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Abstract— It is well known that cross-layer scheduling can boost the spectral efficiency of multi-user
OFDMA systems through multi-user selection diversity but existing designs usually have two important
assumptions — users are delay-insensitive and channel state information at the transmitter (CSIT) is
perfect. In practice, users have heterogeneous delay requirements and CSIT usually becomes outdated
in time varying channel, which in turns leads to systematic packet errors and hence results in significant
degradation on the throughput and delay performance in the OFDMA systems. In this paper, a novel
cross-layer design problem is formulated as a convex optimization problem, on which a delay-sensitive
jointly optimal power, rate and subcarrier allocation scheme is proposed so as to maintain
heterogeneous users’ delay requirement as well as achieving a target packet outage probability through

combining queueing theory and information theory. Furthermore, we obtain closed-form asymptotic

performance of the proposed delay-sensitive scheduler. Unlike the well-known SNR gain of G)(Iog K)
in conventional cross-layer scheduler with perfect CSIT, we demonstrate a cross-layer SNR gain of

G)((l—ajH )Iog K) can still be achieved under heterogeneous delay constraints and outdated CSIT

with error variance o, . Finally, simulation results show that our proposed delay-sensitive CSIT error

considerate schemes provide robust system performance enhancement over conventional CSIT error
inconsiderate opportunistic scheduler and naive queue length based MAX-Weight scheduler while
satisfying heterogeneous delay requirements even at moderate to high CSIT errors.

Index Terms— Orthogonal Frequency Division Multiple Access (OFDMA), heterogeneous
applications, delay-sensitive cross-layer scheduling, outdated channel state information (CSI)

I. INTRODUCTION

Orthogonal Frequency Division Multiple Access (OFDMA) has been proposed as an indispensable
mean to support high data rates demand in many applications such as WLAN and WiMAX. Many
recent efforts in OFDMA development have been devoted to cross-layer scheduling in OFDMA
systems ([1, 2, 3, 4], extensions to nonconvex objective [5], and references therein) due to its promising
gain through exploitation of multi-user diversity by carefully assigning multiple users to transmit



simultaneously on different subcarriers for each OFDM symbol with optimal power and rate allocations.
However, these cross-layer designs rely on two important assumptions — users are delay-insensitive and
channel state information at the transmitter (CSIT) is perfect. These assumptions are usually impractical
since next generation networks are expected to contain real time users of heterogeneous classes with
different delay requirements. Moreover, due to the delay and resource limitation in feedback of channel
states’, CSIT obtained at base station (BS) will be outdated and imperfect.

In view of the importance of delay sensitivity of real-time users and burstiness of traffic arrival,
enormous delay-sensitive packet scheduling algorithms [6, 7] were proposed assuming simple
error-free static channels wherein the CSI of the multi-user wireless channels were ignored, and thus
the potential cross-layer gain is unexploited. Subsequently, a surge of recent research efforts is devoted
to cross-layer scheduling aiming at providing a synergy between channel dynamics in physical layer
and queueing dynamics in MAC layer in various contexts, such as ON-OFF channel based OFDMA
system [8] and Multiuser MIMO system [9]. Several surveys provide useful summary of these recent
cross-layer efforts [9-11] - in particular, [12] and [13] proposed a cross-layer scheduling algorithm,
called Longer Queue Higher Possible Rate (LQHPQ)? based on combined information theory [14] and
queueing theory [15, 16] to minimize average system delay in multiaccess channels for homogeneous
users. Regarding cross-layer performance analysis, only limited results are available. Notably [17]
provides an asymptotic delay-power tradeoff of a simple threshold based scheduling policy in
point-to-point (single user) fading channel. However, perfect CSIT was assumed in all these works.

On the other hand, several recent publications addressed the effect of imperfect CSIT on scheduler
design. There are two types of “imperfect CSIT”, namely the “limited CSIT” and the “outdated CSIT”.
Limited CSIT refers to the incomplete knowledge of CSI at the transmitter (such as limited CSI
feedback). For example, [18] discussed the power adaptation for OFDM system with limited CSIT to
optimize the ergodic capacity. In contrast, “outdated CSIT” refers to the delay from the CSI estimation
time to CSIT utilization time. Under outdated CSIT, systematic packet errors occurs whenever the
scheduled data rate exceeds the instantaneous mutual information (namely channel outage) despite the
use of strong channel coding. Conventional performance measure, such as ergodic capacity, is thus no
longer meaningful since the penalty of packet errors was not accounted. It is therefore very important to

control the packet error probability to a low level for reasonable system throughput and delay

! The feedback of CSI to BS can be explicit feedback (for FDD systems) or implicit feedback (for TDD systems). In both
cases, there will be feedback delay or duplexing delay which causes outdatedness in the CSIT.
2 Another name of LQHPQ scheduler is MAX-WEIGHT scheduler in the literature with queue length being the weight.



performance. To our best knowledge, there are only a few works considered the outdated CSIT [19, 20]
in single user OFDM systems and none of the works had addressed both issues of delay-sensitive
applications and outdated CSIT in cross-layer design of OFDMA system. In general, the followings are
critical issues to be addressed for delay-sensitive cross-layer design with outdated CSIT:
® Design joint rate, power and subcarrier allocation for heterogeneous traffic and delay
requirements: It needs a careful combination of queueing theory and information theory. A common
approach was to model the problem as a markov decision process (MDP) problem [13, 17, 21] but the
solutions obtained would be very complicated when realistic channel state model is incorporated and no
closed-form analytical performance could be obtained [21]°.
® Introduce robustness to cross-layer design with respect to CSIT errors / outdatedness: The packet
errors due to channel outage will have significant impact on both the throughput and delay performance
(due to retransmission of corrupted packet), yet it was ignored in conventional cross-layer design. In this
paper, we shall illustrate that the delay performance of the conventional opportunistic scheduler [1, 2, 3]
and simple MAX-WEIGHT delay-sensitive cross-layer scheduler (designed for perfect CSIT) [12, 13] are
very sensitive to the CSIT errors. It is thus critical to take the potential packet errors into account during
the joint rate, power and subcarrier allocation policy design for robust performance.

