remark that our anefjtiramework has a much wider

applicability, and can be used in general to study multigleeas systems with MUD and HARQ.

II. SYSTEM DESCRIPTION

We investigate the performance of an ad hoc network wherecemodes have to deliver packets
of fixed lengthL [bits] to their intended destinations. Nodes transmit with fixed/groF;, and the
transmission rate is set according to the perceived pastegsing SINR. We assume that sources
use a binary capacity—achieving code, so that for suffiidohg codewords the error probability
vanishes when the link capacity is higher than the transamssate. The encoded bits are then
modulated and transmitted.

The protocol divides data transmission into three phasethd first phase source and destination
perform the handshake, in which the source transmits a seéguaeket and the destination responds
with a confirmation packét If the handshake succeeds, the source performs the sedws® p
transmitting the data packet. In the third phase the ddgimaends out a feedback packet, in

2Unlike in 802.11, this exchange is performed without réagrto carrier sensing, thanks to the MUD capabilities of teeeiver.



which it reports whether or not the packet has been sucdbissiecoded. Our scheme provides
that the confirmation packet contains the post—processiNg &ssociated with the source signal,
as perceived by the destination during the reception of ¢lg@iest packet. Based on this value, the
source sets the transmission rate of the data packet foipene of the rate/error control policies
listed below. Since handshake and feedback packets areafjgmauch shorter than data packets, in
the following discussion we idealize these parts of the camoation. In particular, as a first step
in this analysis, we assume that the handshake packet egetaand the destination feedback are
error—free, that these phases are performed transmittifigeal rate and that they do not interfere
with ongoing communicatiodsWe set the handshake durationZg.

Since interference and channel gain conditions may varingua communication due to fading
and to the start and end of other transmissions, we havehbatdst—processing SINR(¢) of the
intended signal is a function of the time indéxwheret =0 is the start of the transmission. To

characterize the outage event we adopt the integral form

Th+T
Er = {W/ log2(1+5(t))dt<L}, (1)

Th

wherelV is the bandwidth] = L/R is the transmission duration arél [bits/s| is the transmission
rate. The integral form is the limit of the sum of the capadatlyparallels channels, where fragments
of the same codeword are sent over different channels, ansefsil to keep the framework general.
However, some scenarios, such as block fading and timesdlettmmunications, allow the classic
sum-rate capacity formulation, where the integral is regdiaby the sum of the capacities of time
intervals in which the SINR is assumed constant.
Note thatS(0) corresponds to the SINR at the start of a handshake trarismissghile S(7})

corresponds to the SINR at the beginning of the data packestnission. In the following we

describe the considered transmission protocols.

A. Rate and Error Control

As mentioned before, communication is set up with a handspalase meant to check destination
availability and select the transmission rate. The contmrtaof the minimum transmission time

3This assumption is satisfied for instance using a robust tatido/coding scheme or a dedicated control channel foestohange
of the handshake packets.



T* is based on the instantaneous channel conditions duringahdshake. This corresponds to the
maximum rate that allows correct decoding if the channelaiesiconstant during the transmission.
We define this value for the rate d8" = W log, (1 + S(0)). For all the described policies the
maximum allowed transmission duration is equall{Qx.

e ARQ Protocol: In this protocol the source sets the value of the transonsgte toR = R*. If
a reception failure occurs, the source performs a furthévedg attempt, including the handshake,
after a random backoff interval. The process continued tirgidestination successfully decodes the
packet or the maximum allowed number of transmissiéngs reached. If a failure occurs at the
F-th transmission attempt, the source dismisses the pdekegtng its recovery to the higher protocol
layers. We denote as communication the whole data packeedehttempt, including the possible
retransmissions.

e type | HARQ Protocol: In type | HARQ schemes the packet is encoded with a patd code.
Assuming a capacity—achieving code this simply results iowaer transmission rate. Therefore we
set the rate taR =pR*, and consequently the durationis=T7"/p. Thus, the smaller the value of
p, the larger the redundancy sent. If the destination faildgcode the packet, the source starts the
retransmission process as in the ARQ protocol before disuathe packet.

e type Il HARQ Protocol: In this protocol the packet is encoded with a low rate codeiang
a long codeword and each delivery attempt is divided into plases. In the first phase the source
transmits a portion of the codeword, that corresponds t@msinission rate?’ = ' R* for a time
equal toT” = T*//, then the destination sends out the feedback packet. If @editeg failure occurs,
the feedback packet contains the valtigl” + 74), and the source starts the second phase. The
transmission rate for the second phas&/is= "W log, (1 + S(T" + Ty)), and therefore the second

phase duration is /
LW ) logy (1+S(t))dt

T// R//

2)
n’ and n” are constrained only to be positive real numbers. The todgh dransmission time is
T=T +1T".

