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_ Abstract—High-speed wireless networks carrying multime-  network requirements (e.g. capacity and queue size) and is
dia applications are becoming a reality and the transmitted data  jmportant to model. These effects have a significant influence
exhibit long range dependence and heavy-tailed properties. We on the network design and are being incorporated in planning

consider the heavy traffic approach in working towards queue . -
models under these properties, extending the model in [2]. our O the next generation 4G wireless networks (e.g. [9]).

focus is on the scalings used in the heavy traffic approach which ~ Following this paradigm shift, there has been some re-
are determined by combinations of the source rate of an infinite cent work on heavy traffic modeling of queueing systems
source Poisson model of the arrival process, the tail distribution ynder LRD/HT assumptions on the data traffic in wireline
of data transmitted by these sources, and the rate of variation systems (see [3], [5], [4]). In these papers reflected fractional
of the random process (channel process) modeling the wireless B . ti REBM dels f h
medium. A fundamental inequality between the exponent in rowman motion ( ; ) models for the queue process-
the power tail distribution of the data from the source and the —are obtained. The arrival and departure process models in
parameter specifying the rate of channel variations is obtain. these papers are such that the same scaling of time and state
This inequality is important in both the “fast growth” and "slow — space are natural for both the arrival and departure process;
growth” regimes for the arrival process and along with the i, giher words, the same scalings lead to nontrivial (i.e.
source rate is used to define the possible cases for obtaining limit - S . '
donzero or nondivergent) limit processes. In this paper, to

models for the queueing process. Across the cases, the possibl ' 4 '
limit models include reflected Brownian motion, reflected stable the best of our knowledge, we give first results for extending

Lévy motion, or reflected fractional Brownian motion. the heavy traffic method under LRD/HT assumptions to a
wireless queueing system, obtaining a set of limit models

. INTRODUCTION (see Fig. 1).
The usefulness of the heavy traffic method feireline A major difference from the wireline case is that in the

systems under traditional traffic (for example, Poisson arrivatireless models we consider there are different scalings
of packets and finite second moments on the packet size ayidlding nontrivial limit models for the arrival and departure
service times) is well established, having a large literatunerocesses. In particular, we consider wireline arrivals but
(see [13], [6] and the references therein). Precise modelimtgpartures through a wireless medium. The arrival process
of the physical queueing system may be intractable and tieodels multimedia transmissions using an infinite source
heavy traffic method scales time and the state space yieldiRgisson model: sources turn on according to a Poisson
a limit model giving the queue-size dynamics which retainprocess with intensity (rate), transmit at rate 1, and are on
the important features of the actual queueing system. In tifier a random interval which is heavy-tailed with parameter
traditional traffic cases, the limit model is given by reflectedx (more detail is in Section Il). The state space scaling
Brownian motion (RBM). Motivated by the prevalence offor the arrivals depends on the growth condition Jof=
wireless systems, this heavy traffic model has been extend&(l”) T oo with the scaling parametél — oo: under a
to the wirelesscase ([2]). The major difference from the “slow growth” condition onA(T) (see (17) and (21)) one
wireline model is the random environment for transmissiowbtains a stable &vy motion limit model and under a fast
due to physical surroundings and mobility characteristics gfrowth condition (see (16) and (20)) a fraction Brownian
the user. But like the wireline case, the limit queue modelgiotion model. The departure process is through the wireless
are given by RBM. medium and the state space is scaled according to the rate

