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Abstract— This paper considers a problem of scheduling and information over some minimum number of channel uses.
cluster size with N i.i.d. source nodes trying to transmit data  This required coding time is a monotone increasing function
to a common destination node (€.g. a gateway or a processing ot the number of cooperative relay nodes. In cases where

center), with the help of some subset of nodes in the form of del . ts (i its of ch | hi
relays. The source nodes share the network in a TDM manner, elay requirements (in units of channel uses) are muchrlarge

using a round-robin scheduling scheme. There are two causes of than the total number of relays, the cooperative diversity
bit errors in the system: channel decoding and delay violation. gain improves the system performance by decreasing the

We are interested in the optimal negative SNR exponent, i.e., the probability of channel outage. On the other hand, when the
asymptotic decay rate, of the total probability of bit error. In bit-arrival processes are stochastic and bursty and the bit
finding the SNR exponent, we optimize the channel transmission . . o
rate as well as the number of cooperative relay nodes. have_a strict delay requirement Wh|ch is _of the same ord_er as
the size of the network, the required coding time resultsin a
I. INTRODUCTION increase in the end-end delay any bit faces. This potentiall

We consider a cooperative wireless network consisting®" increase the probability of delay violation. In such a
of multiple nodes, each with an independent informatiog€tting, increasing cooperative diversity might or migbt n
source, and a common destination-node. We are intereste desirable. In this paper we are interested in finding the
in a cross-layer queue-channel optimization problem fo(pptima! va}lues of the cooperative cluster size, as well as th_
bursty and delay-sensitive information sources. Each nodé@nsmission rate of the relay channels, so that the total bi
is a bursty source of information bits concatenated with alSS Probability is minimized.
infinite buffer and a constant-rate quasi-static relay oean Since it is difficult to derive the exact relationship betwee
to the common destination. More specifically, we considdhe interested parameters and the probabilities of channel
a network where, at any particular time, one node’s bits a@/tage and the delay violation, we choose to study an
transmitted to the destination, with the help of other nodedSymptotic approximation when the signal-to-noise ratio
in the form of relays. The cross-layer performance metric dSNR) is asymptotically high. The first advantage of this
interest is the total bit loss probability where loss can be d choice is that there exists an asymptotic high-SNR analysis
to decoding errors as well as delay violation. for the channel outage probability, known as tigersity-

It is well-known that cooperation among nodes in a slowMultiplexing-tradeoff (DMT) analysis [1]. Another advan-
fading wireless network can substantially improve the-relit2ge of a high SNR analysis is that, with a proper scaling of
ability of communication [2], [3]. Although there are manythe source _statistics with SNR, we can derive an asymptptic
ways to cooperate in the network with multiple sources (se&PProximation of the delay violation probability that is
e.g. [4], [5]), we consider a simple time-sharing cooperati valid even when the dglay requirement IS 'f!ﬂlteHavmg
scheme among the information-source nodes. At each timi@€ asymptotic expressions for the probabilities of channe
only one node is an information source and some of the otheft@ge and delay violation enables the main contribution of
(pre-assigned) nodes act as relays to help transmissidreof this paper: the formulation of a cross-layer optimal opagat
source node. We call this set of an information source arfPint for cooperative wireless network with multiple byrst
its relay nodes as @ooperative clusterThe choice of which SOUrces and delay constraints under the static round-robin
information source (and its cooperative cluster) is active Scheduler.
any particular time is determined by a scheduler. In this This paper is a part of an on-going research in jointly
paper, we consider a simple round-robin scheduler whef@nsidering channels and queues for delay-sensitive @ata o
each node periodically becomes the information source. Wireless channels (see [13] for references). This papen is a

In each cooperative cluster, the improvement due to coogXtension of our previous work in [12], where we studied a
eration among the source and relays, knowrt@sperative cooperative network with a single source at high-SNR. The
diversitygain [2], is a result of encoding across independerftigh-SNR approximation in this work was motivated by a
spatial channels. It is important to note that the cooper&oss-layer study in [9], where the DMT result [1] was first
tive diversity gain is fully achieved only with coding the used for a study of joint source-channel optimization.