This protocol allows a greater adaptation to channel vanatthan type | HARQ, since the rate

is computed again taking into account the perceived SINRnduhe first phase. Whiley <1 is



a conservative choice, foy > 1 the protocol is more aggressive, because the source seleate
higher than the estimated capacity to shorten the transmiss case of good channel, relying on
the second phase if the channel does not support the chasen ra

As for the previous protocols, if the destination reportsiéufe at the end of the transmission the
source performs a further independent delivery attemptl arsuccess is achieved or the maximum

number of allowed transmissiords is reached.

Il. SYSTEM ANALYSIS

In this Section we derive the interference and SINR distiiims needed for the performance
analysis of the following Sections. The node density is é¢ua: [nodes/m?| and packet arrivals
are modeled as a Poisson process of intensifykts/s] per node. We assume that the maximum
destination distance is set tBna, and that the position of the destination node for a packet is
uniformly distributed in the circular area of radidg,ax.

To model the interference, we consider a circular ates radius Rnax, centered on the destination
node. Therefore, given the node spatial distribution aedogr node packet arrival rate the overall
arrival process of all transmitting sources is a Poissorces® of intensityy = pArR2,, and
their positions are uniformly distributed iA. Fig. 1 depicts an example of source-destination pair
placements, where the source and the destination of the comation we are focusing on, and the
interfering sources and destinations are denoted 8ith, I andIP, respectively. The probability
that the intended signal sour&eis at distance) <¢* from nodeD is

F5(0") = P{D(S,D) < 6"} = @, 3)
Rifax
with associated pdffs(6*) = dF(6*)/d6* = 26*/R2,,,, where D (Ny, N,) is the distance between
nodesN; and N,. Observe that in this framework the distance of the interfetransmitterdy with

respect taD, and the distance betwedfi andI? are also distributed according 6 (5*), i.e.,

P{D(S,D) <5} =P{DD.I};) <&} =P{DX;. 1)) < 6"} =F5 (6*). (4)

“Nodes farther away are neglected as a source of interfeamtare not chosen as destinations for packets generatéx mptles



A. Distribution of the Number of Interferers

In this Section we derive the distribution of the number akrfering transmissions during the
communication betweefi andD.

We denote withGs(7) the cdf of the time duration of a generic communication whéeesource
node and the destination node are placed at distande particular, given the distanc& the
probability that the communication duratidh, without considering the hanshake, is less than or
equal tor is Gs(r) = P{T <7 |d}. Moreover, we definel; = fOTmaXP{gT | 6} dGs(7) as the
average failure probability of a single transmission bemvaodesV; and N, whereD (N;, Ny) =6.
Thus, the average number of transmissions for the comntionichetween noded/; and N, is

F—-1 1 \IIF
As =S UMY — W)+ Fof-1 = 4 5
5 hZ:; 5 ( 5) + U5 Ty (5)

In the following we assume tha&is(7) and Vs are known. Section V describes the recursive process
through which these distributions are computed.

It is important to observe that the retransmission processiged by the HARQ/ARQ protocols
biases the distribution of the distances between the vasources and their intended destinations,
while the distribution of the distance between the intenfgtransmitters and the other communication
destinations remaing;(5*). This is one of the key points of our investigation, because @anges
in the source-destination distribution may heavily affdat system interference distribution, due to
the dependence between the destination distance and th@wuooation length. In fact, although
the rate control has the aim of ensuring equal reliabilityntwsange communications, transmissions
to distant destinations may achieve worse performance altleet longer duration on average, that
may reduce interference correlation, and the worse chastagstics. Moreover, the minimum rate
constraint may also increase the failure probability oEtheommunications.