® Study impacts of delay requirements and CSIT errors on the asymptotic cross-layer SNR gain

(which was well-known to be ©(log K)) and cross-layer system throughput gain

In this paper, we shall address both the heterogeneous delay requirements and CSIT outdateness
simultaneously with regard to these aspects. Based on a modified M/G/1 queue model (with packet
errors and retransmissions consideration), the delay-sensitive cross-layer design is modeled as a convex
optimization problem. Closed-form delay-sensitive rate, power and subcarrier allocation solutions are
derived. The optimal delay-sensitive power allocation strategy is found to be of multi-level water-filling
structure where users with stringent delay constraint and packet error (outage) requirements having a
higher “water-level”. The optimal delay-sensitive subcarrier assignment in the presence of CSIT errors

is shown to be decoupled between all N. subcarriers and thus, it has linear complexity with respect to
N.. Furthermore, we obtain closed-form asymptotic performance of the proposed delay-sensitive

scheduler. Compared with the well-known SNR gain of ®(logK) in conventional cross-layer

scheduler with perfect CSIT, a cross-layer SNR gain of ®((1—0§H )Iog K) is still demonstrated under

® High complexity value /policy iteration algorithm is usually required upon MDP when no analytical closed-form resulted.



heterogeneous delay constraints and outdated CSIT with error variance o7, . Finally, simulation results
show, by considering CSIT error statistics in cross-layer design, our proposed scheme provides robust
performance gain while satisfying heterogeneous user delay requirements even at high CSIT errors.
This paper is organized as follows. Section Il describes the system model, including downlink
channel model, multiuser physical layer model, source model and MAC layer model. Section IlI
formulated the optimization problem. The corresponding optimal rate, power and subcarrier allocation
policy is given in Section IV. Asymptotic cross-layer gain from the proposed scheduler is presented in

Section V. Simulation results are studied in Section VI with conclusion finally presented in Section VII.

II. SYSTEM MODEL

The general cross-layer system model of multiuser wireless systems is shown in Figure 1 where
outdated CSIT and queue states information (QSI) are the inputs to the scheduler at BS. Before we
formulate the cross-layer design into an optimization problem, we shall elaborate the OFDMA channel
model, the corresponding CSIT error model, multiuser physical layer, source, and MAC layer model.

A. Downlink Channel Model and CSIT estimation from Outdated CSIT

We consider a K users OFDMA system with frequency-selective channel model consisting of

L= [BW/Aﬁ J = [Signal Bandwidth/Coherent BandwidthJ resolvable paths. For simplicity,

uniform power-delay profile is adopted, i.e. each path has normalized power given by 1/L. Thus the
channel impulse response between the BS and the j-th user at time slot m, h,(m), can be modeled

L-1

through a L-tap delay line channel model, i.e. h(m)= ) hj,l(m)é(m—l/W), where {hﬂ} are
modeled as independent identically distributed (i.i.d.) circularly symmetric complex Gaussian (CSCG)
random variables with distribution CN(O, 1/L) . h;,(m) is assumed to be quasi-static within each time
slot m, but slowly time-varying across time slots according to Jakes’ model such that
E[hj’,(m)hjj(n)]: J,(2nf, |m—mn|t) if 1=1 (else 0), where J,(.) denotes zero order Bessel
function of the first kind, ¢, is scheduling slot duration, and f, is Doppler spread of the channel
(with t, < coherent time, i.e. t, < 1/fd ). With N, -point IFFT and FFT in the OFDMA system, the

equivalent discrete channel model in the frequency domain (after the length-L cyclic prefix removal) is:

Y, =HU, +Z, (1)

ijij



where (i denotes subcarrier index and j denotes user index) Y; is the received symbol, U, is the

data symbol from BS, Z, is the noise distributed with CN (0,0%), H; =Y " h, e /> is the

1=0  Jl

channel gain distributed with CN (0,1) which is i.i.d. for different users, and but correlated within

user j, where the correlation of the channel gain between the i-th and ¢ -th subcarriers of user j is given

~2jwL(i~i)/Np
by E[Hinii ] i 1 _ g BTN

. The transmit power allocated from BS to user j through subcarrier

i is given by p; = E[‘U ‘ 1. We define a subcarrier allocation strategy S, .. =[s;], where s; =1

when user j is selected for subcarrier i, otherwise s; =0. The average total transmit power of BS is

constrained by E[ 1/Ng) Z, D, pd Por ,»Where P isavailable average power in BS.