The remainder of the paper is organized as follows. In Sec-
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process, the cooperative communication with an amplify-
and-forward protocol, and the round-robin scheduler. Sec-
tion[ldescribes the asymptotic performance measureseof t
system and provides the existing high-SNR asymptotic tesul
also known as DMT, for the channel outage in cooperative
relay channel. Sectidn1V gives the asymptotic probabdity
delay violation under the round-robin scheduler. Sedfién V
presents the main result of the paper where we derive
the optimal transmission rate and the cooperative cluster
size that minimize the asymptotic total bit loss probayilit
A discussion of the results is also provided. Secfion VI
concludes the paper. The proofs are given in the appendices.
For the rest of the paper, we use the notatiorcorre-
sponding to the exponential equality, ive= p* is equivalent
o lim {zggzg = 2. We refer to the se{1,2,...,N} asS
and use[q]l; = mln{max{a, Q}7 b} whena < b. Fig. 1. Cooperative network with a common destination-nétiand N

1. SYSTEM MODEL AND PROBLEM FORMULATION source nodes. At this snapshot, thenode cooperative cluster consists of
! node 1 as the information source and nodds n as the relays.

Cooperative cluster
with n nodes

Destination-
Node E

We consider a cooperative (uplink) network consistsvof

222@?" %er;%ﬁ(r:i dt:)liltoT]:éasr;/('jstaer%o:grgfnne(-j;zftltg?j“%?omgliﬂi retl:igurel_’.l illustrates the network e_lt a particulqr coopet_’atio

! e } . ftame where the active cooperative cluster size consists of
timeslots for which all nodes’ transmissions are assumed tﬂodel as the information source and nodeso n as the

be synchronized. At each timeslot, each source-node m:eivelay nodes. At the beginning of each cooperation frame, a
information according to a stochastic process and stoees t ode is selécted as an information source, according t(; a

bits that cannot be sent immediately in a buffer which I%cheduling scheme. In other words, a cooperative cluster is

assumed to be infinite. . . -
. . . . _selected to be active during each cooperation frame.
The delay requirement asks that each bit of information 9 P

be decoded at the destination-node within a maximum Within a cooperation frame, the source node and the relay
allowable delayof D time-slots from the time it arrives at its "°des in the selected cooperative cluster cooperate using
source-node. Otherwise, the bit will be obsolete, disardeth® Symmetric and minimum-delay, orthogonal amplify-and-
and counted as erroneous. We assume no retransmissiori@¥vard (OAF) protocol [4]. In the symmetric OAF protocol,
unsuccessful transmissions. an information-source node transmits for a duratior/' g2

Next we provide more details and notations for a particuldimeslot (broadcast phase of the round, durafigf2), and,
cooperative communication scheme of interest, as well &tér the broadcast phase, all — 1 relay nodes in the

the arrival processes. In addition, we define the performan€o0perative cluster start forwarding the vectors they have
measure. received (cooperative-relay phase, durafigiz). The source

_ o _ node remains silent during the second phase. We focus on
A. Cooperapve Communication with OAF Protocol and Reghe minimum-delay version of this protocol [11], where the
lay Scheduling cooperation frame duration iE = 2n.

Communication takes place in the presence of additive \when a node is selected as the information source, exactly
receiver noise, and in the presence of spatially independeRr oldest bits at the head of its buffer are remofethus,
and identically distributed quasi-static fading. We assumyjithin each 7-timeslot cooperation frame, an amount of
complete knowledge of the fading channels at the receivefr pits are transmitted to the destination. The average
of the final destination, and no knowledge of the fading ghformation transmission rate? bits per channel use or
the receivers of the assisting relays. Each node has a singl@esiot (bpcu) and the cluster sizeare fixed at all time.

receive and transmit antenna, operating in half-duplex. We In particular, the statistics of the sources and channesls, a

assume, without loss of generality, that a timeslot corstalnWeII as the value of the delay requiremey are assumed to
one channel use.