Therefore transmissions to distant destinations gemwesralffer higher failure probability with
respect to those directed to closer destinations, and timeefogenerally incur a higher number of
retransmissions. Moreover, as stated before, the higeedittance of the destination, the higher the
probability that the perceived SINR is low, and consequetité source transmission has a longer
duration due to the lower transmission rate. Therefore,tdube retransmission process, the number

of interfering nodes and the probability that an interfgritode is active at a given tinegiven that
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it was active at timeg — ¢* are generally increased with respect to the single trarssomsase and
the statistics of the transmission duration is biased.

Consider now a single source node that selects packet dtstis with distance distributiafi; (6*)
and then transmits according to the communication protdestribed in Section Il. When a packet is
either delivered or discarded, the source selects ano#stindtion for the next packet and so on. We
sample the process at instants £ = 1, ..., 00, corresponding to the beginning of a transmission
(or retransmission), and we call, the distance between the source and the intended destinatio
of the transmission starting &j,. We are interested in the steady-state distribution,pf i.e.,
limy_.. P {8, < &*}. This process can be modeled with a Semi—Markov processerérmbedded
chain is shown in Fig 2, where state: = 1,2,..., I, represents a complete communication, that
may include several transmissions, to a destination aamtistin((i — 1)©,i0], with 10 = Rnax.
Note that the transition probability between a statnd a statg does not depend oi due to the

independence of the destinations selefi@md is equal to

jO
b= [ 500" = Fi(j©) - F(( - DO) 6)

(J-16
We also define the average failure probability of a singledmaission given statéas
OC]
U, =P {error| i} = Usdd. (7)
(i-1)©

The average time, expressed in transmissions, that the-Starkov process spends in stafeis
equal to the average number of transmissions that the sperferms when communicating with a

destination at distance if{i — 1)0p,iOp], i.e.,

- wF

Observe that all rows of the transition matrix are equal toheather, and thus the steady-state

S, =

probability of statei is m; = py. ;3. Therefore, the average fraction of time, in transmissitimat the

Semi—Markov process spends in statesi* is [24]
Zz: miS;
B = ﬁ (9)
i=1 "'t

Note that the semi-Markov process model is not strictly seary, due to independence of destination selections. Vv
makes the discussion more intuitive and keeps the followd@gvation more general.

5The described chain can be seen as the reduced version dfaimevehere each staids composed of” statesi,,, each representing
a single transmission. The process moves fiQnto 4,41, u < F, with probability ¥;, while with probability (1 — ¥;)py; ;; moves
toward one of the stateg, j = 1,...,I. From states,, it moves toj; with probability p;, ;. The average time spent in states
11,...,0F IS S;.



Let © — 0 with ©7* = * and©I = Rna Then,
cl)linm Ty = cl)linm Fs((* +1)0) — F5(i"O) = Fs(6™)dd cl)linm U = W, (10)

and therefore, we get

- 5"
SioamSi  Jy Asfs(6)do — F (5. (11)

lim B; = lim

0—0 60—0 2521 TriSi fORmax A5f5(5)d5

Fi(6*) represents the distribution of the distance of the destinabf a new transmission. A

similar argument could be applied to derive the distancildigion of the destination of an ongoing
communication, denoted witlF{ (6*). The average duration of a transmission to a destination at

distance) is
Tmax
0= [ 1= Glryen (12)
0

The process required for obtainingj (0*) is similar to what described for the new communica-
tions distribution, except that in this case we continuasdynple the process, so that we obtain
a continuous—time Semi—Markov process. Thus, the average in seconds, the Semi—Markov

process spends in statas V; = S;();, where

16
Q= / Q5do. (13)
(i-1)©
Hence, with a derivation analogous to that®f(é*) we get
5
AsQs f5(0)do
Fi(r) = Jp LBIOL (14)
Jo ™™ A5 f5(0)do

We also definef;(d*) = dF;(6*)/do*, fi(6*) = dFf(6*)/dd*.

We remark thatF;(0*) represents the a priori distribution of the distance of isogelected as
destination for the packets, whil&;(6*) represents the distribution of the distance between the
source and the destination of a new transmission, due todgpendlence between the distance and
the attempt rate (longer links need more transmission ateand are therefore more likely to occur).
F{(6*) is the distribution of the distance of an ongoing transroissiesulting from the dependence
between the destination distance and the attempt rate agthléwhen sampling in time, it is more
likely to find ongoing transmissions with longer distance,,ilower rate and longer duration).