Recently, there has been a major paradigm shift fa@f channel variations given by parameter(see (1)) and
both wireline and wireless systems from traditional traffi¢he weak dependence assumptions on the channel process
models to long range dependent (LRD) and heavy-taile¢ad to a Brownian motion limit model. Determining the
(HT) stochastic models of data traffic. LRD stands for caling to use in the heavy traffic method for obtaining a
very strong temporal dependence in a time series, and Hileue model is more complex than the wireline case. More
describes the tails of distribution functions giving unboundegirecisely, given the “operating conditions” or characteristics
second moments. This traffic has bursty behavior affectingf the arrivals,\(T") and «, and those of the departures,

v, the question is: what is the “right” scaling to use to
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(RSLM)? This question is answered in this paper: mor&he first condition is a balance between mean arrival and
generally, we give regions of operating conditions with theideparture rates where is the stationary distribution of the
scalings and resulting limit model. What is surprising is thathannel,\* is the “canonical” mean batch arrival rate’,
simple conditions emerge for defining these regions; fuis the mean batch size, ard;j) is a “nominal” power in
thermore, a simple inequality (see (23)) relating the channehannel statg. The second condition specifie€ — 0 in
rate (i.e.,v) and heavy-tails in the arrivals (i.ex) is used such a way that the limit model has a drift rate component
in defining the regions. This is described in Section Il. Irdepending orreserve powen(j,x), dependent on channel
Section Il is a short summary. statej and queue state.

In the remainder of this section we briefly highlight the Applying the heavy traffic scaling with parametgrto the
heavy traffic method and results of [2]. Then in Sectiomueue balance equations, we obtain
Il we replace the arrival process with an infinite source T . T T
Poisson model for multimedia traffic and derive the various a (t) = 27 (0) + AT (t) = D™ (1), ®3)

queue limit models. A one-dimensional infinite queue with, nere .+ is the (scaled) size of the queud” is the cumu-
wireline arrivals and departures through a wireless mediufive arrival process, and? is the cumulative departure
is considered. We restrict our analysis to a one—dimensiorr:ﬁ,locess_ The arrival model is given by the following. The
case in order to focus on the development of the heavy traffiGy, interarrival time for theT-th system is given bﬁ?,T_
scalings, avoiding the complications of the reflected procegs,t So7T(t) be 1/T times the number of batches that have

in higher dimensions. In the 1-D case, the reflection directiogyiyeq by real time't, andw? be thel-th batch size. Then
is simply always in the positive queue direction. But in higher !

dimensions, there are complications surrounding the reflected s T ST ()] .
process (unlike the wireline case) due to the possibility of AT(t) = M*T(t) + RaTo Z AVER (4)
multiple sets of reflection directions on the boundary of =1

the queue state space, each set corresponding to a chaggire
state (see [2] for some furthur discussion). Nonetheless, the

: ) [T 57 (t)] _p (T8 T(1)] a,T

scaling results here for the 1-D case are expected to cary .z 1 b b A

over to higher dimensions. (t)= T [/ — v HTV Z T TAa
=1 =1

Heavy traffic queue model: SRDILT data assumptions. s the scaled variations of the arrival about the mean process.

The following is a summary of the heavy traffic wirelessassyme that the centered and scaled sequence of processes
gueueing model adapted from [2] for a 1-D queue. In partic-

ular, an equivalent model is given where time is accelerated o 1 AST
using the scaling parametdr instead of the rates being wh(t) = ﬁz 1- Aa and
scaled. =1
In the heavy traffic method, one considers an embedded 1 [T?]
. w(t) = =" [of - "] (5)
sequence of (scaled) queueing systems (Eq. (9) below) JT l
indexed by scaling paramet&r. The mean arrival rate and =1

departure rate of the data in the scaled systemsOdf€). for the interarrival times and batch sizes are tight. This is
The channel state is modeled by a Markov or semi-Markotypically the case in the traditional wireline setting and is
process denoted process appropriate here since the data is arriving to the queues via
T . wireline. Note that the state space scaling> 1/2 used
L7(#) = L(T"t) 0<wv <1, () here is “stronger” than the standatdy/T scaling for the

so that the rate of channel variations is slower than th#ireline case. This implies that/*"(t) = 0. The sum term
rate of arrivals. This is reasonable as the channel cohererlf&?duation (4) is the timein the scaled system plus an error
times (how long the channel is in a given state) are typicallferm e (¢) that goes to 0 ag’ — oc.