The nodes cooperate within units Bfconsecutive times- be known and fixed for all time. The statistical descriptions

. . ) of the channel and the source are used to arrive at the
lots, calledcooperation framg5]. Without loss of generality, . .
. ; appropriate network parameters. The choicefofas well
we assume cooperation frames start at tim&, m € Z.

I : psn (or T which is equal ta2n) will be the outcome of an
Within any cooperation frame, we have a relay channel, .. *— .
. . ; gptimization of the overall system performance.
where only one node is an information source and the
other n — 1 nodes (out of NV — 1 nodes) are relays. The
assignment of relays to source is fixed. We denote the set, . . ) )
If the buffer contains less thaR7T" bits, null bits are used. It is easy to

of an information Sour(?e and its relays a_s a CQOperat'Vﬁow that the use of null-bits does not impact the asymptotifopeance
cluster. Every cooperative cluster has a fixed sizenof measure of interest.



B. Bit-Arrival Processes

For each nodé < S, we consider a family of bit arrival
processe§AF» = (AF* t € 7),p € N), indexed by SNR
0 WhereAf’p is the number of bits arriving in time-slot
t € Z. Notice that indexing our arrival process by SNR
is in anticipation of our high-SNR asymptotic analysis. We
assumeAf”’ to be i.i.d. over time and nodes. In this paper,
we considerA,’f”’ to be a_ ompound_Bisson source with
exponential packet size, denoted by CRE(, p). Specifi-
cally, we consider

Cooperative cluster
with n nodes

Destination-
Node E

k,p
Nt

k.p 2 :
At - )/7;,t7
=1

where N is the number of packets that have arrived over
the ' time-slot andY; . is the size of packet. Nf”’
is drawn from an independent Poisson distribution with

mean Ofﬂ)\ log p, anin’t is drawn mdependently from an Fig. 2. An example illustrating cooperative cluster of size= 2 for

exponential distribution with mean df/; (independent of the network with V' = 3 source nodes, under the round-robin scheduler.
p) bits per packet. This compound Poisson random variabffferent cluster is active at different time, e.g. duringoperation frame

Af,p has a log moment generation function of 3m, wherem is an integer, the active cooperative cluster is composed of
node 1 as the information source and node 2 as the only relay.

AA(9) = log Ele?A ") = HALBD o n @)

M= a) Asymptotic Performance Measure for Decoding Er-

In particular, the average bit arrival is rors: Given a choice of transmission rafeand cluster size
n, the performance of the decoder at the receiver of the

E{A;"} = Xogp  (bits per time-slot) destination node is given by the probabili of codeword

decoding error and is described in terms of the DMT [1].
Given that the information-source node operates at fate

We consider a simple round-robin (RR) scheduler, alsgycy and at the average received SpRhe performance is
known as static time-division-multiplexing (TDM), accerd gescribed in terms of theiversity gain

ing to an arbitrary ordering of nodes. Without loss of
generality, we assume an increasing ordering of nddes den(r,n) == — lim log Pe(p,r,n) 3)
N. In other words, the cooperation frame when néde S is p=00 log p

the information source starts at tifi@N +k—1)7, m € Z.  as a function of the channetultiplexing gain
Figurel2 illustrates an example of cooperative clusterschvh

C. Source and Relay Scheduling

are active at different cooperation frames, according & th r = R/log(p).
RR scheduler. The DMT analysis of the3-node OAF protocol with
D. Performance Measures and System Objective large and equal durations of the first and second phases,

as first provided in [4]. For thén + 1)-node @ > 2)
mmetric minimum-delay{ = 2n) OAF protocol, the
egative SNR exponent of the probability of codeword error,
which coincides with the negative SNR exponent of the

The overall performance measure is the total probability o\g
bit loss, P, Wwhere loss can occur due to channel decodin
error or the end-to-end delay violation, i.e.,

