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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 In practice, users have heterogeneous delay requirements and CSIT usually becomes outdated 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 ( )log KΘ  

in conventional cross-layer scheduler with perfect CSIT, we demonstrate a cross-layer SNR gain of 

( )( )21 logH Kσ ΔΘ −  can still be achieved under heterogeneous delay constraints and outdated CSIT 

with error variance 2
Hσ Δ . 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applications, delay-sensitive cross-layer scheduling, outdated channel state information (CSI) 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 

Design and Analysis of Delay-Sensitive 
Cross-Layer OFDMA Systems with Outdated CSIT 



 

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 

states1, 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)2 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 

                                                 
1 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]3.  

 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 KΘ ) 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 FN  subcarriers and thus, it has linear complexity with respect to 

FN . Furthermore, we obtain closed-form asymptotic performance of the proposed delay-sensitive 

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

scheduler with perfect CSIT, a cross-layer SNR gain of ( )( )21 logH Kσ ΔΘ −  is still demonstrated under 

                                                 
3 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 2
Hσ Δ . 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 II describes the system model, including downlink 

channel model, multiuser physical layer model, source model and MAC layer model. Section III 

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 

Signal Bandwidth Coherent BandwidthcL BW f⎢ ⎥ ⎢ ⎥= Δ =⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦  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, ( )jh m , can be modeled 

through a L-tap delay line channel model, i.e. 1
,0

( ) ( ) ( )
L

j j ll
h m h m m l Wδ−

=
= −∑ , where { },j lh  are 

modeled as independent identically distributed (i.i.d.) circularly symmetric complex Gaussian (CSCG) 

random variables with distribution ( )0,1CN L . , ( )j lh 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 
*

, 0,[ ( ) ( )] (2 | | )j l d sj lE h m h n J f m n tπ= −  if l l=  (else 0), where 0(.)J  denotes zero order Bessel 

function of the first kind, st  is scheduling slot duration, and df  is Doppler spread of the channel 

(with st  coherent time, i.e. 1s dt f ). With FN -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: 

 ij ij ij ijY H U Z= +      (1) 



 

where ( i  denotes subcarrier index and j denotes user index) ijY  is the received symbol, ijU  is the 

data symbol from BS, ijZ  is the noise distributed with ( )20, zCN σ , 1 2
,0

F
L j li N

ij j ll
H h e π− −

=
= ∑  is the 

channel gain distributed with ( )0,1CN  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 i -th subcarriers of user j is given 

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

i is given by 
2

[ ]ij ijp E U= . We define a subcarrier allocation strategy [ ]
FN K ijS s× = , where 1ijs =  

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

constrained by ( ) 1 1
1 FK N

F ij ij TOTj i
E N s p P

= =
⎡ ⎤ ≤⎣ ⎦∑ ∑ , where TOTP  is available 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, , ( )j lh m , is 

performed based on an outdated CSIT , ( )j lh m D− . Thus the estimated downlink CSIT in frequency 

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

 { }ˆ ,  where  is the CSIT error with zero mean CSCG distribution.ij ij ij ijH H H H= + Δ Δ  (2) 

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 i -th subcarriers of user j is given by (details are omitted for simplicity) 
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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, 2 2
2( )

max ( ; | ) log (1 | | )
ij

ij ij ij ij ij ij zp X
c I U Y H p H σ= = + , is a function of actual CSI ijH , 

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 jth user (which measures the total instantaneous data bits/s/Hz successfully delivered to user j) as: 

 
1

1 if
[ ], where (.) is the indicator function i.e. [ ]

0 if

FN
ij ij

j ij ij ij ij ij
i ij ij

r c
g r I r c I I r c

r c=

≤⎧⎪= ≤ ≤ = ⎨ >⎪⎩
∑ , (3) 

where ijr  is the scheduled data rate of the jth user on the ith subcarrier. 

