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Abstraci—Network coding and cooperative diversity have each
extensively been explored in the liferature as a means to substan-
tially improve the performance of wireless nelworks, Yet, little
work has been conducled to compare their performance under a
common framework, Our goal in this paper is lo fill in this gap.
Specifically, we consider a single-hop wireless nefwork consisting
of a base station angd N receivers. We perform an asymptotic
analysis, as N - oo, of the expected delay assoclated with the
broadeasling of a file consisting of A packets. We show that if
K s fixed, cooperation outperforms network coding, in the sense
that the expected delay is proportional to K (and thus within
a comstant factor of the optimal delay}) in the former case while
it grows logarithmically with N in the latter case. On the other
hand, if & grows with N at a rate at least a8 fast as (Jog N, for
7 > 1, then we show that the average delay of network coding
is within o factor less than two of the optimal delay, no worse
thun the average delay of cooperation, OQur amalylical Gndings
are validated through extensive numerical simuolations,

1. INTRODUCTION

The significant breakthroughs in wireless technology over
the past decade have enabled implementation of third genera-
tion cellular systems capable of offering services traditionally
maore applicable to wireline networks. In particular, the grow-
g use of cellular systems has lead to demand for broadeasting
services requiring simultanecus data transmission to multiple
users. Nolable examples of such services include podeasting
and distributions of software updates [1].

It has been recently shown thal network coding provides
the maximum achievable throughput gains for multicast and
broadeast wired networks [2], [41, [5]. In wireless networks,
network coding has been proposed for disseminating informa-
tion Lo all recetvers [3] and has heen shown Lo provide excel-
lenit delay performance compared to round-robin scheduling,
in particular, for large file sizes. In thus context, the delay is
defined as the average mumber of packetf transmissions to trans-
mit a file consisting of K packets to all N receivers. Network
coding relies on the fransmission of algebraic combinations of
£ packets implying that the individual packets can be decoded
only afler the correct reception of al least K combinations [2].

Inn this paper, we propose a cooperative transmission scheme
based on round robin scheduling that substantially reduces the
error probability of the wireless Tink i re-transmissions of a
packet and therefore improves the transmission delay. This is
done by exploiting a relatively small number of receivers who
have already successlully decoded the packet Lo cooperalively
transmit the packet to the rest of network, This can therefore
lead to a distributed mulii-anterna system with substantial
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diversity gam henefit and reduction in the error probability [9]
[10], [11]. The main goal of this paper is to compare the delay
benefit of the cooperative-based scheduling schemes with the
network coding.

Towards this end, we analyze and compare the delay per-
formance of network coding and cooperation in a single-hop
wircless network (.e., downlink) composed of one base station
and N nodes. We provide closed-form asyinptolic expressions
for the average delay of these two schemes, as N — oo, In
particular, for nelwork coding, we show that if the number
of packets A of the file is fixed, then the average delay
scales like logy,, NV where 1! is the error probability of
the link between the transmitter and any receiver. As the
number of packets increases, even poly-logarithmically with
N, it is shown that the delay achieved by network coding is
less than or equal to 2/ . On the other hand, for cooperation,
the average delay is proportional to K lor any K, and thus
achieves performance within a constant factor of the opiimal
delay. This result holds even if a relatively small receivers are
allowed o cooperate, I fact as few as (log V) for r > 1, o
achieve near-optimal delay performance.

Our results imply that when the number of packets K is
much smaller than N, the cooperative scheme oulperforms
network coding. However, as K grows logarithmically with ¥
or faster, the delay performance of both schemes are bounded
by 2/ Our analytical findings are validated through extensive
numerical simulaticis.

The rest of the paper is organized as follows. In Section
i1, we introduce our network model and underlying stalistical
assumptions. In Section I, we provide delay bounds for the
baseline, traditional round-robin scheduling. In Section IV
and YV, we respeclively analyze the asymplotic performance
of random linear coding and cooperation for large netwaorks
and different regimes of file sizes. In Section V1, we present
numnerical resulls comparing the performance of the two
strategies. We conclude the paper in Section VIL

II. SysTEM MODEL

We consider a cellular downlink comsisting of a single
anterma base station and N single antenna receivers, We are
concerned with the case where a single file, consisting of K
packets, is demanded by all the receivers in the network, We
are mierested in Hnding the average lile transfer delay, defined

Un our analysis p. iz assumed to be fixed independent of N.
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as the minimur nwnber of tme slots that guarantees complete
download of the whole Hle by all nodes in the network.