Pt := Pen+ (1 — Pep) Pay. (2) probability of bit error, Pen(r, n), is given in [11] as
where P, denotes the probability of channel decoding error den(r,m) = n(l—2r), 0<r<i, 4)
and Py, denotes the probability of delay violation. o> ™) = 0, r > %
[1l. HIGH-SNR ASYMPTOTIC ANALYSIS This together with[(B) gives
Since it is difficult to derive the exact relation between . —n(i-2n) ¢ 1
the probabilities of channel error and delay violation and Fen(r,n) = p yfordsrsg. ®)

the interested parameters, we choose to study an asyml-?éving identified Py, we next discus®
. . . . . 1 V-
totic approximation when SNR is asymptotically large. The b) Asymptotic Performance Measure for Delay Viola-

F’er?e}‘“ of this cr;]oice iskthat we cag'\L/Jls%e the dknovv_rg res#lh%nsz The delay violation probabilityPy, for the channel
In Information theory, known as » o describe t emultiplexing rater and the cluster size is defined as

performance of a communication scheme. In particular, we
have Pyy(r,n) := P[steady-state end-to-end delayD], (6)



where the end-to-end delay is the time interval betweenwahere
bit's arrival to a node and its departure from the decoder at R

the destination node. IRR(r, T, D)
Note that given a fixed multiplexing raie the total traffic B . 7 r(D+1- (N+1)T)
load, i.e., = min WItVIN §+ =Ty )
NE[A}?]  NXlogp N NTHV>0
_ _Nx (12)
R rlogp r
is kept independent gf. To ensure stability and the existencewhereV = T'—1— D(mod NT) and
of the steady-state probabilities, we assume that
A*(z) = p(Va = V), (13)
N)\<Tmax:: 1/2. . .
Proof: See Appendix]l. [ |

As we will see, we use large-deviations techniques to Note that, under the RR scheduler, the queuing system of
arrive at the asymptotic formula faPy,. We will show in user 1 is equivalent to a batch-service queue where services
Theoren(]l that happen everyNV'T timeslots. Each service servéd" oldest
bits and take§" timeslots to complete (i.e. the bits leave the
decoder).
where IRR is a good rate function describing the negative Approximation 1:By relaxing the integer optimization in
SNR exponent 0Py, and is closely related to the log moment(12), we have
generating functiom\ 4.

c) Asymptotic Overall Performance Measuretaving IRR(r, T, D) > M(% —AN)(D+1— (N+1)T)
identified the two elements affecting the overall perforogn

we proceed to describe our objective precisely: By symmetrgnd hence we use the following approximation:
egn. [2) in the asymptotic high-SNR regime becomes

. _JRR(.
Pdv:P I (7“,n,A,u,N,D)7

RR,. ~ (L _
Pot(r,n) = Prbit error for user 1= Pep(r,n) + Pyy(r,n), I'(r, T, D) =~ M(N A (D+1- (N+1)T). (14)

7) Proof: See Appendix]I. [ |
where We will see via numerical examples in Section V-C that the
) approximation in[(I¥) is surprisingly precise for our puspo
Fen(r,n) :=  Pr[channel decoding error of usef(8) ence, we use the following approximation for the rest of
Py(r,n) := Pr[delay violation of user 1 (9) the paper:

We are interested in finding the optimal values of channel
multiplexing rater and the cooperative cluster sizg as a

function of the parameters, 1, N, and D, which maximize . N .
. o .where the asymptotic approximatienis due to the integer-
the negative SNR exponent of the overall probability of bi . o
relaxation approximation of the exponent B,.

loss. As a result, we have the optimal negative SNR exponent
of Pgi(r,n) as

Pdv(T', n) A pfﬂ(%f)\)(DJrlf(N‘l’l)Zn) (15)

)