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

  { } { } ( ){ }ˆ ˆ ˆ ˆ ˆ ,| |1 1 1
[ ] [ ] 1F F FN N N

j H j ij ij ij ij ij ij ij out ijH H H H H H Hi i i
g E g E E r I r c E r E I r c E r P

= = =
⎡ ⎤⎡ ⎤ ⎡ ⎤= = ≤ = ≤ = −⎣ ⎦ ⎣ ⎦⎣ ⎦∑ ∑ ∑ .(4) 

,
ˆ1 Prout ij ij ijP r c H⎡ ⎤= − ≤⎣ ⎦  is packet outage probability for each subcarrier i conditioned on { }ˆ ˆ

ijH H= . 

C. Source Model  

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

rate jλ  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 [ , ]j jTλ , where jλ  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 jλ  

and more delay-sensitive user j application will have stringent delay requirement jT . 

D. MAC Layer Design Model from Cross-Layer Perspective 

The system dynamics are characterized by system state ˆ( , )
FN K KH Qχ ×= , which composes of 

estimated CSIT ˆ
FN KH ×  from Physical Layer and queue state information (QSI) KQ  from MAC Layer 

users’ buffer, where [ ]K jQ q=  is a 1×K  vector with the jth component denotes the number of 

packets remains in user j’s buffer. The MAC layer is responsible for the cross-layer scheduling4 at 

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



 

Cross-layer Formulation: 
Find optimal rate, subcarrier and power allocation policies ( ˆ[ , ]

FN KR H Q× , ˆ[ , ]
FN KS H Q×

, ˆ[ , ]
FN KP H Q× ) s.t.: 

( )

1 1, ,

1

,1 1

ˆmax ( Pr[ | ])

( 1) : {0,1}, ( 2) : 1, ( 3) : 0 ,

( 4) : [ 1 ] , ( 5) : , ( 6) : [ ]
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∑

∑ ∑
stem state and  is the average total power constraint.TOTP

(5) 

every fading block based on current system state χ . 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 ˆ[ , ]
FN KS H Q× , the 

power allocation from the policy ˆ[ , ]
FN KP H Q×  and the corresponding rate allocation from the policy 

ˆ[ , ]
FN KR H 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 II. 

To take into account of potential packet outage, we shall adopt total average system goodput, 
1

K
jj

g
=∑  

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

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 Pout,ij satisfies a target outage 

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

constraint5 where [ ]jE W  is average system time (including waiting time and service time) of user j. 

                                                 
5 Delay constraint could also be defined as delay outage requirement, i.e. each user j has a maximum allowable probability 

jδ  of exceeding a fixed delay requirement threshold jT  [ ( )j j jP W T δ> ≤ ]. But under heavy traffic loading, this delay 

outage requirement can be rewritten as average delay constraint ( )[ ] ln 1j j jEW T δ≤  [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 [ ]jE W  of user j’s packet, can be 

rewritten as, ( )
2[ ] [ ]( [ ] / [ ])( )

[ ] [ ]
2 1 ( [ ] / [ ])

j j j j j j s
j j j

j j j

E X E X E S E S t
E W E X T

E X E S
λ λ

λ
+

= + ≤
−

, where jX  is the effective 

transmission time of the packet of user j (retransmission time for packet outage is also accounted), jλ  

and Tj are user j’s arrival rate and average delay requirement respectively, and jS  is an indicator 

variable of the availability of subcarrier for user j6. Notably, in this paper, CSIT outdateness is 

additionally considered. In the evaluation of the whole transmission-retransmission duration jX  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)7. 

Based on the Lemma 1 [22], (C6) can be transformed to a constraint that directly relate CSIT-dependent 

scheduled data rate Rj of user j to its characteristic tuple [ , ]j jTλ , and also packet size F. 

The equivalent rate requirement for user j, in the subsequent context would be referred to, as 

( )( , , ) ( , , ) / /j j j j j j s FT F T F t BW Nρ λ ρ λ= ×  (in bits/s/Hz). 