Files are segmented into packets to be transmitted in time
slotted manmer, with a single packel fransmission requiring
one time slot. The transmission takes place over time varying
broadcast channel. The assumed chamnel is Rayleigh block-
fading that changes independently from one block to the other.
One channel block corresponds to one time slot and, thus, one
packetl transimission.

In wireless channels, packets are usually dropped when
the channel goes info deep fade resulting in an outage. In
particular, the oulage happens when mslantaneons channel
capacity falls below the amount of information carried in the
packet [8]. Therefore, we can model the channel from the base
gtation to the n-th receiver as a random on/off chamnel, with
paramater p. representing the probability of ‘off’ or outage
state. Since fading is mdependent across time and users, the
error events are similarly independent across time and unsers.

We assume that the network is homogeneous imoplying
that the channels between any user and the base station
have identical and independent distribution. In our set-up,
we assume that each receiver has perfect knowledge of ils
own channel state, but the channel state information (CSI) is
unknown to the transipitter. In this paper, we are interested in
characterizing the average delay for the regime of large N and
for various regime of K, ie., K fixed or growing with N,

It is quite clear that the lower bounds on the minimum
delay for sending the K packets to all users is K. In the
next section, we show that the delay of a simple, plaintext
round-robin transimission can be significantly worse than that
of the lower bound.

III. ROUND ROBIN SCHEDULING

In this section, we consider a simple round robin trans-
mission scheme in which the base station sends each packet
sequentially antll every user is able to decode all the K
packets. In rounderobin, the base stalion schedules packets
cyclicly at regular time slots me K + & forallm = 1,2, .. untit
all receivers successfully receive the file. Here we assame that
receivers feedback only successful file reception. To simplifly
the analysis, we ignore the overhead of the control channel.

Denote by DE the number of slots needed for user n (o
receive packet k. The random variable D® is geometrically
distributed with mean 1/{1 — p.). A packet transmission is
considered successiul once il is received by all nodes i the
network, Let )% represent the number of transmissions of the
pickct E until its %ucca@%ﬁﬂ rcccpiion by all users. Therefore,
LN i)f.,f.
Smce different packet H&ﬁbﬂlib&i@ﬂs are non—everlapping in
the %hcduhn% made, the file completion delay is calculated
as Dpp = L DF.

Lower and uppcr bounds on the optimal expected comple-
tion delay for this policy are derived in [14], using properties
of stochastic ordering. These result are reproduced here, for
completeness.

Proposition 3.1 Consider the time slotied broadeasting of
a single K-packel file o all N users. Under a round-robin
scheduling, the expected delay, denoted by E[Dgg], is given
by,

., (V) +0(1). (1)

for large N and any K.

This result shows, that for large N, the delay of a round
robin scheme in a noisy channel can be substantially worse
than i a noseless channel. In the next section, we show that
this large gap, i.e., log,,, NN, can be reduced using random
linear coding, but only for K growing fast enough with N.

IV. RANDOM LINEAR CODING

In this section we analyze the scaling law of the expected
delay achieved by a random linear coding (RLC) policy wheie
the transmitted packel in a slot ¢ is a.omputed as a linear
combination of all packds Flil = > 5.

li] = Fy for each k « LK Y and where g iepresents
the size Gt the finite C(}em Liu‘!t ﬁcid I, [6]. Coetficients a7
are chosen uniformiy at random over the fleld I, for each &.

Bach receiver stores all comrectly received packets up until
a time it collects K linearly independent combinations. The
expected number of transmissions before a user receives
K linearly independent combinalions is upper bounded by
Hq/(g —1). In this paper we assume that the upper bound
is made close to K by choosing field size ¢ sufficiently large.
Then, by standard linear coding arguments, the mean comple-
tion time of the & packet dle is equal to E[maoc,—1 n T4l
where T, is the minimum number of chamnel uses before
K transmissions can be successfully decoded. The random
variable T,, is the sum of K independent geomelric random
variables and thus, T, has a negative binomial distribution with
parameters | — p. and K. The average transmission delay is
given by [3]:

E[D;?L(;‘f ----- K (23
3 - ﬁ { ST e ) ;{“}
Py i Aok - = o /

To gain more msight inle behavior of the expected delay
for large networks, we provide an asymptotic analysis of the
delay in the regime of large N and for different cases of the
file length K where K is fixed, K grows logarithmically with
N, and finally K grows faster than logarithmically with V.