V. MAIN RESULT: ASYMPTOTICALLY OPTIMAL

—log Poi(r,n) (10) CLUSTER SIZE

d* = max lim
N p—0oo lng
and the optimizing* andn*. In the next section, we provide In this section, we find the asymptotic total probability

an asymptotic analysis for the probability of delay viaati Of bit error, in term of the channel multiplexing gainand
under the RR scheduler. the cluster sizen. Given such relation, we find the optimal
choice of the parametersandn and the negative SNR ex-
IV. ASYMPTOTIC ANALYSIS OF PROBABILITY OF DELAY  ponent of the optimal total probability of bit error. Noteath
VIOLATION the following results on*,n*, andd* are approximations
Here we find the asymptotic probability of delay violationand based on relaxations of integer-constraint optinogati
Pg(r,n), in term of the multiplexing gain and the coop- problems.
erative cluster sizer. Since it is more intuitive to describe
Fgy in term of 7 and T, we use the relatiom = 7//2 and 5 Asymptotic Total Probability of Bit Error
focus on Py (r,T/2). Also note that the dependencies on
p: A\, 1, N, and D are implied in the probability. Plugging in P, from (8) and the approximation afgy
Theorem 1:Given the individual bit-arrival process as afrom (I8) into [7), we get
compound Poisson process CRE(, p) and the RR sched-
uler, the asymptotic delay violation probabilifyy, is given Pot(r,n) = Pen(r,n) + Pay(r,n)
as ~ pfn(172r) +p7u(%fA)(D+lf(N+1)2n)

log P, T/2
lim w — _]RR(T, T,D), (11) = —min{n(1-2r),u(& -\ (D+1-(N+1)2n)}
p—00 log p p :

)



B. Asymptotically Optimal Cluster Size and Optimal Negasincer*(n) is an increasing function of. Finally, we have

tive SNR Exponent

The optimal choice of- andn and the optimal negative

SNR exponent under the RR discipling;, is posed as a
mixed integer optimization problem:

d* =max min
n

{n(l—?r),,u(%—)\)(D—i—l— (N+1)2n)} :
(16)

subject td

D

the optimal negative SNR exponent B adl
(D+1)(5 — AN)

(14 /o )2V + 1)

Next, we confirm that Approximatiof] 1 performs well.
Then, we discuss some interesting observations of the above
results.

d* =n*(1—2*) ~ (20)

C. Numerical Comparison of the Approximations

Here we want to see if the above optimal cluster size
the multiplexing rate-*, and the negative SNR exponetfit

Let* andn* be the optimizing parameters. We notice thaf"® well represgnted b_y their approximatic_)ns, which are the
» has opposite effects on the two terms inside the minimurfesults of relaxing the integer constraints in calculatifig
Hence, we solve the above optimization problem by firstndn". In Figure[3, we compare the exact valuesiof ",

fixing n and finding

r*(n)

= arg, (n(1-2r) — u(%—)\)(D—H— (N+1)2n)=0)
1 3 — AN

- 2 1+ 2nN ?

WD (NH1)2n)

wherer*(n) is such that the two elements inside then
function are equal. Note that (n) is an increasing function
of n. Next, we maximize

— AN
N b
p(DH—(N+1)2n)

[N

n(l —2r*(n)) =

(7)
=+

with respect tow. Lettingn;; be the solution to the differential
equation:
)=o

it

we see thah* is equal to eithetn;: | or [n;], depending on

N
w(D+1— (N+1)2n)

which value results in a higher value &f{17). In other words,

n* can be approximated by its integer-relaxed versiof) (
as:

Lz AN
D+1

2V +1) (1+ /i ) )

Plugging in this approximation of* in *(n) approximately
gives the optimal channel multiplexing gain

*

n

~
~

(18)

(=] gy |AN)

1N

r*i=rt(n*)= [ AN + —2——e =y
N+1

1+ e

r*(n=2)

(19)

and r* with their approximations (denoted ak, n;;, and
r¥) given in [I8)42D), at various values dd and \. We
considerN = 10 and 1/p = 100. It is observed that the
approximated values match well with the exact value®as
is sufficiently large. The matching is very good fétr and

*
dr..