IV. SCHEDULING STRATEGIES 

Optimization problem (5) is a mixed combinatorial (in {sij}) and convex (in {pij}) optimization 

                                                 
6 In practice FN K , so there is always a subcarrier available for any particular user j, i.e. [ ] 1 and [ ] 0j jE S E S= = . 
7 Since the target outage probability ,out out ijP P ε= =  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 ( )1out outP P−  outage slots on average (which is 

the mean of geometric distribution with parameter 1-Pout), i.e. the new transmission duration is ( )1 1out outP 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 [ ]jE X , can be calculated as, by the total service time of all packets average over the number of packets of user j 

that are ever served, and is given by [ ]
[ ]

[ ](1 )
j

j
j j out

E S F
E X

E S R P
=

−
 as in the perfect CSIT case [22]. 

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

2( )(1 ) ( , , ),  where ( , , ) (((2 2) (2 2) 8 ) 4 )j j j j j j j j j j j j j j jE S R T F T F T T T T Fε ρ λ ρ λ λ λ λ− ≥ = + + + −  (7) 



 

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 ˆ
ijH , the actual CSI ijH  is Gaussian distributed with mean and variance given by 

ˆ|
ˆ ˆ[ | ]ij ij ijH HE H H H=  and * 2

ˆ|
ˆ ˆ ˆ[( ) ( ) | ]ij ij ij ij ij HH HE H H H H H σ Δ− − =  respectively. Hence, 

2 2| | /( / 2)ij HH σ Δ  is a noncentral chi-square random variable with 2 degrees of freedom and noncentric 

parameter 2 2ˆ| | /ij HHθ σ Δ=  and with c.d.f. 2
2 ( )

( )F x
χ θ

. To satisfy the target outage probability ε , the 

rate allocation policy is given by: 2
2

2 2 1
2 ( )

ˆlog (1 | | ), where ( ) /ij ij ij ij z ijr p H F
χ θ

ϕ σ ϕ ε θ−= + = . (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]  - [0,1]ijs ∈  is a sharing factor 

indicating fraction of time that user j have occupied the subcarrier i. Together with the definition of 

variable ij ij ijp p s= , problem (5) is reformulated as a convex optimization problem in ( ),ij ijp s . Using 

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

( )
2

2 2
1 1 1 1 1 1 1

ˆ| |
1 (1 ) log 1 1

F F FN N NK K K K
ij ij ij

j ij ij F ToT j i ij
j i j i j i jz ij

p H
L s p N P s

s
ϕ

γ ε μ ρ φ
σ= = = = = = =

⎛ ⎞ ⎛ ⎞ ⎛ ⎞
= + − + − − − + −⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠ ⎝ ⎠⎝ ⎠

∑ ∑ ∑∑ ∑ ∑ ∑  (9) 

where 0, 0,j iμ γ φ≥ ≥  are Lagrange multipliers. Using standard optimization techniques [23], we get 

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

                                                 
8 Without loss of generosity, we assume 2 1zσ =  (unit noise variance) in subsequent descriptions for presentation simplicity. 

Theorem 1: Given CSIT realization { }ˆ ˆ
ijH H= , optimal subcarrier allocation ˆ( ) [ ]opt ijS H s=  is: 

 ( )
*

* 2

[1, ]

1,  ˆ1: , arg max , | | , ,
0,F ij j ij ij ij

j K

j j
For i N Perform j c H s END

otherwise
ϕ

∈

⎛ ⎞⎧ =
= = Ψ =⎜ ⎟⎨⎜ ⎟⎩⎝ ⎠

 (10) 

The corresponding optimal power allocation ˆ( ) [ ]opt ijP H p=  is given by: 

 ( )( )2ˆ1 | |ij ij j ij ijp s c Hϕ
+

= −  (11) 

where ( ) ( )( ) ( )( )2 2 2
2

ˆ ˆ ˆ( ) max(0, ), , | | log | | 1 | |ij j ij ij j j ij ij j ij ijx x c H c c H c Hϕ ϕ ϕ
+ +

+ = Ψ = − −  is a 

function of scaled channel gain 2ˆ| |ij ijHϕ  and (1 )(1 )j jc γ ε μ= + −  is the user j’s water-level. 



 

In Theorem 19, subcarrier allocation strategy (10) can be decoupled between NF subcarriers, and thus 

a greedy algorithm with linear complexity is feasible - FN K×  only. The optimal power allocation 

ˆ( ) [ ]opt ijP H p=  expressed in (11) can be interpreted as a multi-level water-filling strategy10 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 [ ]j jE W T< ) have same power level. 

