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Abstract— In this paper, we consider on the asymptotic tradeoff powerful error correction coding cannot prevent packet error
analysis between thesystem goodput gaimnd the packet outage from occurring. Therefore, there is a finite probability that
diversity gainin cross-layer OFDMA systems with slow frequency e scheduled data rate exceeds the instantaneous mutual

selective fading and delayed CSIT. The OFDMA cross-layer . f fi ina the t itted ket to b ted
design with delayed CSIT is modeled as an optimization problem Information, causing the transmitted packet {0 be corrupted.

where the rate adaptation, power adaptation and subcarrier Hence, conventional performance measureigpdic capacity
allocation policies are designed to optimize the system goodput fails to account for the penalty of packet outage. The cross-
(b/s/Hz successfully received by the mobiles). We derived simple |ayer design with delayed CSIT is a relatively new topic. In
closed-form expressions for the power and rate allocations as well [2], cross-layer scheduling for OFDMA systems is analyzed
as the asymptotic order of growth in system goodput for general ; L .

CSIT error 2. We found that the system goodputscales in the USINg limited feedback in thg CSIT. The authors also sh_ow that
order of O(log(lj\]az (log K + Ny log log K))) for large K where system throughput scales in the or(_jer(’otlog log_K) with

N, is the packet outage diversitgnd & is the number of user ©ne bit feedback. In [3], an opportunistic scheduling approach
in the cross-layer OFDMA system. Hencegdouble exponentially iS proposed with rate feedbacks from the mobiles. However,
larger K is needed to compensate for the penalty in systemin all these cases, due to the perfect (but partial) feedback
goodput gain due to CSIT errors o2 or packet outage diversity assumption, packet error (packet outage) is not an issue as
Na for large Na. long as the error correction code is sufficiently strong and
hence, these works also considered ergodic capacity as the
performance objective.

In multiuser OFDMA systems, it is well-known that cross- In reality, with delayed CSITin slow fading channels,
layer scheduling (by selecting a set of users with the bgsdcket outage is a key issue and must not be ignored in the
channel condition for each subcarrier) can substantially ioross-layer design or performance analysis. In this case, the
crease the system spectral efficiency due to multiuser diversitpss-layeipacket outage diversitys important to protect the
gain (MuDiv) on system throughput. Theystem throughput packet errors due to channel outage and there is a natural
gain s the first important aspect in cross-layer designs whidtadeoff between theystem goodput gaiand packet outage
is widely known and studied. However, in all these workgliversityin cross-layer systems. In [4], the authors established
the channel state knowledge at the base station (CSIT)aisheoretical framework for the fundamental tradeoff between
assumed to be perfect. With perfect CSIT, packet errors cgpatial diversity and spatial multiplexing gain in point-to-point
be ignored even in slow fading channels by careful raMIMO systems. In [5], the authors extended the framework
adaptation as well as applying strong channel coding for the consider multiuser (uplink) systems. However, in all these
transmitted packets. Hence, system performance is usualiyrks, no knowledge of CSIT is assumed at the base station.
evaluated based oergodic capacity In [1], it is shown that Furthermore, flat fading channel is considered and hence, the
system throughput (ergodic capacity) in cross-layer systemesults cannot be applied in our case with delayed CSIT and
scales withO(log log K) for multi-users systems with perfectfrequency selective fading channels.
knowledge of CSIT at the base station whéfas the number  In general, it is not clear how the asymptotic system goodput
of users in the system. gain in cross-layer OFDMA system and the packet outage

However, in practice, the CSIT can never be perfect datversity tradeoff with each other. It is also not clear about
to either the CSIT estimation noise in Time Division Duplexiow would the system goodput be affected by CSIT errors. In
(TDD) systems or the outdate of CSIT due to feedback deldhis paper, we shall focus on the asymptotic tradeoff analysis
When the CSIT is imperfect, there will be potential packdietween thesystem goodput gaiand thepacket outage diver-

transmission error due to channel outage (packet outage). .
Partial feedback here refers to the limited feedback. Perfect feedback here

The inStantaneoqs mutual information is not known preCiselrléfers to the assumption that there is no feedback errors or feedback delay in
at the base station due to delayed CSIT, so even applying limited feedback.