D. Discussion of the Main Result

We first make some observations regarding the optimal
cluster sizen* and the optimal negative SNR exponetit
given in [I8) and[{Z20), respectively.

o The dependency ofh* on D confirms our intuition
that, as the delay requirement becomes stricter, the
optimal cluster size should get smaller (given fixed
source burstiness, i.e. average packet $jze and the
number of sources). This is because cooperation in a
larger cluster size, although reduces the probability of
channel outage, requires longer coding time and hence
increases the delay violation probability.

o Furthermore, for fixed number of sources and source
burstiness, the optimal cluster sizé and the optimal
negative SNR exponent* increase linearly with the
delay boundD. In addition, d* decreases with the
average packet size.

Our results, in addition, provide insight on the advantage
of cooperation among many users. As discussed in Sec-
tion for any value of\,u, D, N, one can compute
the optimal cluster size of cooperative clustet, Here, we
contrast this result with those presented in [12], wheray=l
are never sources of information.

Figure[4 shows this comparison whéh = 10. In this
figure, the lines marked by “*" identify those parameters
of (1/u, D) such thatn* = 1,n* = N/2, andn* = N,
when all N nodes in the network are sources of information
and they transmit their information in a round-robin fashio
In contrast, the lines marked by “0” represent parameters
(1/u, D) for which the optimal cluster sizes ame* =

3The limited range ofx is a result of the conditions that the expression] n* = N/2, andn* = N, when only one node is an

for Pgp, in () is valid whenn € {2,..., N} and Py, in (I5) is reasonable

whenn € {1,..., Lﬁj }. To have a well-defined problem, we require

2Py 22

4To be more precise, we need to limit the rangedofto the range of

n*(1 — 2r*(n*)) whenn* [2, {ﬁJ /\N}.
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Fig. 4. D vs average packet size/y, for N sources and for single source,
where N = 10.

To be more precise, let us consider the case where the
average packet size i$0%. In a network with a single
information source and 10 nodes, whéh = 466, it is
optimal to form cooperation cluster of size 5 (or form cluste
size of 10 whenD = 933.) In contrast, when all nodes
0 '500 1000 1500 2000 2500 3000 are sources of information who are scheduled to transmit

b according to an RR schedule, no cooperation is optimal for

(b) n* andnj vs D all values of D < 1370. This is because when all nodes
are information sources, the increase in the coding time
associated with cooperation degrad@s in two ways: 1) the
larger cluster size increases the duration of the cooperati
frame (the batch service time), and also 2) it increases the
interval between two cooperative frames in which a given
node is transmitting.

Note that the above observations are independent of the
arrival rate)\ sincen* is always independent of the loading
of the system. However, the overall performandg, is a
function of A in both systems. For instance, if the loading
is kept constant across the two systems (iX.source =

0.5

0.49r

0.481

= 0471

0.461

0.45F

0.44 ; i i ; i ;
0 500 1000 1500 2000 2500 3000
D N An-sourced, then
(c) r* andrjs vs D 1+\/T2N—|—1
i—source _ ( (N'H)“) ( )
1 i * ok H dm_ 2(1 + 71 )2
Fig. 3. Comparison of the exact values @f,n*,r* and their ap- sources V25

proximations {;,n;;, ), at various delay bound® and arrival rates . . .
(\ = 0.005, 0.025, 0.045). There areV — 10 source nodes and the average 1N€ ratio is approximatelyV.when N and 1/ are suffi-

packet sizel /. is 100. Dotted lines with markers correspond to the exactiently large.
solution and solid lines represent the approximated saiutio
VI. CONCLUSION