Assume the system is using TDD with channel reciprocity, the downlink CSIT could be obtained by
channel estimation based on the uplink preambles at BS. However, due to duplexing delay between
uplink and downlink, the estimated downlink CSIT will be outdated. For example, in the beginning of

each scheduling slot, a Minimum Mean Square Estimation (MMSE) on CSIT at time slot m, A, ,(m), is

performed based on an outdated CSIT %, (m — D). Thus the estimated downlink CSIT in frequency

domain {I—AIij

} for all users over all subcarriers at BS accounting the CSIT outdatedness is modeled as:

H =H; +AH;;, where { j} is the CSIT error with zero mean CSCG distribution. )

ij?
Suppose the uplink transmit power of user j (for CSIT estimation) is P, then the correlation of the

CSIT error between the i-th and 7 -th subcarriers of user j is given by (details are omitted for simplicity)

—2inL(i—1 F 2
O-AH 1— 2] HN where o2 —1— |J0<27TJ€1755D)|
L 1—e —zjnu—i)/NF ) AH — 1+ LU?/NP :

E[AH (aH,) }

B. Multi-user PHY Model for OFDMA Systems with Packet Outage and Goodput Modeling

We consider information theoretical capacity [14] as the abstraction of the multi-user physical layer in
order to decouple the problem from specific implementation of coding and modulation schemes.

In general, packet error is contributed by two factors, namely the “channel noise” and the “channel
outage”. In the former case, packet error is contributed by the effect of non-ideal channel coding and
finite block length of the channel codes. This factor can be reduced by using a strong channel code (e.g.
LDPC or turbo code) and longer block length (e.g. 10K bits), so that Shannon’s capacity can be



achieved to within 0.05dB at 1% target Frame Error Rate. However, in the latter case, the effect is
systematic and cannot be eliminated, because the instantaneous mutual information between BS and

user j in i-th subcarrier, ¢, =max1(U;;Y; | H;) =log,(1+p; | H; [ /o?), is a function of actual CSI H;,
p(Xj)

which is unknown to BS. Packets will be corrupted whenever scheduled data rate exceeds instantaneous
mutual information. And so probability of this event is the dominating factor of packet error.

To take account of the packet error due to channel outage, we define the instantaneous goodput of
the j™ user (which measures the total instantaneous data bits/s/Hz successfully delivered to user j) as:

1 |frJ_c

€)

] —

Ne
= > r.A[r. <c.], where I () is the indicator function i.e. I[r, <c
gJ ; ij ij ] () [ u] {O |f I’ij>Cij

where 1, is the scheduled data rate of the j™ user on the i subcarrier.

Hence, the average goodput of user j (averaged over ergodic realizations of { } and { }) is:

0, = a0, ] = Eq | By [ 20000 <] = B {2 0B (105 <6 1]} = B, {25 (1-Pusy )-8

(4
Poay =1=Pr| 1, <¢,|H i}

out,ij

H} is packet outage probability for each subcarrier i conditioned on H = {

C. Source Model

We assumed packets come into each user j’s buffer according to a Poisson process with independent

rate A, with packets of fixed size F. Furthermore, we consider the scenario that mobile user

applications are heterogeneous in nature in terms of their packets’ arrival rates and delay requirements.
User j is characterized by a tuple [4;,T;], where 4, is the average arrival rate to user j and Tj is the
average delay requirement imposed by user j. User j with heavier traffic loading will have a higher 2,
and more delay-sensitive user j application will have stringent delay requirement T,.

D. MAC Layer Design Model from Cross-Layer Perspective
The system dynamics are characterized by system state Z:(I-AINFX,(,QK), which composes of
estimated CSIT I—]NFXK from Physical Layer and queue state information (QSI) Q, from MAC Layer

users’ buffer, where Q, =[q;] is a Kx1 vector with the j™ component denotes the number of

packets remains in user j’s buffer. The MAC layer is responsible for the cross-layer scheduling® at

* Cross-layer scheduling refers to resource allocations for different users, instead of flow control/scheduling.



every fading block based on current system state y . At the beginning of every frame, the BS estimates
the CSIT from dedicated uplink pilots and observes the current backlogs in the buffer. Based on CSIT

and QSI obtained, the scheduler determines the subcarrier allocation from the policy SNFxK[I-] ,Q], the
power allocation from the policy PprK[HA ,Q] and the corresponding rate allocation from the policy

RNFxK[I—] ,Q] for the selected users. The scheduling results are then broadcasted on downlink common

channels to all mobile users before subsequent downlink packets transmissions at scheduled rates.

III. CROSS-LAYER PROBLEM FORMULATION

In this section, we shall formulate the OFDMA cross-layer design for heterogeneous users with

outdated CSIT as a constrained optimization problem based on the system models in Section I1.

To take into account of potential packet outage, we shall adopt total average system goodput, Z';l o]

as our optimization objective. Specifically, the optimization problem is formulated as:

Cross-layer Formulation:
Find optimal rate, subcarrier and power allocation policies (RprK[ﬁ,Q],SNFxK[HA,Q] : PNFxKU:' ,Q]) s.t.

Ne

max B 2505 Pl <6 [ HD
subject to (C1):s; {0, 1}, (C2):Z:_<=13ij:1, (C3):p; =0,
(CA)ENYN) Y 3 5P ]<Por . (C5):Pyy =2, (C6):EM,I<T,

where the expectation E[.] is taken over all system state and R, is the average total power constraint.

)

In the optimization problem (5), constraints (C1) and (C2) are used to ensure only one user can occupy
a subcarrier i at one time. (C3) is used to ensure transmit power would only take positive value, (C4) is
the average total power constraint, (C5) ensures the outage probability Poyj satisfies a target outage

probability &, which is usually specified by applications requirements and (C6) is the average delay

- 5 = - - - - -, . - - - -
constraint” where E[W,] is average system time (including waiting time and service time) of user j.