much longer than the service times for packets. We index ' "€ departure process is given by

the channel stated,” (t) = j, j € J, |J| finite, where the . 1 [Tt .
index j corresponds to a transmission rate per unit power, D" (1) = > Ipr =i A0)
A4(j). The state space scaling is according to the channel 0 jeg
process and is given by/T7, wherey = 1 — v/2. This x [p(j) + u” (j, 2" (5))] I{zr(5)>0y ds, (6)
“heavy traffic scaling” leads to a RBM limit model, outlined ] o ) )
below. wherel ., is the indicator function and; .= 5)-} constrains
The limit model is obtained under heavy traffic conditiond® aueues from being negative. Equation (6) can be rewritten
for the wireless model given by: as
Tasb 1d DT(#) = MT(t) —1"/2A% — 2T (t)
AT =X'T = Y A()p(j)=(j)T, and -
; 1 _
jeET d/ N\, Tr: T
+—= Iipr (= A"(G)u (G, 2" (s)) ds,
TV T (jaT) — () forjed. (2 " Jo ]; ’



where (under a change of variables) where {T';}7° , are Poisson arrivals with intensity(7") 1
oo and {V;,}72, are i.i.d. positive variables with heavy tail
distribution

1 N Py (v) = _ o
m/ Z Iinsy=3 —m(5) A (7)p(5) ds,(7) Fy(v) = P(V > v) =v"*L(v), (12)
0 jeg 1 < a < 2,andL(v) is a slowly varying function at = cc.

Md’T (t) —

andzT (t) is the reflection process which represents the wor-ll<-he scaled cumulative arrival process is given by

that could have been done, had the queues not been empty, A 1 /Tt (s) ds
) Jo

T _
and is given by (t)= T (13)

. 1 [Tt . The normalizing factor\(T") in the above ensures that the
2 () = ; <2;I{LT(S>_3'})\ (7) mean arrival rate i€)(T):
S
! EAT(t) = tT/'I’OI'h /,Lon - EV

vy T(:. T
x[pl) +u” (2 (S))]>I{”T<S>—0} ds- (8) " The channel process is as in SectionLF (s) = L(T"s),
< v < 1. The heavy traffic condition is given by (2)
cept the first condition now take the form

pionT = Z A(H)p()m(§)T. (14)

Combining the expressions above and neglecting the errg)r(
el (t), the prelimit equation is then given by

2T (t) = 2T(0) + M7 (t) — M7 (t) + 27 (¢)

Tt
1 Z Irprg )ﬁ}j\d(j)uT(j 2T (s))ds. (9) Denoting the state space scaling @4"), analogous to
T,y 0 s)= 9 .

jeT equation (9) in Section I, we have for the system equation:
The main result in [2] is that (9) weakly converges (i@’ (t) = 2" (0)+ B(T) (AT (t) — Ttpion)
DJ0, c0) under the Skorohod;-topology) to the following 3

TV
b _ 7(?:) /0 Z (1{L(s):j} - 77(])) ﬁ(]) ds

z(t) = z(0) + /0 b(u, z(s)) ds + w(t) + z(t), (10) o) /Tt Z 1{LT(S):j}§\(j)uT(x) .
O

wherew(-) is Brownian motionz(-) is the reflection process

. . . Tt
and the drift rate is given by +5(T)/ Z 1{LT(s)=j}S\(j)p(j)l{xT(s)zo} ds
0 .
J

bu, ) = =Y M (G)ul, )7 (). (11) T(0) + MT(t) — MT (1)
- x a - d

Tt

[l. SCALINGS FORLIMIT MODELS —ﬁ(T)/ Z1{LT(S):j};\(j)1LT(x(s))ds+zT(t).(15)
In this section we replace the arrival process in (4) by an 0

infinite source Poisson process modeling multimedia traffic. . )

From [11] it is known that therrival processcan be scaled Fast and slow growth conditions on arrivals.Some of the

and shown to converge in some (weak) sense to fraction@pssible limit models given below use state space scalings