Theorem 4.1: Consider the setting of Proposition 3.1, Un-
der randomized linear coding strategy and for large N, the
scaling law of the average delay in sending the file of sizve K
packets to all NV users is given by,

1y For ixed K,

ElDrpcl =

=logy s, N
+(H — 1) logy s, log N + oflog log V).
2y For K growing logarithmically with N, i.e, K = log N,

ElDrrc| = 81K | o{log N),
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3y For K gmwing [aster Ehan (}orf NY, where v > 1,
E{DRLC. @) O(( 00'7\5 }
where 1T <0 s < 2.
Proof: We first obtain lower and upper bounds on the expected
delay using the properties of stochastic ordering as in [14].
Next, given the upper and lower bounds on the expected delay
we derive the asymptotic result for the first moment of Dgro
for different regions of K and N.

As mentioned Dgro = max,—y w1, where T, is the
sum of K independent geometric variables TE e, T =
‘})S L Th Here T has a geometric distribution with parame-
ter . An equivalent continuous random variable X* with the
same mean has the pdf f(z) = 305, pi (1~ p)d(m — 9)
where 4{z) is the Dirac’s delta function. The cedf of this
variable is F{a) = p.° ", for 2 > 0.

Now we consider an exponential randoim variable Y’{: with
parameter A = 10 that has the codf of Fy. (vﬁ =

pe. We further dutmc ZE = YF 4 1 with “eedf of
Fyi(a)y = miu(i o5~ Y). The cedfs of XF YA Z8 clearly
b&tl&f‘f’ Fyu(z) < E)Lk(ﬂ Fyr () implying the desired

stochastic mdu’msr of Y’T Uz f\’i“ﬁ e 4. Note that the notation
X <4 Z denotes that the faﬂdom variable X is stochastically
dominated by the random varial ﬂc Z.

Finally, we consider X, = >F e XE, Y‘A ; Y& and
Z, = \‘R Z‘“’. These variables hclVL E.hc same :»E.{)Lh&b!,m

£oafe=1
ordering Y, < ”X,L <2, leading to

K max 5,1} L EDRrrc] <

frEy |

3

where we used the fact that B[Dpro] = Elmaxe—;  n X.].
Now, we evaluate the asymptotic behavior of the bounds.
In Tact, the distribution of Y, can be wrillen as

as Y, is the sum of & exponentially distributed random
variables. Theretore,

“ )cJ’r 4

S lz)e”
where S, {z) = V“z 3 "‘—, and A = log 1/p.. The asymptotic
behavior of the muga} in {4} is studied m [13] in a different
context for large N. When K s fixed, it is shown that the
right hand side of (4) scales like,

1 .
}\(}oc" N+ {H — Dloglog N + ofloglog N)), )]

which leads to a lower bound on the expected delay. We can
also find an upper bound by evaiuatmg Elmasx,,..1 .~ 2, and
noting that Iz _{z) = Fy,_(z — K) and L_--[mcu_ﬂzl,_,_i\f Zy) =
K4 Elmax,.1,. N TJ Therefore, we get

Hin max. ,L’.]

{Tog N4+-(K ~ Dloglog N+ olloglog N)). (86)

Substituting (5) and (6) infto (3), we obtain the first part of
the theorem.

The proofs of the second and third parts follow the same
line as the proof of the first pait, appealing arguments similar
to those developed in [13]. We omit the proof [or the sake of
brevity. B

Theoremn 4.1 dmplies that when K is fixed, the delay per-
formance of RLC in a noisy channel can be much worse than
that of the noiseless chamnels, even though the performance
is K times hetier than that of the round robin scheduling
obtained in Section 3. As K grows slowly with N, ie., only
logarithmically with N, the delay scales linearly with K and
the performance gap is at most 4.14. Finally, if & grows [aster
than logarithmically with N, the expected delay of RLC is at
mhost twice worse than in a noiseless chanmel.

In the next section, we show that for fixed or slowly growing
H the performance gap between noisy and noiseless channels
can be further reduced using cooperative transmissions.