> Delay constraint could also be defined as delay outage requirement, i.e. each user j has a maximum allowable probability
6, of exceeding a fixed delay requirement threshold 7, [P(Wj > Tj) < ¢, ]. But under heavy traffic loading, this delay
outage requirement can be rewritten as average delay constraint E[W_,} < T_I/ln (1/6].) [p.290, [16]] for GI/G/1 queue

(hence also for M/G/1). Moreover, “average delay” is also widely adopted in the literature [8, 12, 13, 17] as a performance
measure of the delay performance. In short, average delay is usually a good characterization of overall delay performance.



A. Relationship between scheduled data rate and average delay requirements
To solve optimization problem (5), delay constraint (C6) have to be expressed in terms of
optimization variables - physical layer parameters. Our previous work (Lemma 1 [22]) shows that the
queue for each user j in OFDMA system can be modeled as a modified M/G/1 queue (with non-selected
time slot) and hence (C6), the constraint on average system time E[V\7j] of user j’s packet, can be
ﬁjE[Xf]+/1]E[Xj](E[S_j]/E[Sj])(ts)
2(1- 2, (E[X,1/E[S;])

rewritten as, E[V\7j]:E[Xj]+ <T,, where X, is the effective

transmission time of the packet of user j (retransmission time for packet outage is also accounted), 4,
and T; are user j’s arrival rate and average delay requirement respectively, and S; is an indicator

variable of the availability of subcarrier for user j°. Notably, in this paper, CSIT outdateness is

additionally considered. In the evaluation of the whole transmission-retransmission duration X, of

each packet, the packet is assumed to be retransmitted immediately whenever outage occurs, and this
retransmission will be repeated until it is successfully delivered (before transmission of other packets)’.
Based on the Lemma 1 [22], (C6) can be transformed to a constraint that directly relate CSIT-dependent

scheduled data rate R; of user j to its characteristic tuple [4,;,T;], and also packet size F.

Corollary 1: A necessary condition for the constraint (C6) is

E(S;R))A-¢) = p,(4,,T;,F), where p,(4,,T,,F)=(((2T 4, +2)+\/(2TJ./1j +2)? —8Tj/1j)/4Tj)F (7
The equivalent rate requirement for user j, in the subsequent context would be referred to, as

5,4, T, F) = p, (4, T, F)/(t, xBW /N ) (in bits/s/Hz).

IV. SCHEDULING STRATEGIES

Optimization problem (5) is a mixed combinatorial (in {s;}) and convex (in {pi}) optimization

® Inpractice N, > K, so there is always a subcarrier available for any particular user j, i.e. E[S;]=1and E[§j] =0.
" Since the target outage probability P . =P

out out,ij

=¢ for each user j’s allocated subcarrier i is fixed for all time slots. As a
result, before each time slot of successful transmission occurs, there are P, /(1-P,, ) outage slots on average (which is

the mean of geometric distribution with parameter 1-P), i.e. the new transmission duration is 1+P,, /(1-P,, ) times
compared to that of the duration with perfect CSIT. Thus, the average service time of user j (in terms of number of time slot),
denoted as  E[X;], can be calculated as, by the total service time of all packets average over the number of packets of user j
E[S,IF

——"i-  asinthe perfect CSIT case [22].
E[SjRj](l_ Pout)

that are ever served, and is given by E[X]=



problem, which is difficult to be solved in general. We shall simplify it in the following ways.
A. Optimal Delay-sensitive Subcarrier, Power and Rate Allocation (matched to the CSIT errors)

Given any CSIT H., the actual CSI H; is Gaussian distributed with mean and variance given by

ij
[H; | I:|ij] = I—A|ij and EHm [(H; - ﬁij )*(Hij - I:Iij) | I:|ij] =o’, respectively. Hence,

H|H

| H; | I(c,, 12) is a noncentral chi-square random variable with 2 degrees of freedom and noncentric

parameter &4 |H P /o%, and with c.d.f. F, (x). To satisfy the target outage probability ¢, the

7:(0)

rate allocation policy is given by:r, =log, (1+ p;o; | I-A|ij IZ/UZZ), where ¢, =F

75(6)

(e)le. (8)

To avoid high complexity in solving mixed integer and convex optimization problem, the Boolean
constraint (C1) is further relaxed to a real number between [0,1] - s; €[0,1] is a sharing factor
indicating fraction of time that user j have occupied the subcarrier i. Together with the definition of
variable p; = p;s; , problem (5) is reformulated as a convex optimization problem in (ﬁij,sij). Using

Lagrange Multiplier techniques [23], the following Lagrangian is obtained as:

L - é(m,)za,a g)log{ %J [zzp., ] Zp,+2¢[2s., 1] ©)

2 9ii =1 i=1

where x>0,y >0,4 are Lagrange multipliers. Using standard optimization techniques [23], we get

the optimal power and subcarrier allocation stated in the following Theorem 18,

Theorem 1: Given CSIT realization H ={I:Ii} optimal subcarrier allocation Sopt(H) [s;] is:

. .k 1 1’ j = j*
Fori=1:N., Perform| j"=argmax¥,(c.,e |H. ) s = , END 10
" [J Al ( R ) : {O otherwise] .