Brownian motion (FBM) or stable&vy motion (SLM) under B(T) determined from the arrival process. In particular,_ the
a “fast growth” or “slow growth” condition, repectively (see results of [11] are used, where the infinite source Poisson

(16) and (17) along with (20) and (21)). We will show model of the arrival process is shown to converge to SLM
that there are several possible scalings for nontrigizgue ©F FBM, depending on whether the source ra(@) for the
limit models and show which scaling to use depends on tHd"val process is in the slow growth or fast growth regime.
characteristics of the arrival and channel processes. In particular, the regimes are given by

Before discussing the possible queue limit models, we tast arowth: lim bNT)T) ~ (16)
consider the arrival process modeled by an infinite source g T Tooo T Y
Poisson process. Following [11], the “fast growth” and “slow ) . bMT)T)
growth” conditions are stated along with the scalings and slow growth: TIEI;O T =0 17
A. Background: arrival and departure limit models. (o) = (1)@ W, 00
Heavy traffic queue model: LRD/HT assumptions.The Iy

infinite source Poisson process modeling the arrivals is givand the inverse igj~(y) = inf{v : g(v) > y} for a
by nondecreasing functiog. Informally, letting £(v) = 1 in

> (12) we have
Nr(s) = L, <s<Ti+vi)s _
kzz_oo {Tx< k+Vi} Fv(’U) _ U_a7 b(U) — Ul/a.



The slow growth condition is then given by (consistent wittand take

(17) for largeT) B(T) = 77:;” — T(l—lv)/2' (24)
(MT)-T)= < T or ANT) < T, (18)

Thenz” converge to RBM with a drift component given by
and the fast growth condition by (consistent with (16) for11).

large T) Proof. Part 1: unreflected process.
Tt < A(T). (19)  From¥% + 2 < «, it follows
Convergence results for the arrival and departure pro- T2 ot <« 7o < \(T).
cessesFrom [11], the convergence results with(v) = 1
(used in Section II-B) for the arrival processes are: With 3(T) in (24) we have thafl/*:" converges to BM—
1) Under the fast growth condition, this follows from the techniques dlscyssed in the gppendlx
of [2]. There aperturbed test functiormethod using a
A(T) (AT(.) _ Tuon(-)) (20) martingale characterization of Brownian motion was applied

AN(T)H/2TE—a)/2 (using Theorems 7.4.4 and 10.8.1 in [8]).
converges to FBM inD[0, 00) with the usual Sko- ~ Noting that for larger’

rokhod .J; -topology (see [13]). ANT)V2TG-0/2  pl-a/2tv/2
2) Under the slow growth condition, B(T) NT) BRSYGLE <1, (25)
MT) _ we have that

Tl—a/2+1//2
. .. . . .. . a,T _

converges to SLM in finite dimensional distributions M®“" (¢) = G

and in D|0, co) with the M, -topology (see [13]). A(T)

As in the model in Section I, for the departures we note SREAE (AT(t) — Ttpon)26)

that
() converges to the zero process. Indeed, the first term in
1 ' PN (26) converges to 0 from (25) and the second term in (26)
T1/2 /o (zjj Lz =3 W(j)) p(j)ds (22) converges to FBM from (20). From the second condition in

(2), which with (14) gives the heavy traffic assumption, the
converges to the Brownian motiom(-) in the Skorokhod w”(j,z) is such that the corresponding term in (15) (third
J1-topology. line down) gives the drift rate"; m(j)A*(j)u(x)t in the

limit process.
B. Convergence theorems P

Here we investigate the possible limit processes for the Part 2: reflected process.
queue under fast growth and slow growth conditions. In each We wish to show{z"} converges to a reflection process,
case the state space scalings lead to either the centered ar@gPing the queue size nonnegative. A standard approach
or centered departure process having a nontrivial limit. ~ (Se€ [6] or [7]) is to establish weak convergence to process
The scaling used and the limit results depend on the (z" = 2) and apply the Skorohod representation theorem
parameters of the arrival process(T),«) and departure 0 showz is a reflection process. A key for establishing the