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

minimum required power min,optP  to support delay constraints (or equivalent rate requirements jρ ) for 

all users specified in problem (5) is given by ( ) 2
min, 1 1

ˆ[ 1 ( 1 ( | | )) ]FN K
opt F ij j ij iji j

P E N s c Hϕ +
= =

= −∑ ∑ , 

where jc  is user j’s water-level by solving 2
21

ˆ[ (log ( | | )) ] ,FN
ij j ij ij ji

E s c H jϕ ρ+
=

= ∀∑ . 

V. ASYMPTOTIC CROSS-LAYER GAINS 

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

scales as ( )log( )KΘ 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 (K1 delay-sensitive Class 1 users and K2 delay-insensitive Class 2 users).  

Given average delay requirements ( 1 2,T T ) and arrival rates ( 1 2,λ λ ), (or equivalent rate requirements 

1 2,ρ ρ ) for class 1 and class 2 users, min,TOT optP P≥  (where min,optP  is minimum required power to 

satisfy delay constraints) and large number of users K(=K1+K2), the following lemmas summarize the 

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

                                                 
9 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 2ˆ( , | | )ij j ij ijc HϕΨ  are different for different user j with probability 1 since ˆ

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

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

( ) ( )( ) ( ) ( )2 2 2ˆ[ | | 1, ] 1 log ,   = 1, 2, for large 1 logij ij ij ij d H HE s H s j Class K d Kϕ σ σΔ Δ= ∈ = Θ − ∀ − . (12) 



 

Lemma 3: The minimum required power (to satisfy the delay requirements) of proposed cross-layer 

scheduler min,optP , pure opportunistic scheduler min,OSP  and fixed assignment Pmin,fixed are given by 

( )( )

( ) ( ) ( )
1 2 1 21 1 2 2

(max )2( ) / (max )2( ) /( ) / 1

min, min , min,fixed2 2 2
1 2 1 2

2 2 2 1, , and 
1 log( ) 1 log( ) 1

d F d FF d d
K K N K K NK K N

opt OS
H H H

P P P
K K K K

ρ ρρ ρ ε

σ σ σ

+ ++ −

Δ Δ Δ

⎛ ⎞ ⎛ ⎞ ⎛ ⎞−⎜ ⎟ ⎜ ⎟ ⎜ ⎟= Θ = Θ = Θ
⎜ ⎟ ⎜ ⎟ ⎜ ⎟− + − + −⎝ ⎠ ⎝ ⎠ ⎝ ⎠

respectively, where ( , , )d d dT Fρ λ  is the equivalent rate constraint of class d user mentioned in (7). 

In the subsequent analysis, the following naïve 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 - * 2
[1, ]

ˆarg max | |j K ijj H∈= . In power allocation part, it performs 

single level 1 μ  waterfillling, i.e. ( )2ˆ1 1 | |ij ijp Hμ
+

= −  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 ( )2
2

ˆlog 1 | |ij ij ijr p H= + . 

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

compared to opportunistic scheduler is ( )( ) ( )( )( )1 1 2 22(max ) 1 2(max ) 1
min, min,/ (2 )d d d d FK K N

OS optP P ρ ρ ε ρ ρ ε− − + − −= Θ  and 

to fixed assignment is ( )( ) ( )( )( )1 1 2 22(max ) 1 2(max ) 1
min, min,/ ((2 ) log )d d d d FK K N

fixed optP P Kρ ρ ε ρ ρ ε− − + − −= Θ . Besides, 

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

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

                                                                                                                                                                        
11 ( ) if limsup | | / | | and limsup | | / | |K K K K K K K Ka b a b b a→∞ →∞= Θ < ∞ < ∞ . 