The corresponding optimal power allocation opt(H) [p;] isgiven by:

by =53 (e —1/ (¢ 19, ) (1)

where  (x)* =max(0, x), ¥; (Cj,(/)ij | I—AIij |2) (Iogz(c ;| HIJ & )) ( j—]/((/)ij | I—AIij |2))+ is a

function of scaled channel gain ¢; | H. [ and ¢, =W@+y)A-¢)/u isthe user j’s water-level.

il

& Without loss of generosity, we assume o? =1 (unit noise variance) in subsequent descriptions for presentation simplicity.



In Theorem 1°, subcarrier allocation strategy (10) can be decoupled between N subcarriers, and thus

a greedy algorithm with linear complexity is feasible - N_xK only. The optimal power allocation

~ - - - - - 10
P.(H)=[p;] expressed in (11) can be interpreted as a multi-level water-filling strategy™ It means

those users with urgent packets have to transmit at higher (urgency and outage target dependent) power

level, while non-urgent users (with strict inequality E[V\7j] <T,) have same power level.

Note that some user requirement specifications may not lead to feasible solution in problem (5). The

minimum required power P

min,opt

to support delay constraints (or equivalent rate requirements ;) for
all users specified in problem (5) is given by P, . :E[(]/NF)ZEZ:.;Sij (c;—1/ (e 1H; )1,

. .y . Ne ~ N ~ .
where c; is user j’s water-level by solving E[Zi=1 s; (log, (c;o; | H; 1)) 1=p;,V].

V. ASYMPTOTIC CROSS-LAYER GAINS

It is well-known that the cross-layer SNR gain (without delay constraint and under perfect CSIT)

scales as G)(Iog(K))11 for large K (see [3] for example). In this section, we shall study the asymptotic

cross-layer gain of the proposed delay-sensitive scheduler and various existing schedulers under
heterogeneous delay constraints and outdated CSIT. For illustration, we consider an OFDMA system
with 2 classes of users (K delay-sensitive Class 1 users and K; delay-insensitive Class 2 users).

Given average delay requirements (T,,T,) and arrival rates (4, 4,), (or equivalent rate requirements

P, P,) for class 1 and class 2 users, P, =P, . (where B

min,opt

IS minimum required power to

satisfy delay constraints) and large number of users K(=K;+K3), the following lemmas summarize the

cross-layer gains and minimum power requirement with heterogeneous users and outdated CSIT.

Lemma 2: The conditional cross-layer SNR gains for Class 1 and Class 2 users are both

E[s,o, |H, s, =1 jeClass,]=0((1- 02, )log(K)), vd =1, 2, for large (1- o2, )log(K). (12)

° Note that subcarrier allocation in (10), derived as an optimal solution to relaxed problem of (5) is also optimal solution to
original problem (5). It is because ‘¥; (c;,¢; | ﬁij [) are different for different user j with probability 1 since I-A|ij are i.i.d.

for different j. As a result, s;; is almost surely either 1 or 0 in (10).
1% The methodology to find the water-levels described in our previous work [22] is also suitable for the current context.



In the subsequent analysis, the following naive baseline schedulers (designed assuming the CSIT is
perfect) will also be investigated and compared:

1) Pure opportunistic scheduler [1,2,3]: In subcarrier allocation part, each subcarrier i is assigned to
the best user j~ through the rule - j =arg max .« | I—AIij . In power allocation part, it performs
single level 1/ waterfillling, i.e. P; :(1//1—]/| I—A|ij § )+ is power allocated to user j in subcarrier i.

2) Fixed assignment strategy [1,2,3]: Each subcarrier is always assigned to a fixed user, and power is

evenly distributed among subcarriers. In both 1) and 2), the rate allocation is r; =log, (1+ Py | I—AIij |2).

Lemma 3: The minimum required power (to satisfy the delay requirements) of proposed cross-layer
scheduler B;, .., pure opportunistic schedulerP,; .. and fixed assignment Ppinsived are given by
(5K +52K,)((1-¢)Ng ) (max 5y )2(Ky +Kz)/Ne (max 5y )2(Ky+K)/Ne B
I:)min,opt =0 2 2 ' I:)min,OS =0 2 2 ' and I:)min,fixed =0 2 2 L
(1-0%4 )log(K, +K,) (1-0% )log(K, +K,) (1-0%4)
respectively, where p,(4,,T,,F) isthe equivalent rate constraint of class d user mentioned in (7).

Hence, the relative saving in minimum required power using the proposed cross-layer scheduler

compared to opportunistic scheduler is P, o, /Py o, = ©(2IFMe7 A a /) Gie y g

to fixed assignment is P /Pmin,opt — @((2((2(maxd Pa)-Pr/(1-¢))Ky+(2(maxg ﬁd)—ﬁz/(l—s))Kz)/NF ) |Og K) . BeSideS,

min, fixed

the proposed CSIT-error considerate scheduler gives fastest gain in goodput per unit increase in power:

Lemma 4: Suppose total goodput at P, =P, and P, +AP are denoted by G, andG;
respectively. The total goodput gain (AG =G, .., -G, ), under proposed cross-layer scheduler,

pure opportunistic scheduler and fixed assignment, per AP increase in power over, P ., P o

AP ,ENFIog2 1+ AP ,andiNFIog2 1+ AP
Pmin,opt 2 I:)min,OS 2 I:)min‘ fixed

Proof: Proof of Lemma 2, Lemma 3 and Lemma 4 are presented in the Appendix A.

and By, e are given by (1—5)NF|ogz£l+

H a, =0(b) iflimsup, , [ac [/|b, |<ooand limsup, ,, b [/]a [<oo.