process ). Interestingly, the inequalities weak convergence is showing that the collection of processes
{zT; T} is tight.
%Jr g <a (23) Following the discussion in [6], Section 5.2, an “asymp-

totic continuity” argument along with the the reflection map
are important for determining the scaling and limit processegom the Skorohod problem can be used to sHaW; T} is

in both the fast and slow growth regimes. In the fast growtfight and we outline the argument for our case next. From
regime, the limit process is RBM except for a case when th@s), define

intensity A(T') lies in a region defined using (23) resulting

in a RFBM limit model for the queue (Theorem 3 below). In ' (t) = &(0) + M*"(t) — M4 (t)

the slow growth regime the limit process is RSLM, except Tt <ds o T

for a case where (23) is used to define a region X(F) _5(T)/O Zl{LT(s):j})‘ (F)u’ ((s)) ds.
J

where the limit process is RBM (Theorem 6 below).

Due to the convergence af/*” to BM, M7 to the zero
rocesses, and the fact thet (0), A?u” (5, z) are bounded,
he “asymptotic continuity” condition holds:

Fast growth regime. In this regime, for largel’, T ! <
A(T) by (16) and the limit models are determined by th
inequalities (23) as shown next.

Theorem 1:Let lim lim sup P {sup sup |hT(t+s) —hT(t)| > puyp =0,
v 3 6—0 T t<A s<6
5 + B} <« (27)



for eachA > 0 and x> 0. This property implies that Then
{7 T} is tight by the following argument. The reflection

d,T _ (1-v)/2
term 27" satisfies the M®E(t) = Tﬁlg)T
1 ¢ = )
2T (t) = max {O, —m<irt1 hT(s)} , (28) XW/O Z (Lizo)=3—7()) A5)p(5) ds (34)
5= j
where the right hand side is the reflection map (see [6]ponverges to the zero process. Indeed, the first term in
From this we have, (34) converges to 0 from (33) and the second term in
lrat) = 2T(r) = (34) converges to BM from (22). The asymptotic continuity

continuity properties of the paths of fractional Brownian

approach for obtaining RFBM appears promising due to the
} .(29)
motion.

max {0, —min [27(7) + B (7 + s) — BT (1)]

s<t

The tightness needed for weak convergence offollows
from (29) and the asymptotic continuity in (27) (see [6] forSlow growth regime. In this regime, for largel’, A\(T) <
the details of the general criterion for showing tightness). 7e—1 FEor Theorems 4 and 5 we note that the arrivals “dom-

n inate” departures and queue process converges to RSLM.
Remark 1:Apart from technicalities relating convergence

of the various components of the unreflected process in dif- Theorem 4:Let

v 3
ferent topologies (i.e., uniform/;, and M), an application 5 + 3 > o
of the continuous mapping theorem applies in a similar way
for Theorems 2-6 and thus will not be repeated. It appeafdd take AT)
not possible at the current time to extend the continuous B(T) = NG (35)
) (T)Y/ Tt/
mapping theorem for all cases whenalso had a queue-
state dependence. Thenz” converges to RSLM.

The following two theorems concern the opposite inequal- “Proof”. From £ + % > « it follows that (o — 1)? <
ity in (23). In this case, the limit processes depend on a fingr— $ + < and we have
growth condition on\(7). 1—a/24va/2
M) < T < T a1
Theorem 2:Let

L 3 > a With the 3(T') in (35), we have from (21) that/!” converges
22 to SLM. We note that
and take T 1 ﬂ(T)T“*”W A(T)-1/e
B(T) = W = Ta-v)/2 T1/a+v/2-1/2