V. COOPERATIVE SCHEDULING

In this section we describe and analyze a cooperative
scheduling strategy. The idea behind the cooperative round-
robin lies on the simple observation thal a successful file
download by all users in the scheduling mode reguires re-
peated transmissions of the same packet. Therefore at the
begimning of the second fransmission of a packel, there exist
additional M spatially dispersed nodes that can decode the
packet successfully with high probability. Therefore, these A/
nodes can collaborate in fransmilting the packel to the rest of
the users. In particular, it is well known that by vsing space
time coding, significant improvement on the error probability
can be oblained using A collaborative nodes [15]. The gain
is due to the fact that the fading chamnels corresponding to the
different fransmitiers, i.e., the base station and M cooperative
nodes, are independent leading to better error probability via
space diversity.

The packet loss probability in point-to-point MIMO chan-
nels is commonty characterized through a diversity gain  and
a coding Dain o as p, — ap ?, where g is the signal to noise
ratio [15]. The diversity gain of multi-antenna fransmitters
have been Weﬂ studied in the literature. In particular, for the
case where M -+ 1 transmitters and one antenma receiver, it
ig straightforward to show that the packet error probability

pe — ap” ! can be reduced (o p (M) — B M+ with proper
space titne coding where o and 8 are constants independent
of the SNR?. This shows the bigmﬁcan‘f reduction in the
error probahility in the second ransmission by exploiting the
receivers that have decoded the packet in the first transmission
of a packet.

In particular, the gain G in error probability by using M
cooperative nodes can be defined as the ratic of the logarithm
of the corresponding error probability expressed as,

“Here o and 3 only depend on the space e code and the gevimetry of
the channel, i.c., the distances between the transmitters and the receiver,
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~logpe(M)

(M +Dlogp +logB
log g+ log o

= M+ 140

1
M+
for large M {or large p). Therefore if M tends to infinity,
Gar tends to M -1 when o and 3 are fixed. Here is a formal
description of the cooperative round robin scheduling.

Definition 5.1 Cooperative Scheduling (G5} Policy is the

stralegy in which K packeis of a file F are fransmilled in
two stages. For every packet, in the first stage, the base
station transmits the packet until at least A nodes can decode
the packet. In the sccond stage, the packel 18 re-transmitted
cooperatively by the base station and the M nodes who have
successtully decoded the packet.
It turns out that by letting M grow only logarithmically with
N, or even faster ke (Jog V)™ for » = 1, we can achieve
most of the gain offered by cooperation and can reduce the
delay to within a factor two of the delay in a noiseless channel
for any K.

The next theorem provides the scaling law of the expected
delay using a cooperative scheduling.

Theorem 5.1; Consider the selling of Proposition 3.1, The
average delay E[Dgg] in sending K packets of a file to all
N users achieved by a cooperative round robin scheduling is
given hy:

E[Dcs] = 2K (1 4 o(1)),

for large N and any K where M grows at least as fasl as
(log NY" for any » > 1 independent of IV,

Froof: We show the resull by proving that the expected number
of transmission in each of the two stages is equal to K {1+
o(' )) in Ehc ﬁr% ‘*1!.3.(76 we oblain the cxpccied nuﬂ;bcr oi‘

users Susssssfuiiy decode the }Jth p&ck;st ioz > 1 Lemng
NZ be the number of users that have successfully received
packet & after its first transmission, we get,

E[D*,

stepl -‘

(N

P{N > M} +logyp, N x P{NF <
< 1+ logy, N x PINF < M}

MY

where we used the fact that B[ D 0pq] 18 bounded by logy, N
quﬁg the resu 1‘( of Pi'opoqition 3.1. We can further easily prove

A1 / T\T\
v ATE - _ K CopAT J\’—l/ RN 1
F{f g ﬁ/f} 5 E\ ; }pe K Pe)
=0
- Nloc1/n. brl{log N
_ ()(t Niogi/p.tr{log N }’

In the 5@»011{1 stage the coep.eiat}on of the base station
and M nodes reduces the probability of emor from g, to

AT-41 e . - N . .
pé‘” 1 The minimum second stage delay is &, which is easily

justified by noling that the probability of having to ransmit

each packet to at least one user in the second stage becomes
one for fixed p, and N oo, Purthermore, the delay for the
transmission of the &'th packet D¥, 2 In the second step has
an exponential distribution leading to,

K
k
Z DF(0)

i1
[ ]

L L}Sbc’ : - : ;

2]

k3

= K Z {1 —{1— pgﬂ/f—b—ﬂ(.i—ij-)_l\i“}

=

Vi

- K< MP{DF >

M £
=1
M1

M

> (M 1) - 1) 4 1]