A. Asymptotic Performance Analysis results’ interpretations

The intuition behind the cross-layer SNR gain (with outdated CSIT) in Lemma 2 is given as follows:
1) Impact of heterogeneous delay requirements: The proposed scheduler can still retain the same

order of multiuser diversity gain ®(log(K)) as K — o, even with heterogeneous delay constraints. It

is because each subcarrier would be assigned to the best user from one class. This best user (such as
from class d), is chosen according to pure opportunistic scheduler in single class scheduling [3], already

achieves a ®(log(K,)) gain. Thus no matter the final selected user belongs to which class, the final
multiuser diversity gain is better than or equal to the class d’s gain ®(log(K,)) (i.e. ©(log(K))).

2) Impact of CSIT outdatedness: Since the factor Fl’zl( 0 () grows in the same rate as the noncentral

parameter &4, P = Fl’zl( g)(g)/ ¢ does not affect the growth order of multiuser diversity gain, and

hence E[g,. | H} 1=0((1-02,)log(K)) (Lemma 2). In one extreme (o3, =0, perfect CSIT), the
multi-user diversity gain is given by @(Iog(K)) as presented in [3]. In the other extreme (o2, —1,

no CSIT), the multiuser diversity gain still approaches ©((l-o?%,)log(K)) with large

(1-o0?2,)log(K) (i.e. fast growth in K), but approaches ©((c?,/2)F; (¢)) (no multiuser

73 (n/(0% 12))
SNR gain) with (1-o2,)log(K) — 7 (i.e. limited growth in K). In general, for intermediate CSIT
errors, the cross-layer SNR gain decreases linearly as o7, increases and exponentially more users K
is needed to compensate for the penalty of poor CSIT quality o7, .

Comparisons of cross-layer gains of the proposed scheduler over various schedulers are further
summarized as follows (with derivation details to be presented in Appendix A):
3) Cross-Layer Gain Comparison: Table 1 and Figure 2 summarize the asymptotic cross-layer gains

of various schedulers. The proposed scheduler is shown to have a huge P, saving to support all
users’ delay constraints due to 1) multiuser diversity gain (it corresponds to P,.. saving in horizontal
direction in Fig. 2, the saving is in a rate of log(K)) and 2) proper handling of users’ requirements
(corresponds to P, saving in vertical direction in Fig. 2, i.e. P, can be achieved to satisfy a lower
total equivalent rate requirement - pHK, +p,K,, in contrast to that of other schedulers -

max {5, 2, } (K, +K,)); it also provides fastest goodput gain AG for every unit increases of transmit



power AP due to 3) proper outage handling (characterized by the slope in Fig. 2, that depends on the

ratio between target probability (1—5) and 1/2 non-outage probability in conventional schedulers).

V1. SIMULATION RESULTS

In this section, we present the simulation results to illustrate the performance of the proposed
cross-layer scheduler for OFDMA system with heterogeneous delay requirements in the presence of
CSIT errors.

A. Simulation Model

In the simulation, an OFDMA system, with total system bandwidth of 1.024 MHz consisting of 64
subcarriers with 5 independent paths and 5 users, is considered (with two classes of users specified by

arrival rates and delay requirements (%, T)={(4,T,),(4,,T,)} (in packets per time slot, time slots),

and some unclassed users having no delay constraint (with requirements of 1000 time slots)).
Scheduling slot duration would be 2ms. We assume all mobile users suffer the same path loss from BS.

The target outage probability of each subcarrier is set to P, .. =0.01. Each packet consists of 1.024

out,ij

kbits and each point in the figures is simulated from 5000 independent realizations.

B. Simulation Results

In this section, we compare the performance of the proposed CSIT error considerate scheduler, with
that of the conventional naive opportunistic scheduler [1, 2, 3] and naive MAX-WEIGHT" scheduler
proposed in [12, 13] (which treats the outdated CSIT estimate as the perfect CSIT) and the conventional
baseline reference — fixed power and subcarrier assignment. It is remarked that all schedulers under
comparison have the same linear complexity in terms of number of subcarriers and users.

1) Goodput Comparison

Figure 3 shows the proposed optimal CSIT error inconsiderate scheduler provides substantial goodput
enhancement over opportunistic scheduler [1, 2, 3] and MAX-WEIGHT scheduler [12, 13] and fixed

assignment in the presence of CSIT error (o, =0.05). It also shows the impact on goodput

performance of the proposed scheduler upon different CSIT errors. When &2, increases (from 0 to

0.05), there would be a small decrease in goodput, and the minimum required power supporting all

12 In [12, 13], the author considered the QSI-CSI considerate MAX-WEIGHT scheduler, and named it as LQHPR scheduler.

In current context, this scheduler would consider each subcarrier i to be assigned to the best user j* =argmaxg; | |5|ij P
je[LK]



delay constraints would increases. (Noted that existing schedulers cannot even provide desired delay
performance to classed users within average transmit power region shown in Figure 3 (see Table 1).)
2) Delay Performance Comparison w.r.t. background traffic loading and CSIT errors

Figure 4 illustrates average delay versus background traffic loading. It shows conventional schedulers

cannot provide any delay guarantee even under small CSIT errors o2, =0.05 (P,; =11dB). Besides,

as arrival rate of background user increases, the delay performance of all users under opportunistic
scheduling and MAX-WEIGHT scheduling degrades significantly. On the other hand, the proposed
CSIT error considerate scheduler can satisfy the delay requirements of users 1 and user 2 regardless of
background users’ loading at the expense of delay performance of delay-insensitive background users.