Furthermore suppose thatT") is such that for consistency

( AT)
T « T2 < \(T). (30)

a—1
W) < 1. (36)
From this it follows, as in the discussion of Theorem 3, that
Then 2™ converges to RBM with a drift component given y/4.7 converges to the zero process. A remaining issue left
by (11). to work out are the details for convergence of the reflection
Proof. The argument is the same as before where we onptocess since SLM is a discontinuous process; consequently,
need to note that Under (30) we St|” haVe that the firSt terrﬂhe asymptotic Continuity approach described in the proof Of

in (26) converges to (A Theorem 1 cannot be appliel.
Theorem 3:Let . 3 The following two theorems concern the opposite inequal-
5 + 3 >« ity in (23). As in the fast growth regime, the limit processes

and take depend on a finer growth condition oT’).

- MT) Theorem 5:Let
AT) = ST 1) | v.o3_.
Furthermore, suppose that7') is such that 22
T ' < \T) < T2+ (32) and take AT)
T = ——————. 7

Thenz” to converges to RFBM.
Proof. Using the3(T) in (31) and noting (20), we have Furthermore, suppose thafT’) is such that
that M/ *T converges to FBM. Note that 1—a/24va/2 1
M) < T a1 <<TY
(1-1)/2 A(T)'/2
BT = Ticajzioz < 1. (33)  ThenaT converges to RSLM.



“Proof”. In this case we have that (36) still holds and so ~ *~¥2*V/2

the discussion in Theorem 4 carries over to this clse. \ RSLM , REBM 1 RBM D)
I T T
Theorem 6:Let 5 ! T
14
s ts<a
2 2
and take o>3/2+v/2
1 RSLM RBM RBM
B(T) = Ta-v)/2" (38) } % % MT)
) T(l—a/2+ocv/2)/(o<—1) T(x—l
Furthermore, suppose thatT') is such that
l—a/24va/2 Fig. 1. Summary of possible limit models.

a—1

< \NT) < T

Thenz” to converges to RBM.
Proof. Under the 3(T') in (38) and using (22),M%T
converges to Brownian motion. Note that

the “growth” conditions on\(7") which cover the various
possible limit models for the queue dynamics.

NT)VaTi/e  ijats/2-1/2 To the best of our knowledge, these are the first results

BT <1 (39) Of their kind for wireless systems and have no analog in the

AT) AN(T)t=1/e ’ current work in wireline models. Obtaining the queue models

so that by (21) we have that/*” converges to the zero ?ncorporating .LRD/HT characterist.ics_is an important. step
processH in characterizing the queue behavior in high-speed wireless

systems. A natural next step is to consider the resource
Remark 2:We assumed for simplicity in Theorems 1-allocation problem in networks with competing queues—our
6 that the slowly varying function appearing in (12) isfuture work will broadly be in this direction.

L = 1. However, the conditions determining the various
limit processes can also be formulated for arbitrarily slowly
varying functionsC(v) (the most general case). For example, [1]
as shown in [11], fast growth is equivalent to

T ' < X(T) - L(T). 2]

Then one can show that Theorems 1-3 continue to hold if3
(30) is replaced by

T <« T2 L (T)2 < M(T) - L(T) (4]
and (32) is replaced by 5
TP < NT) - L(T) < T* 2t L(T)2.
(6]
Remark 3:If
v,.3_, 71
2 2 ’

then, loosely speaking, the limit process is expected to be ]
reflection of the “combinations” of Brownian motion, stable
Lévy motion, or fractional Brownian motion.

Remark 4:The queue state dependenceuifi(j, z) pre-
cludes (at the current time) obtaining the limit modeld10l
using an alternative approach where the continuous mapping
theorem is applied to the map in (28). However, for only11]
channel state dependence, €.(j), this map is continuous
in appropriate topologies for all the cases considered heﬂsz]
and so is a promising approach.

(9]

I1l. SUMMARY [13]

Figure 1 summarizes Theorems 1 - 6. Note that the

inequalities
v n 3
2 2

relating the channel and arrival process are used in the fast
growth and slow growth regimes. They define regions for

S o
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