We now characterize the proce&$t), whereZ(t) = z if at time ¢ >0 the communication from

S to D hasz interfering nodes and=0 corresponds to the start of the handshake.

10



We denote withR(¢*) the process representing the number of already active concations at
timet = 0 that are still alive at timeé=t*. Ongoing communications have source—destination distanc

distribution 77 (6*), so that their average duration distribution and mean are

Rimax Tinax
G"(r) = /0 Gs(7) f5 (6%)dd* Q= /0 [1—§G"(7)]dr. (15)

Observing thatRk(0) = Z(0), we model the number of ongoing interfering transmissionsinae
t =0 with the long run distribution of a Poisson arrival distriloumn with parameter and lifetime
distributionG”(7), that is also Poisson with parameter” [24], i.e.,

(VQII)ZO e—uQ”

ZQ!

PIR(0) = 2} = 2 =0,1,2,.... (16)

The probability that an active transmission at time 0 is still active at timer is the probability
that its residual lifev is greater than or equal to, i.e.,

Plo>r=1-L 0 1-G/()dr =1 =T

O a7)

where(!. = fO — G"(7)]dr. Observing that?(t*) < R(0), with t* >0, the probability that-

of the R(0) transmissions are still active at timeis then

%! N (G
PR = | RO =0} = s (1-50) (7)) 1o

rl(zg — 1)!

However, during this transmission time, new transmissicans also start and end, contributing to
the total proces%/(¢). We denote withV(¢*) the number of new transmissions started(n*), and
with M (¢*) the process counting the number of those transmissionswteatill active at time =¢*.

M (t*) has Poisson distribution with meadg;.t* = z/fot*[l —G'(7)|dr [24], i.e.,

(g™ it
m!

P{M({t*)=m} =

m=0,1,2,... (19)

where §'(7*) = OR’“axg(;(r*)f(g(é*)dé*. Therefore, the distribution of the total number of active

transmissions at time*, conditioned on the number of ongoing communications aé tim0, is

min (z0,z)
PUZ() =z 20} =3 PLR() =1 | 2(0) = 2} PLM() = = — 1}
r=0
mln(ZZO ' i * T i * zZ0—T / * (Z—T) —VC;*T*
—Z ( ¢t ) <(T*7' ) (v¢l.m*)F e (20)
TOT'ZO_T' Q 94 (z —1)!

11



Fig. 3 depicts a graphical representation of the descrilvedegses. It is important to observe that
the proposed analysis considers the average transmissngthl distributions, and it is therefore

approximated in the sense that the correlation betweenuher of actual interfering nodes and the
length distribution is ignored. In fact, given for instaredriigh number of interfering transmissions,
their length would tend to be generally greater than in tles@nce of a lower number of users, due
to the generally low SINR that the destinations of these camications might perceive at the start
of the handshake. Our results have shown that this appréxime accurate.

IV. PHY LAYER AND PERFORMANCE APPROXIMATION
A. Receiver Model and Performance Approximation

In this Section we summarize the considered transmittaiver structure and the performance
approximation derived in [9], which is used to model the ottSINR throughout the paper. As
stated in the Introduction, we focus our attention on the@@3VA MF and MF LSIC receivers.
For the sake of simplicity, in our analysis we consider chymehronous transmissions, and we
refer the reader to [25] for an in—depth discussion of thdoperance of asynchronous systems.
Let v4,...,vx be the received powers df users transmitting over an AWGN channel with binary
phase—shift keying (BPSK) modulation. The input of the Milkbaorresponding to thgth symbol
is ¢/ =S8 Jiblsi +nd, wheres; = [s!,...,sN] is the vector of theV chips of the spreading
sequence of théh user andyf is the jth bit of theith user.n’ is the noise vector, whos¥ elements
n{,,nﬂv are modeled as uncorrelated Gaussian random variablds,zetib mean and variance
o%. ¢/ contains the samples corresponding to jtie transmitted symbol. The BPSK symbdjjs
Vj,i are assumed to be independent and identically distributethe following we assume that
s, h=1,...,N are iid. random variables witsl' € {+1/v/N}, andP[s! = 1/v/N] = P[s! =
—1/V/N]=1)2.