In this paper, we considered a cross-layer queue-channel
information source relying on potentially — 1 nodes to re- optimization problem for multiple bursty and delay-semsit
lay its information. Note that the parametéig ., D) below information sources. The cross-layer performance mefric o
the line corresponding to* = 1 represent those parametersinterest is the asymptotic total bit loss probability whirges
(1/u, D) such that it is optimal for the information-sourcecan be due to either delay violation or decoding errors. Unde
node to directly transmit to the destination node withouthe static round-robin scheduling discipline, we found the
using any relays, i.e., cooperation is not beneficial in thisptimal values of the transmission rate of the relay channel
range of parameterd /i, D). Itis interesting that in the case and the cooperative cluster size such that the negative SNR
of N information sources, the delay requireménthas to exponent of the total bit loss probability is maximized.
be significantly relaxed before any cooperation will become The work in this paper is only a first step in studying
beneficial. gueue-channel performance, in high-SNR asymptotic ap-



proximation, for multiple sources and finite delay requirebound D, under the RR discipline and use the fact thar
ment. Future extensions might include an extension to ia a constant, independent pf Hence, we see thaty, is
dynamic scheduler such as the largest-delay-first schedubsymptotically equal to the sum G}?(QRR 7.
[10]. This will improve the probability of delay violation  Next we try to relate the ever@RR” to a condition on
significantly due to statistical multiplexing gain. the queue Iengtt@ . fori=0,...,NT — 1. To do this,
Another interesting topic of research is the cooperativere need to look at how the delay of the last bit arriving
MAC networks in which data from multiple sources isat timesloti violates the delay bound. Upon arrival, this
relayed simultaneously. For example, the cooperative MAGst bit seeQ%’” bits (including itself) waiting in the queue.
protocol proposed in [5] will certainly provide a betterSince the batch service happens exactly at time in multiple o

performance. NT, the bit must WaITNT i timeslots for the next service to
APPENDIX| start and anothe ([ —1)(NT-T) timeslots
PROOF OFTHEOREM[T for the bit to get served and be decoded. This is because it

1,p
Proof: As noted earlier, the RR scheduler provides éakesL%TW services to serve all);” bits. Each service
constant batch-service to user 1. The server serves usefakes?' timeslots to complete and the next service comes
only for T timeslots out of everyNT timeslots. That is, N1 — 7" timeslots after the completion of the current one.
each service take%' timeslots to complete and the serverHence, the total waiting time between SerVICe@%W

takes a vacation fofN —1)7" timeslots between consecutive 1)(NT —T'). As a result, the last bit violates the delay bound
services, no matter if there are bits waiting in the buffer op if and only if

not. Since the batch service under the RR scheduler is a 1p 1
generalization of the batch service considered in Lemma 2y _ Q; T+ Qy —1|(NT-T)>D
RT RT '
Let Q' contain all measurable sample paths of the arrival

in [13] (where there is only one information source), we can
processA'*. The condition above implies that the delay

follow its proof cIoseI)ﬁ
violation event for the last bit is given as

We start the proof by Iettingytl’p denote the queue length
(in bits) of user 1 at timeslot, when the SNR is. The
queue dynamics is

Lp
+ _ JP(w
Q1 — [Q + AP~ RT| if t=mNT, meZ, Q?R’p{weﬂl’p:TH {QRT(, )-‘NT>D}.
Le =
P APP otherwis _ . .
Qi+ A ¢ (21) Now using an important observation that, for any € R,
whereQ"”_ = 0. Since the arrival process is stationary, the [z] >y e [2] > |yl & 2> |y,

system is stable and reaches a steady state, and the system
started empty at time-oo, thenQ * has the same steady- We have

D+i-T
state distribution as that of), % ,.;, m € Z, for each QRRP _ {w € QM QM (W) > RT{ +1i J}

1 =20,...,NT—1. The delay at time also has the same v NT
steady-state distribution as the delay at tim&/T" +i. Since ; (23)
Py (r,T), as a function of, T, is defined as the probability By defining k := D(mod NT) (note that £t is an
of the steady-state delay greater thanwe have integer), the term{ 24=T | can be expressed as
Pa(r, T) {D#’ZTJ
:= P|[(s-s delay of user 1} D] NT

| N1 DT it ke [0,7—1],i € [0,T—1—k]
= NT Z P[delay of any bit of user 1 arrive at time> D], bk . kel0,T—1],i € [T—k NT—1] or