Figure 5 illustrates the average delay performance versus CSIT errors (P, =15dB). It shows, using

CSIT error inconsiderate schedulers, the delay performance of all users degrade significantly even in

very low o2, due to significant packet outage (refer to Table 1). In contrast, the proposed CSIT error

considerate scheduler can achieve delay requirements of class 1 and 2 users even under high o2, .

In short, performance gain in goodput and delay performance satisfaction shown in these simulation

results matches well with the analyses (explanations) shown in Section V A.3 (with Fig. 2 illustration).

VII. CONCLUSION

In this paper, we have proposed an analytical framework on OFDMA cross-layer scheduler design for
delay-sensitive users with heterogeneous delay requirements and outdated CSIT. We proposed a
modified M/G/1 queue model (taking care of packet errors and retransmission) to transform the delay
constraint into an equivalent rate constraint. The cross-layer design problem is formulated as a convex
optimization problem which takes account of the outdated CSIT, source statistics and queue dynamics
of the OFDMA systems. The optimal delay-sensitive power, rate and subcarrier allocations are obtained
and the proposed cross-layer scheduler offers a nice balance between maximizing goodput and
achieving delay requirements of heterogeneous delay-sensitive users. Asymptotic performance analysis
showed large multiuser diversity (SNR) gain, goodput gain and minimum power requirement saving
can be achieved by the proposed scheduler over conventional naive baseline schemes through proper
consideration of multiuser diversity, heterogeneous delay constraints and CSIT outdateness. Simulation
results further showed that the proposed scheduler can achieve substantial goodput gain while

satisfying the delay requirements of all delay-sensitive users under high CSIT error and traffic loading.



APPENDIX

A. Asymptotic Performance Analysis of the proposed scheduler over conventional schedulers

In this appendix, we investigate asymptotic performance of various schedulers under delay-sensitive
cross-layer framework with imperfect Channel State Information at transmitter (CSIT).

1) Asymptotic P, requirements

a) Proposed scheduler (Proof of Lemma 2 and Lemma 3)

Define the best user within each class d perceived by subcarrier i to be j(d,i)=arg max(cjgaij | I—A|ij § )Cj ,

jeClassy
where ¢; = (1+ 7 )(1—3)/y is the water-level of user j. Noted that water-levels of all users from the

same class are the same, i.e. ¢; =c(1),Vj eClassl, c¢; =c(2),V]j'eClass2 and let c(1)>c(2).

The pdf of ¢, | I—Alij(d'i) | for each class d is given by:

~ — X Ao 1R, L (€)
~ot K 1g 1-ok 3 (Xl 12))
P [Hiwn ['=7)=[Ky@-e 7)% e ! (J/ o Lot rr 2

(A1)
dx 22 (xK(o3y, 12) (@)

The pdf of s, @i | I—A|ij(1’i) [? can be obtained as: (pdf of s, ;0 | I—Alij(zyi) > is similarly derived)
p(sij(l,i)¢ij(1,i) | HAij(l,i) |2: 7)

= p((”ij(l,i) | |:|ij(1,i) |2= 7) Pr((c(l)(pij(l,i) | HAij(l,i) |2)C(1) > (0(2)(/’ij(2,i) | |:|ij(2) |2)C(2) ‘(Pij(l,i) | I:Iij(l,i) |2= 7)+ Pr(sij(l,i) =0)o(y)
(A.2)

ko x x d(@% [DF L . (e)
— Kle l-on (1_e l-o4n )K1*l(1_e 1-oxy )Kz [J/ d}(;(( l(oan 12)) + Pr(su(]ﬂl) — 0)5(7/)

where 5(y) is "delta function”, (c(1)(c2, / 2)F ) ()@@ /c(2) =(c%, I12)F}
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Moreover, as K; and K; is large, it can be shown that c(1)/c(2) — 1, thus the conditional diversity

gain for each class d (d = 1, 2) from multiuser diversity (i.e. the average SNR of class d selected user) is

given as: (Notice that d’ is used to denote the other class, i.e. if d = 1, then d’ = 2, and vice versa)

X X,

A * 2 1 e _1-:§H Kq-1 _ﬁ Ky
E H‘ 2 1= E[sij(d,i)(pij(d,i) | Hij(d,i) |2] _ ,[0 Kq (o /Z)F;(ZZ(XI(G'iHQ)) (¢)e (1-e )¥(1-e )" dx
[Sij(d,i)(ﬁij(d,i) | ii(d.i) | |Sij(d,i) =1]= PI(s, -1 = X

X X
ij(d.i) j: Kde 1-02, (1_e 1-62 )del(l_e 1-62 )Kd‘dx

) G)((o-jH 12) F;%l(n/(aiwn) (g)j,where (1-0% )log (K, +K,) > 7 <o as K, —> o

=®((a§H J2)F 3 (s)j _ (a3

15((1—0,@ Jin(Ky+Ko) (% /2))

G)(f (5)(1—0';4 )Iog(K1+K2)),Where (1—o-§H)Iog(K1+ K,)—>wasK,; >

In most setting of &, f(&)—>1as K, »>o,K, > in(A.3). The above integral with ¢(1) = ¢(2) = 1



could be found in [3] (with only single class consideration).