Lemma 4: Suppose total goodput at min min and TOTP P P P= + Δ  are denoted by 
min min

 and P P PG G +Δ  

respectively. The total goodput gain (
min minP P PG G G+ΔΔ = − ), under proposed cross-layer scheduler, 

pure opportunistic scheduler and fixed assignment, per PΔ  increase in power over, min, min,,opt OSP P , 

and min, fixedP  are given by 
2 2 2

min, min, min,

1 1(1 ) log 1 , log 1 , and log 1
2 2F F F

opt OS fixed

P P PN N N
P P P

ε
⎛ ⎞ ⎛ ⎞⎛ ⎞Δ Δ Δ

− + + +⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠⎝ ⎠ ⎝ ⎠
 



 

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( ))KΘ  as K → ∞ , 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( ))dKΘ  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( ) (i.e. (log( )))dK KΘ Θ . 

2) Impact of CSIT outdatedness: Since the factor 2
2

1
( )

( )F
χ θ

ε−  grows in the same rate as the noncentral 

parameter θ , * 2
2

1
( )

( ) /
ij

F
χ θ

ϕ ε θ−=  does not affect the growth order of multiuser diversity gain, and 

hence * *
2 2ˆ[ | | ] ((1 ) log( ))Hij ij

E H Kϕ σ Δ= Θ −  (Lemma 2). In one extreme ( 2 0Hσ Δ = , perfect CSIT), the 

multi-user diversity gain is given by ( )log( )KΘ  as presented in [3]. In the other extreme ( 2 1Hσ Δ → , 

no CSIT), the multiuser diversity gain still approaches 2((1 ) log( ))H Kσ ΔΘ −  with large 

2(1 ) log( )H Kσ Δ−  (i.e. fast growth in K), but approaches 2 2
2

2 1
( ( / 2))

(( / 2) ( ))
H

H F
χ η σ

σ ε
Δ

−
ΔΘ  (no multiuser 

SNR gain) with 2(1 ) log( )H Kσ ηΔ− →  (i.e. limited growth in K). In general, for intermediate CSIT 

errors, the cross-layer SNR gain decreases linearly as 2
Hσ Δ  increases and exponentially more users K 

is needed to compensate for the penalty of poor CSIT quality 2
Hσ Δ . 

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 minP  saving to support all 

users’ delay constraints due to 1) multiuser diversity gain (it corresponds to minP  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 minP  saving in vertical direction in Fig. 2, i.e. minP  can be achieved to satisfy a lower 

total equivalent rate requirement - 1 1 2 2K Kρ ρ+ , in contrast to that of other schedulers - 

{ }( )1 2 1 2max , K Kρ ρ + ); it also provides fastest goodput gain GΔ  for every unit increases of transmit 



 

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

ratio between target probability ( )1 ε−  and 1 2  non-outage probability in conventional schedulers). 

VI. 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 ( ) ( ) ( ){ }1 1 2 2, , , ,T Tλ λ=λ 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 , 0.01out ijP = . Each packet consists of 1.024 

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 naïve opportunistic scheduler [1, 2, 3] and naïve MAX-WEIGHT12 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 ( 2 0.05Hσ Δ = ). It also shows the impact on goodput 

performance of the proposed scheduler upon different CSIT errors. When 2
Hσ Δ  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 

[ ]

* 2

1,

ˆarg max | |j ij
j K

j q H
∈

= . 



 

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 2 0.05Hσ Δ =  ( 11TOTP dB= ). 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 ( 15TOTP dB= ). It shows, using 

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

very low 2
Hσ Δ  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 2
Hσ Δ . 

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 naïve 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 minP  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 ( )
d

2

Class

ˆ( , ) arg max | | jc

j ij ij
j

j d i c Hϕ
∈

= , 

where ( )( )1 1j jc γ ε μ= + −  is the water-level of user j. Noted that water-levels of all users from the 

same class are the same, i.e. '(1), 1, (2), ' 2j jc c j Class c c j Class= ∀ ∈ = ∀ ∈  and let (1) (2)c c> . 