=0 T ke[T,NT—1],i€[0,NT+T—1—k|

where the equality holds since the arrivals are independent

across time. Now, using the result of Lemma 4 in [13] that %’ if k €[T,NT-1],

the delay violation probability ofiny bit arriving at timei i€ [NT+T—k,NT—1]

is asymptotically equal to the delay violation probabildfy (24)

the last bit arriving at timei, we have Next, we use the results i {21)={24) and follow the
NT-1 NT-1 techniques used in the proof of Lemma 2 in [13] to get

QRR RR, . o(r, ) :
Py(r,T) NT Z Py= >0 PQF), (22)  lim eI B \we consider two cases, depending on the

; p—oo  logp

=0 value ofk, as follows:

where we define the ever@™"” to be the event that the Case 1k € [0,7 — 1]. Using [Z1){2#), it can be shown
last bit of user 1 arriving at timeslat violates the delay that the delay violation probability of the last bit of user 1

5In fact, the result of Lemma 2 in [13] can be thought of a spedialec SFor brevity we will show only the main steps and omit the dethile
of TheorenTdL when there is only one source. reasonings.



arriving at timeslotl’— 1— k£ asymptotically dominate®y,,
ie.,

log Pa(,T) _ 1 108 P(QrY)

APPENDIXII
PROOF OFAPPROXIMATION[II

Proof: We relax the integer optimization ifR to get

IRR(T) := — lim =— a lower bound on/RR:
pee logp pe logp D+1—(N+1)T
. . +1— + r
Now using [28) and(24) witk € [0,7—1] andi = T—1—k, IRR(r,T) > min7A* <T+( ) )N)
we have e N T

log P(Qy?, , > (D—k—NT)R/N
IFRT) = — lim —2 (@75 > ( JR/N)
p—00 log p

By using the queue dynamicE{21) recursively, the quel®s the solution to\(6)

length Q; " is related to the arrivalsd}”, j < i, in the
following manner

i A;P —tRT

G=—tNT+1

Q}’p = sup (25)

teN

By using this expression and the large-deviation princigle
the arrival proces$A'*), it can be shown that

[1]
IRR(r,T)
. 1 [2]
= — lim .
p—oo log p
T—1—k R [3]
log P | sup > AjP—tRT } > (D—k—NT)—
teN | . J N
Jj=—tNT+1 [4]
. r(tNT+D—k—NT)
= NT A*
It%{]l(t +V) ( N(tNT+V) ) [5]
o L (DH1I-N+DT) 5
= Itrélél(tNT +V)A <N + INT LV ,
where we use the short-hand notatigh=T7"—1—k. (6]
Case 2k € [T, NT — 1]. Similarly, it can be shown that
[7]
IRR(r,T)
log P(QRR? ]
— _ lim 0g (QNT+T—1—k)
p—00 log p ]
1,
— _ lim log P(QN7 104 > (D — k)R/N) 110
p—00 log p
. L (DF1I-=-N+)T) 5
= 1;1.1611{11(NT1§+NT+V)A (N + NTI L NT LV . [11]

We can combine the results of the above two cases into a
general one for any to write [12]

IRR(r,T)
, (7 (DHI-(N+DT) & (23]
= min (NTt+V)A <N+ NTt+V :
NTt+V >0

where, from|[(l), the scaled log moment generating function
A of CPEQ\, p, p) bit-arrival process is given as

B logE[e(’Ai‘p] B
- logp
and hence\* is given as

A*(z) := sup Oz — A(0) = p(v/z — V)2

(IS

U0
=

A(O) : 0 < pu,vp, (26)

.
05 3 (DF1=(V+D)T),

where we use the result of Lemma 1.7 in [7] with defined

= x0z. Using A in (Z8), we get

or :/i(l—T)

and hence

IR} T) > 1 (1 = A) (D+1-(V+1)T).
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