The MF LSIC receiver sequentially decodes and removes ffaroverall received waveform the
individual received signals in decreasing power order. @&theof the X' stages the receiver selects
the user with the strongest received power, and performsleébeding. Assuming that the users are
labeled in decreasing power order, so that> v;,1, i = 1,..., K — 1, the decision variable at the

mth stage isz/, = s’'é , whereé’ is the input of themth stage of the MF LSIC receiver. The

estimated symbol is thel, = sgn(z7,), wheresgn(-) is the signum function. The estimated symbol

12



is then rescaled with the amplitude estimate of the MF baggpnead withs,, and subtracted from
the received signal.

The mth stage input can be written as [26]
K

&, =(I—smsh )&, 1 => AblTus;+Tpn, (21)

i=1

whereT is the identity matrix, andl',, = (I — s,,,_1s.,

m—1

)...(I — s18T). The decision variable
at stagem is z/, = \/y_mw;n&mm + Z#m \/%bflﬁmz + Tig, Where gy, = sI'T,,s; is the effective
cross-correlation and,, = s T,,n is the effective noise component.

In [9], approximations for the residual cancellation estothe effective noise power and the
interference due to still undecoded signals are deriveé. approximated output SINR for theth
decoded user for the MF LSIC receiver, given the receivedepswi, . . ., vk, sorted in decreasing

power order is

2(m—1)
T (L~ )

SINR"'® ~ — - T T (22)
Diem Vi (57) + o vin M=) +o2(1-5)
For the MF receiver, the output SINR is
SINRMF o —Tm (23)

Zj;ﬁm % + o’ .
B. SNR Distribution

To characterize the system performance we derive the av&SHJR distribution at time, where
Z(t)=K is the number of transmitting users. We focus on the MF-LSA€e¢ since the MF case is
straighforward. As in Section IV-A, we assume that the nea@ipowers, denoted witly, ..., v,
are sorted in descending order.

We consider a Rayleigh block—fading channel model, so thdistances from a transmitter, the

probability that the received power of the wanted signahatdestinationy,, is lower thamy* is

S| e o
T =Pl <7} = [ e Wd =1 W, (24)
o B

where « is the path—loss exponent. The received interference poivarsingle transmitting node
distribution is

_2
2 (e -r ()

2
0 aRmax

, (25)




where I'(z) = [“t*'e7'dt andI'(a,z) = [t 'e~'dt are the Gamma and the incomplete
Gamma functions. We define the pdfs associated withand 7 as js(7v*)=dJs(v*)/dy* and
Jj(v*) = dJ (v*)/dv*, respectively.

The output SINR of the MF LSIC receiver is modeled with (22)u$, considering a transmission
from a source nods8 to a destination nodP, with D(S, D) =4, where the total number of interfering
signals isK/, the probability that the output SINR(#) is lower than or equal t6*, given the received

powerw? of the wanted signal, is

oo K1
x5t = [ > PSS = ) P n = m b

0 K+1
= / Z )C](«Yi{m )<S*,5)77 {m =m" | 75} 7s(7s) s, (26)
I

wherem is the decoding stage. From (22), we get

X5 w,0)= | oojm( [ it ( SO 22 ) ) dvz) dn,  (27)

s s s

where~, denotes the vectdhy,...,v,]. 7s IS equal toy,,, since the wanted signal is decoded at

stagem. Z%(~,,_1,7s) is defined as

min {7s,S) ! (Y175} . min {y—1,8] (Ye-175)}
Zrﬁ(’)/m—lv 78) :/ ](7m+1) cet / ]('VK)d'VK s d7m+17
0 0

where

T T R L) B o
S =y {17 5) " LGy > % (28)

Now we evaluate the probability that the wanted signal i©oded at stage.*, given the total number
of transmitting noded< andD(S, D)=4. Assuming that the received power of the wanted signal is
~s, the probability that it is decoded at stage is equal to

(K —1)!
(m* = DK —m)!

P{m=m"|~} = (1= T @)™ (T (), (29)

These integrals can be computed through numerical iniegrat
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V. RECURSIVE PERFORMANCE ANALYSIS

The distributions derived in the previous Section are meglifor assessing the network perfor-
mance. To this end we set up an algorithm that recursivelyptes the system interference and
failure distributions.