The pdf of 2
( , ) ( , )

ˆ| |ij d i ij d iHϕ  for each class d is given by: 

2 22 2
2

2 1
2 2( /( / 2))2

2 1
( /( / 2))11 12

( , ) ( , ) : ( / 2) ( )

( / 2) ( )ˆ( | | ) [ (1 ) 1 ]HdH H

H x H

x x
H xK

ij d i ij d i d x F

d F
p H K e e

dx χ σ

χ σσ σ
γ σ ε

σ ε
ϕ γ ΔΔ Δ

−
Δ

Δ

−
− − Δ−− −

=

⎛ ⎞
⎜ ⎟= = −
⎜ ⎟
⎝ ⎠

.(A.1)  

The pdf of 2
(1, ) (1, ) (1, )

ˆ| |ij i ij i ij is Hϕ  can be obtained as: (pdf of 2
(2, ) (2, ) (2, )

ˆ| |ij i ij i ij is Hϕ  is similarly derived) 

2 2
1

2
(1, ) (1, ) (1, )

2 2 (1) 2 (2) 2
(1, ) (1, ) (1, ) (1, ) (2, ) (2) (1, ) (1, ) (1, )

1 1 1 1
1

ˆ( | | )

ˆ ˆ ˆ ˆ( | | ) Pr(( (1) | | ) ( (2) | | ) | | ) Pr( 0) ( )

(1 ) (1
c

H H

ij i ij i ij i

c c
ij i ij i ij i ij i ij i ij ij i ij i ij i

xx x
K

p s H

p H c H c H H s

K e e eσ σ
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ϕ γ ϕ ϕ ϕ γ δ γ
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= = > = + =

= − −
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2 2 2 2
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( /( / 2))

(1, )

2 1 (1) / (2) 2 1
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( / 2) ( )
) 1 Pr( 0) ( ) 

where ( ) is "delta function", ( (1)( / 2) ( )) (2) ( / 2) ( ).

HH

H c H

H xK
ij i

c c
H Hx x

d F
s

dx

c F c F

χ σσ

χ σ χ σ

σ ε
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δ γ σ ε σ ε

ΔΔ

Δ Δ

−
Δ−

− −
Δ Δ

⎛ ⎞
⎜ ⎟ + =
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⎝ ⎠

=

(Α.2) 

Moreover, as K1 and K2 is large, it can be shown that (1) / (2) 1c c → , 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) 

2 2 2
'

2 2
2

2 2

11 1 12 12
( /( / 2))( , ) ( , ) ( , )2 0

( , ) ( , ) ( , ) ( , )
( , ) 11 1

ˆ ( / 2) ( ) (1 ) (1 )[ | | ]ˆ[ | | | 1]
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d dH H H
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dH H

xx x
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d H xij d i ij d i ij d i
ij d i ij d i ij d i ij d i x x
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K e e e
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σ σ

σ εϕ
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( / 2) ( ) .(A.3)

1 log , where 1 log  as 
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H K K
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⎝ ⎠ ⎪Θ − + − + → ∞ → ∞⎩

∫

In most setting of ε , ( ) 1 21  ,f as K Kε → → ∞ → ∞  in (A.3). The above integral with c(1) = c(2) = 1 



 

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

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

( ) 2
( , ) 2 ( , ) ( , )

1

min, (1, ) (2, )
1 1

ˆ1 [ log ( ( ) | | )], ,  where  is the equivalent rate constraint of class  users 

1[ ] Pr[ 1] (1) Pr[ 1] (2),  since

F

F

N

d d H ij d i ij d i ij d i d
i

N K

opt ij ij ij i ij i
i jF

K E s c d H d d

P E s p s c s c
N

ρ ε ϕ ρ
=

= =

= − ∀

= = = + =

∑

∑∑  selection process is independently identical i

⎧
⎪
⎪
⎨
⎪ ∀
⎪⎩

.(Α.4) 

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

case when ( ) ( )2
1 21 logH K Kσ Δ− + → ∞  in the subsequent description. By (A.4), we have 

( ) ( ) ( ) ( )( )( )
2 2

2 2
( , ) 2 ( , ) ( , ) 2 min, 1 2

1 1 1

ˆ1 log ( ( ) | | ) 1 log 1 log
FN

d d ij d i ij d i ij d i F opt H
d i d

K E s c d H N P K Kρ ε ϕ ε σ Δ
= = =

⎡ ⎤
= − ≅ − Θ − +⎢ ⎥

⎣ ⎦
∑ ∑∑  (Α.5) 

As a result, ( )( )( )1 1 2 2( ) / 1 2
min, 1 2(2 ) ((1 ) log( ))FK K N

opt HP K Kρ ρ ε σ+ −
Δ= Θ − + . 