= K0 54 = log N \9 )
A /

which shows that the expected delay for the second step is
alse equal to K (1 4 o(1)) for the case where M grows like
{log NY* for v > 1. Therefore,

F[DCSE = E{D%(Tfﬁ} i E{D%(TQ} """ 2K {1 | 0(1\),
which completes the prool. B

This Theorem shows that the expecled delay in a noisy
channe! achieved by cooperative transmission is at most worse
than that of noiseless channels by a factor of two in the
regime of large N and for any K. It is worth mentioning
that this result iz achieved using a relatively small number
of cooperative nodes proportional to (log N)™ for » > 1.
Using more cooperative nodes, we can not Turther improve
the expected delay beyond 2K . However, it does improve the
convergence rate of the expected delay to 2K,

Az mentioned, the diversity gain promised in the second
round of transmission can be obtained via space time codes.
In this scheme, the transmitters do not have the knowledge of
the channel state of the users, however, every node expecting
the packet in the second step needs to estimate its own channel
(o the base station and the A other cooperative transmitlers.
It is also worth mentioning that since M is relatively small
and the channel estimation can be done in parallel for all
receiving users, the corresponding overhead of each packet
may be made negligible. Furthermore, since the cooperative
nodes are spatially dispersed, some sort of control messages
has o be exchanged among all cooperaling nodes in order (o
ensure proper space-time encoding. In owr analysis we did
not take info account the delay cost associated with these
overheads.

Vi, COMPARISON AND NUMERICAL RESULTS

In this section we present simulation results comparing the
performance of the various schemes discussed in the paper,
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Fig. 1. Expected delay of different transtpission strategies for v. =
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Fig 2. Katio of the axpecied file completion delay of the coopesative
scheduling to the random Hnear m{imc atpe = 1/2 for different sizes
of cooperation set M, and o = ( iug ----- )*i

for various settings of the parameters N, K, M, and p..
Figure 1 shows that both network coding and cooperative
scheduling offer significant average delay gains as compared (o
the baseline round-robin scheduling. The figure also shows that
cooperalion can achieve significant reduction m the expected
delay by using as i’cw as fwo coaperaﬁng node% lncreaqmsr the

average usopcmi Hn dday below !hc dday of rmdmﬂ hncar
coding and close to the delay of optimal cooperative schedul-
ing as N increases. Furthermore, cooperative scheduling with
an unhimiled number of cooperating nodes almost consistently
outperforms random linear coding as it quickly approaches the
minioium of 2K

Figure 2 depicts the ratic of the average delay of cooperation
to that of coding for highly lossy links with packet ervor prob-

flog N}
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Fig 3. Ratioof the expected file completion delay of the cooperative
schedaling to the random linear coding policy at p. = 0.1 and M=
{log NY".

= l o GI 1 ) i
coepuan(}n Guipcriorm% RLC ior ﬁics muffhly smaller ih(,n 30

packels and a network size in the range of 100500 receivers.
Increasing M to (log N)?, we see that kooperahon approaches
its best possible delay of 2R and consistently outperforms
RLC over the packet range of inferest. The ratio is growing
rather slowly with the number of packets, so there must be a
rather large file size to make random Imear code eventually
do better. By our analysis this ratio can approach at most two.

Figure 3 has the same setting as Higure 2, except thal per-
formance is compared for higher quality links with p, = 0.1,
BEven though cooperation is at its optimal mean delay of 2K,
RLC better utilizes the higher qualily channel and performs
better In this regime. As noted before the maximum ratio
between the performance of the two schemes is at most two.

VI CONCLUSION

I this paper we analyzed and compared delay performance
of network coding and cooperative diversity under the com-
mon framework. Specifically, we analyzed the expected file
completion delay of a K -packet file broadcast to /V users in a
single hop wireless network as N — oo, The results show that
no lechnigue is superior o the other in all regimes of different
file lengths K.

I the regime of large file transmissions where K grows
at least as fast as (log NV, r 1, random linear coding
achieves heller performance. lis delay s within a factor less
or equal than two of the optimal delay K, whereas the
average cooperation delay scales asymptotically as 2K, On
the other hand, in the fixed K regime, cooperation outperforms
network coding. In this regime, network coding delay grows
logarithmically with network size NV, while cooperation refains
its near-optimal delay of 2K

In summary, the resulis indicate that in order to achieve
near-optimal expected delay in both file length regimes one
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