To keep the problem tractable we divide the time axis in stftgluration7s. We assume that
Ts is within the channel coherence time, so that fading coefiisi remain constant during a slot.
Moreover, we assume that users can start transmissiongbslgts boundaries, and that the duration
of each transmission is a multiple @, which is reasonable if transmitters have only a finite set of
rates. Note that in this setting the number of interferingesduring each slot does not change. For
the sake of simplicity, also the handshake duration is satrultiple of the slot duration. The data
packet transmission duration in slots& = {%TJ where R, is the rate prescribed by the used
protocol, and|-] is the ceiling operator.

The recursive algorithm takes as input the estimated digtdns¥; and Gs(7), and the per node
transmission arrival raté. GivenW; andgs(7), the algorithm computes the distribution of the number
of interfering transmissions at the beginning and durirggttansmission as described in Section IlI-
A. Through Montecarlo trials the algorithm produces a fartestimate of these distributions and
collects the performance metrics described in V-A. In pattr, for a fixed distancé between the
source and the destination, the number of slgtshe transmission lasts is a function of the initial
number of interferers. Thus, in the ARQ case the distribubbthe length for the next iteration is

given by

Gs(N*Ts) = P{N < N* | D(S,D) = 6} =

_ iP{S(O) > QWS _ | | D(S,D) =6, 2Z(0) = ZO}P{Z(O) = 20}

zo=1
(VQ//)ZO 6—1/9”

Zo!

— 1= ) x0T 1 4) , (30)

zo=1
where N is the number of slots where the source transmits. Note Heatalculation ofGs(N*Ts)
is based on its estimate at the previous algorithm step.driytpe | HARQ case the rate is scaled

by a factorp. As to the failure probability, for the ARQ and type | HARQ shtorresponds to the
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event

N
€= {WT521og2 (14 S(uTs)) < L} . (31)

u=1

s = P{¢| D(S,D) = 6} is evaluated through the distribution of the number of usedsthe SINR
distribution via Montecarlo integration. In the type Il H&ARcase, the distribution of the transmission

length is

Gs(N*Ts) = P{N'<N*|¢,D(S,D)=6}P{¢|D(S,D) =4}
+ P{N'+N'<N*|¢,D(S,D)=6}P{¢|D(S,D) =5}, (32)

where N’ and N” are the lengths in slots of the first and second phase,famahd &' represent
the failure and success events in the first phase, resplgcth® in the previous case, the various
probabilities can be conditioned to the initial number ofeiferers and summed. Note that the
distribution of the length of the second phase depends oSHiNRs perceived in the first phase and
the SINR of the last slot, i.e§(N'Ts).

Note also that the retransmission process changes not loalgiestination distance distribution of
the interfering transmissions, but also the overall trassion arrival rate. The input arrival rate

for the next algorithm iteration is

~ Rmax
A=\ / As f5(5)d. (33)
0

In the first iteration, the failure probability is set to ze©®bserve that in this casg}(6*) =
Fi(0%) = Fs(6*). The initial distribution of the source transmission léngk(7) is evaluated for a
number of interfering transmissions that is distributedoading to a Poisson process of rateéWith

this distribution the evaluation of the initial failure foability is then performed.

A. Performance Metrics

Through the presented analysis and the distributions akfimeSection IlI-A we obtain some
metrics that are significant for characterizing the netwsekformance.
The failure probability of the packet delivery, taking irdocount the various retransmissions, and

conditioned to the destination distante= §*, is
F-1
F

Do =1-3 (9s) (105 ) = [3s] (34)

a=0
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and the average number of transmissiondjs = (1 — ¥%) /(1 — . ). We refer to their respective
values averaged over the destination distancE aad A.

The overall throughput in [bps/Hz] achieved in the consdearea is then

R=vL / =Ty g0 (35)
=V = .
o QA

We also compute the average number of active interferingsingssions per slot as

U=y 2o PG ZRIZOZ 20k p 1y - e 200) = 2} P 200) = )

20=0
VI. RESULTS

In this section we present and discuss the results obtaingdthe system analysis developed
in the previous sections. First, we compare the analyticalitained performance with the results
of simulations that implement all the details of the HARQ q&ss at both the source node and the
interfering nodes. To avoid border effects, we considereutar area of radiu§® Rnax, @@ > 1, around
the destination of which we collect the performance. Thisigeful to get a realistic transmission
length distribution at the interfering nodes, that are imtaterfered by other transmissions. However,
the interfering nodes at distance greater tli&ny from the various destinations, including those of
the interfering nodes, are ignored in the received SINR adatn. Simulations are computationally
much heavier than the analysis, due to the need to keep tfdbk status of all the ongoing commu-
nications (including those in backoff), and soon becomeasible as the number of communications
increases, i.e., for high values af p or F. In Table I, the values of the parameters used in both
analysis and simulations are summarized.