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 0Hσ Δ > ) or neglected delay 

differentiation/guarantee of different users’ classes, the min,(existing)P  used 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 

In fixed assignment strategy, 
2ˆ

ijH  is used as the actual 
2

ijH . The min,fixedP  is calculated as  

 

( )2 2
2 2ˆ

ˆ ˆ|

2 2 2
ˆ ˆ2 min, |

1 2 ˆ| | 1 ˆ[| | | | ] 1 2

ˆ ˆmax [log (1 | | ) [| | | | ] ]

ij HH ij ijH H H

F
d fixed ij ij ijH H Hd

E H E E I H H

N E P H E I H H
K K

σ

ρ

Δ⎡ ⎤= − ⎡ ⎤⎡ ⎤⎣ ⎦ ≤ =⎣ ⎦⎣ ⎦

⎛ ⎞ ⎡ ⎤= + ≤⎜ ⎟ ⎣ ⎦+⎝ ⎠
. (Α.6) 

Thus, ( ) ( )( )1 2(max )2( ) / 2
min,fixed 2 1 1d F

d
K K N

HP
ρ

σ
+

Δ= Θ − −  when CSIT is outdated, i.e. 2 0Hσ Δ > . 

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

For pure opportunistic scheduler, its min,OSP  can be calculated as follows: 

( )( )2
1 2

2 2 2 2
ˆ ˆ ˆ2 min ,OS 2 min ,OS|

1 1 2
1 log( )
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Thus, ( ) ( )( )1 2(max )2( ) / 2
min, 1 22 1 log( )d F

d
K K N

OS HP K K
ρ

σ
+

Δ= Θ − + . The same minP  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 min,optP  is ( ) ( ) ( )( )( )min,

2
2 min, 1 21 log 1 log

optP F opt HG N P K Kε σ Δ= − Θ − + . 

The total goodput at min,optP P+ Δ  can be calculated (similar to the result in (A.5)) as 

( ) ( ) ( ) ( )( )( )min,

2
2 min, 1 21 log 1 log

optP P F opt HG N P P K Kε σ+Δ Δ= − + Δ Θ − + . 

Thus the change in total goodput per PΔ  unit change in total available power is given by: 

 ( )
min, min, 2 min,(1 ) log 1

opt optP P P F optG G G N P Pε+ΔΔ = − = − + Δ . (Α.8) 

b) Other existing schedulers 

These schedulers’ total goodput changes are ( ) ( )
min,(existing) min,(existing) 2 min ,(existing)1 2 log 1P P P FG G G N P P+ΔΔ = − = + Δ . 

In both cases – 2) a) and b), the total goodput is 2

1 d dd
K Gρ

=
+ Δ∑ , where minToTP P PΔ = − . 
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Table 1: Comparison of Cross-Layer Gains of the proposed scheduler versus fixed assignment strategy and pure 
opportunistic scheduler. 
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Figure 1. General Cross-Layer System Model (Left) and Cross-Layer Scheduling model under Conceptual Channel 
Model for OFDMA system with heterogeneous application users in the presence of imperfect CSIT (Right) 
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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 3. Total goodput vs. average transmit power with various schedulers – user 1, user 2 have delay constraint of 

T1 = T2 = 2.5. 1 2 0.5unclassedλ λ λ= = = . 
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Figure 4. Average delay vs background traffic loading with various schedulers - user 1, user 2 have delay constraints 

of T1= 2, T2 = 4, respectively. 2
1 2 0.5, 0.05Hλ λ σ Δ= = = . 
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Figure 5. Average delay vs CSIT error variance with various schedulers - user 1, user 2 have delay constraint of T1= 

2, and T2 = 4, respectively. 1 2 0.6unclassedλ λ λ= = = . 

 
 
 
 
 
 
 
 