The B, required satisfying delay constraints of all Class d (d =1, 2) is calculated as follows:

Koy =(1-¢)E [ZS”(d iy 10g, (c(d)@; 4 | H.,(d.) )], vd, where 5, is the equivalent rate constraint of class d users
i (A4)

Ne
P.  =E[-— L ZZSU P 1=Prs;q;, =@ +Prls;,; =1c(2), since selection process is independently identical Vi

min,opt
N F i=l j=1

For performance comparison with other existing schedulers, we will focus on the more interesting

case when (1-o2, )log(K,+K,)— oo in the subsequent description. By (A.4), we have
AH 1 2

Z Kypy = |:zpislj(d,i) log, (c(d )("ij(d,i) | HAij(d,i) |2)} (1 5) N Ion( min opt®((1_G§H )IOg(K1 + Kz))) (A.5)

i=1 d=1

Asaresult, P . @((2‘%*”“2” (=) f(1— 62, ) log (K, + K )))
The following sub-sections b) and c¢) will give asymptotic minimum power requirements for various
existing schedulers. Since they either improperly handled outage (when &2, >0) or neglected delay

differentiation/guarantee of different users’ classes, the P

min, (existing

, Uused to satisfy delay constraints of

all users occurs when each user’s goodput is the same as the most stringent equivalent rate requirement.

b) Fixed assignment strategy

is calculated as

min,fixed

A~ |2
In fixed assignment strategy, ‘Hij‘ is used as the actual ‘Hij‘ The P

]E[log A+ Punies [H P VB [IDFA PRI (A)

max Py = (
ﬁ[lHiil ]:(17%”) EH[ HIF '”H <My ”}1/2

K1+K2

Thus, P

min,fixed —

®((2(mfx’3d)2(K“K2)/NF —1)/(1—0§H )) when CSIT is outdated, i.e. o2, >0.

C) Pure opportunistic schedulers presented in [1, 2, 3]

For pure opportunistic scheduler, its P; ., can be calculated as follows:

K +K, 2

mgx,sd;E{isulogz( mmOS|Hu|)EH|H[I[|H”|<|H”|]ﬂ Ne 3 Liog, (P, o E Eq [ 1M, |2|sij=1])(A-7)

9((175§H Jlog(K; +K,))

Thus, Py os = @((Z(m‘QM’)Z(KNKZ)/NF )/(1—a§H )log(K, + Kz)). The same P, result could be observed



when our proposed scheduler is operated under perfect CSIT assumption (when CSIT errors occur).

2) Asymptotic Goodput Performance

a) Proposed scheduler

From (A.5), the total goodput at P, Is G,

‘min,opt

= (1-¢)N, log, (Pmm,op@((l— ol )log (K, + Kz))) :

+ AP can be calculated (similar to the result in (A.5)) as

in,opt

The total goodput at P

min,opt

G,

min,op

o =(1-&)N, log, ((Pmmyopt +AP)O((1- 02, )log (K, + Kz))).
Thus the change in total goodput per AP unit change in total available power is given by:

AG =G, Gy, =(1—&)N,log, (1+AP/Py o )- (A.8)

min,opt +AP min,opt

b) Other existing schedulers

These schedulers’ total goodput changes are AG=G, ., -G,  =(1/2)N;log, (1+ AP/Pyiy oising )

In both cases — 2) a) and b), the total goodput ist:l KP4 +AG, where AP=PR ;. -P

min *
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Proposed scheduler

Fixed assignment strategy

Pure opportunistic

scheduler
Pmin @ 2’((#_71K1+52K2)/NF @ 2x(mdaxﬁd)(K1+Kz)/N; _1 ’ 2’((m§\x[7d)(K1+Kz)/NF _1
(1-0%4 )log(K, +K,) (1-0%) (1-0% )log(K, +K,)
k=1-¢£,6€(0,1/2] K=2 K=2
Goodput Gain N
P AG =(1-¢)N¢ log, | 1+ AG :ENF log,| 1+ AP AG==N_log,|1 AP
(AG ) min,opt ) 2 IDmin, fixed min,0S

Table 1: Comparison of Cross-Layer Gains of the proposed scheduler versus fixed assignment strategy and pure

opportunistic scheduler.

A
} 1|::> @\ \1‘31\1\
| \‘\ ! T
\\ ‘\*\ \\ -
h \\i 31 \\ 7
. NN yas
- I\ N )
General Cross-Layer Design Model | — ) s
} AN ! \\\ /7
Wireless Channel ‘ NN
[ ) | \\\H/ /
User 1 _ D LY
Buffer Link 1 | ° TRV
ohile 1 ! AR
° ® | [ Vo T ,/
° s AN S
i N
° ° "j/w\//’//}v e
i /o /// \
User K Link N N = @ﬁs
Buffer L L \
Mobile K | /\\(/5'5/ ’(\\ \
‘ ® V]
Information from Information from i S
1 i R gl
higher layers, e.g. QS| Lphysical layer, e.g. CSI | P — YT
Ne
» Cross-Layer Scheduler (Performs e T . Subcarrier
Scheduling and Resource allocations) wherd is a constant Allocation
Qst -
|

OFDMA System

Power and Rate

Allocation

Outdated

MAC Scheduler
(Maximize Average Total Through )‘51—@

s.t. Heterogeneous Delay Constraint)

CSIT
CSI

CSIR

User K
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Figure 2. A graphical illustration of asymptotic performance comparison of various schedulers (in terms of order of
growth of goodput performance per unit increase of transmit power)
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Figure 4. Average delay vs background traffic loading with various schedulers - user 1, user 2 have delay constraints
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