Figs. 4, 5 and 6 give some examples of comparison betweegsimahd simulations. Many more
cases have been run, and the match was observed to be fandyiganost cases. Fig. 4 compares
the overall analytical throughput achieved in the considearea, computed as in (35), with the
throughput obtained through simulations for the MF and MFQ.8ases with an ARQ scheme with
two retransmissions as a function of the per node packefahmnate \. It is possible to observe that
the analysis shows a good match with the simulations, esipedn the LSIC case. The MF case
is more sensitive to the approximation of the interferirgnimission behavior with the averaged

statistics. In fact, the MF receiver has a lower resilierwénterference than the LSIC receiver and
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then the correlation between the number and the duratioheointerfering transmissions is greater.
Fig. 5 shows the average duration of a transmission as aidunot A\ for the LSIC receiver with
the type | HARQ scheme fop = 1,1/2,1/3. As expected, the lower the coding rate, the higher
the transmission length. Note that the ratio of the averagmatibns forp = 1 andp = 1/2 is
not necessarily equal t. In fact, besides the coding gain, the duration depends erp#nceived
SINR and, thus, on the interference in the network. Thislte$tom the tradeoff between the single
transmission failure probability, that is the retransneigsprobability in the casé” = 2, and the
single transmission length. Fig. 6 depicts the averageelglifailure rate, including retransmissions,
for the same cases considered in the previous plot, as adanait the coding rate. The proposed
analysis is slightly less accurate than for the throughputigh failure probabilities.

In the following, we present analytical results comparihg tonsidered metrics for the various
proposed schemes. In the following we sgt= 7" = n, leaving for future investigations the
optimization of the performance that may come from a diffiéiegion of the values for/ and»”.
Figs. 7, 8 and 9 show respectively the average throughpeithtdimber of interfering transmissions
and the failure rate as a function of the node dengitichieved by the various proposed schemes for
various values of'. As a first observation, for all the considered error conpaicies if the number
of retransmissions allowed is increased the interferemeeigited by the greater birth rate decreases
the average transmission rate, and thus degrades the bmatugrhis effect is less noticeable in
type | and Il HARQ, where the higher probability that a tramssion achieves a success reduces
the retransmission probability and then the increase ith lbate. Moreover, for small network load
a density increase results in a throughput improvementievdbiove a scheme—dependent threshold
the throughput decreases as the density is further inaed$es is due to the tradeoff between the
gain due to a higher number of simultaneously deployed mnéssons, and their average duration
and failure probability.

Type Il HARQ appears to be the best choice for the consideeedity range, as it achieves a good
throughput preserving communication reliability even &olow number of allowed retransmissions.
In fact, while type I HARQ relies on long transmissions to [ikeke failure probability low, and pure

HARQ incurs too many failures, type Il HARQ provides a goodtsyn balance. This is due to its
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adaptability to highly varying channel conditions. Howe\es the density increases, the best choice
in terms of throughput probably becomes early packet ditiegrand short transmission to reduce

receivers’ load. For very high density, as interferencersa¢s the network, strong coding, and thus
longer transmission, has a lower effect on throughput, abithcan be a good solution.

An interesting observation is that that while the failurelpbility generally increases as the
density increases for the type | and Il HARQ, the pure ARQ suahelecreases slightly before the
entire network collapses. This is due to the longer duradiotihe transmissions as the network load
increases, that provides an increased channel correiatibe ARQ schemes, that have a high failure
probability and hence a high birth rate. This effect is rgagle in schemes with lower retransmission
probability and intrinsically higher duration, such asayjpand 1l HARQ.

Fig. 10 depicts the throughput for different values of thesiy as a function of; for a single
transmission. It is possible to observe that for averageesbf the node density, the throughput has
a maximum for values close tp=1, and the performance quickly degrades as the coding becomes
stronger. For high densities, in which the interferencal Imahigher, a greater load due to stronger
encoding heavily affects the performance in terms of thhpug, so that the maximum is achieved
for more aggressive choices 9f

Fig. 11 shows the throughput vs. node density for type Il HARGQI various values ofy for
F=1and2. In this case it is important to observe that too aggressivi®® conservative choices
of the coding parameter can affect throughput. It is intemgsto observe that while foF =1 a
too conservative choice of, such as)=0.5, heavily affects throughput, due to the average higher
transmission duration that outweighs the improvement imseof failure probability, forF"=2 and
high values of the nodes density the scheme wjith 0.5 achieves the best performance. This is
due to the reduced retransmission probability, that ire@eachannel predictability. Moreover, this
scheme accumulates the gain of two long transmissionsevidrilthe other choices of the receiver
has a higher probability of discarding what was already iveck relying on a further transmission.

We remark that the interaction between the interferenae tidinsmission rate and the reliability
in MUD networks is rather complex and involved. Therefotee scheme the system relies on for

packet delivery is critical for the achieved performancen&ally, too low an encoding rate results
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in an increased transmission length, while too aggressitraresmission strategy incurs excessive
additional retransmissions. Type Il HARQ schemes, if aataly set, appear to be a good solution
for both efficiently adapting the transmisson rate to thendeaconditions and preserving the system
reliability.

The initial results presented in this section highlight soimteresting trade-offs that arise when
combining HARQ, MUD, and multiple access in ad hoc netwokis. believe that these behaviors,
that are observed in this paper for the first time, deservespateinvestigation, and can be expected
to reveal interesting insights and to lead to strategieshf®roptimization of the network performance

as a function of the lower layer design choices.
VIlI. CONCLUSIONS

In this paper, we have presented a novel analytical apprmathe evaluation of multiple access in
CDMA based ad hoc networks with HARQ error control and MFC$éceivers. We focused directly
on networking issues, and provided a framework by which weealuate the performance of such
systems via accurate interference stochastic modelingaargtursive technique. Comparison with
simulation results shows that the method is accurate, aablésto correctly predict the behavior of
important metrics, such as throughput and failure ratesnEkough the proposed framework is rather
general, we have presented specific results for a concrstersyexample, identifying interesting
behaviors and providing useful insights on the use of HAR@rezontrol and MUD receivers in ad
hoc networks, which is still a largely unexplored area oéegsh. Successive interference cancellation
appears to be a promising technique for increasing the mkteapacity. However, for these kinds of
receivers the dependence between the error control scheenansmitted power and the achieved

performance is still an open issue, that we will consider a$ of our future work.
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Fig. 1. Example of the considered scenario, the source amdiélstination are denoted with and D, respectively. Interfering
source-destination pairs are denoted viithand I?
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Fig. 2. Graphical representation of the embedded chainefS#mi—Markov process.
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Fig. 3. Graphical representation of the arrival and deparprocess during a transmission. The processes that doeimumber of
total, ongoing and new transmissions are denoted with didited—gray, solid and dashed line, respectively.
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Fig. 4. Average throughput as a function dffor the MF and MF LSIC cases, ARQ schenfé= 2.
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Fig. 5. Average transmission duration as a functiom\pfype | HARQ schemeF = 2.
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Fig. 6. Average failure probability as a function dfp for the MF and MF LSIC cases, type | HARQ schente= 2, A\ = 0.4.
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Fig. 7. Average throughpuR as a function of the node densityand the various proposed schemes for the MF LSIC case.
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Fig. 8. Average number of interfering nod&sas a function of the node density and the various proposed schemes for the MF
LSIC case.
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Fig. 9. Average communication failure rafeas a function of the node density and the various proposed schemes for the MF
LSIC case, (the failure rate for the ARQ scheme with=1 is greater than 0.4).
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Fig. 10. Average number of interfering nodes as a functiothefnode density) for the type Il HARQ schemel’ = 2.
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TABLE |

TABLE OF PARAMETERS

Parameter | Value
Node densityy 0.1 nodegm?
Arrival rate A 0.4 [pkt/s]
Maximum rangeRmax 100m
Available bandwidthiV 10® /N Hz
Slot durationTs 2%x107% s
Transmission poweP; /o> 43dB
Path loss exponent 2
Spreading factotvV 16
Uncoded packet length 4096bits
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