. INTRODUCTION
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sity gainin cross-layer OFDMA systems with slow frequencyherez(t) is the transmitted signal from the base station and
selective fading and delayed CSIT. The OFDMA cross-laye(t) is complex white Gaussian noise with densify.

design with delayed CSIT is modeled as an optimization Using nr-point IFFT and FFT in the OFDMA system, the
problem where the rate adaptation, power adaptation and sghuivalent discrete channel model in the frequency domain
carrier allocation policies are designed to optimize the systgafter removing the cyclic prefix with length) is:

goodput (b/s/Hz successfully received by the mobiles). Simple

closed-form expressions for the power and rate allocations as yi = Hpx + 2z 3)
well as the asymptotic order of growth in system goodput for ) )

general CSIT error? and packet outage diversity ordaf, Wherex andyy arenp x 1 transmit and receive vectors and
are derived. It is found thadouble exponentiallyarger K is 2 1S thenp x 1 i.i.d. comple_x Gausaan channel noise vector
needed to compensate for the penalty in system goodput g4ith Zero mean and normalized covarianggzz;!| = 1/np
due to CSIT errors? or packet outage diversity, for large (SO that the total noise power across the subcarriers is
N,. unity). Hy, is thenz xnr diagonal channel matrix between the

The rest of the paper is organized as follows. Section € station and theth userHy, = diag [Hy.o, .., Hinp—1],

—j2

wilm
outlines the frequency selective fading model, the CSIT errothere Hy, ,,, = ZlL:_ol hige "7 ¥m € {0,...,nF — 1} are
model as well as the packet outage and system goodghe FFT of the time-domain channel tapsy. o, ..., hx.r—1}-
Section Ill presents the formulation of the cross-layer desigince Hy ., is a linear combination of Gaussian random vari-
as an optimization problem, and the derivation of close@bles,{Hyo,.., Hrn.—1} are circularly symmetric complex
form solution for rate and power adaptation as well as a loksaussian random variables with zero mean and the correlation
complexity subcarrier assignment policy. Section IV providdsetweenH,, ,,, and Hy, ,, is
the derivation of the asymptotic tradeoff between system
goodput and packet outage diversity for large number of users.

—2jmL(m—n)

11—e¢ nE

Section V concludes with a summary of results. E [HiemHiy] = fw = Memn- (4)
Il. SYSTEM MODEL AND CAPACITY Observe thaty, ., = 0 when (m — n)L is integer multiple

A. Notation of np. Hence, we can dividéHy, o, .., Hg p—1} iNt0 Ly =

In this paper, the following conventions are adpotéd. ne/L 9“’“'05’ where each group hdsiid. elements, as
denotes a matrix angt denotes a vectoX' denotes matrix follows:
transpose an&” denotes matrix hermitian = ” denotes Hi.o Hpq Hyp. 1
exponential equalitySpecifically,f (z) = g(z) with respect to Hy. 1, Hy1. 01 Hk,IQLS—l
the limit z — a if limy_q 1122’;8; =1.4“>7and“<” are : . .
defined in similar manner. Finall@(.) denotes thasymptotic I I ' I% '
tight boundand O(.) denotes thesymptotic upper bound k,(L—1)Ls k(L-1)Ls+1 k,LLs—1

Hy o Hy 1 Hir,—1

B. Frequency Selective Fading Model

. o . . n other words, there aré independent subbands (labelled as
A downlink transmission in OFDMA system is conS|deredl. = 0,1,2,.... L 1) in the np-subcarriers withl., correlated

The channel is assumed to be time-invariant, frequency de

. subcarriers in each subband.
lective channel model. The numbers of resolvable paths are

. _ W . . .

approxmgtelyL = |ar | whereW |§ the S|gnallban.dIW|dth C. CSIT error model

and Af. is the coherence bandwidth. For simplicity, we o ) ]

assume uniform power-delay profile so that each path had™or simplicity, we consider TDD systems (with channel
normalized power given byt/L. Consider a time-invariant reciprocity) and assume the CSIR is perfect but the CSIT is

L_tap de'ay line channel modeL the channel impu'se respor%gdated. The estimated CSIT (t|me domain) at the base Station

between the base station and th¢h user is given by: for the k-th user is given by:
L1 hiy = higa+Ahyy  Ahgy ~CN(0,0%) 1€ {0,1,..,L—1}.
n k,l k,l k,l k,l » Ve 5 Ly ey
WTik) = hnd(r = 55) @)
n=0 Hence, the estimated CSIT in frequency domaintf subcar-

where {h; .} are modeled as independent identically didier) Hyn, afternp-point FFT of {Ay, ..., hx,L—1} is given
tributed (i.i.d. ) complex Gaussian circularly symmetric rary:
dom variables with zero mean and variar%eeTherefore, the
received signal of thé:-th user can be represented as the
follow:

I‘i’k’m = Hk:,m + AH}C,m AH/“m ~ CN(O, 0'3) (5)
where Hy, ,,, is the actual CSIT of then-th subcarrier for the

L-1
i (t) = Z hiema(t — W) + 2(t) (2) Kk-th user,AH; , represents the CSIT error which is circular
"0 symmetric complex Gaussian (CSCG) random variable with
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zero mean and variane€. The correlation of the CSIT error policy B* are given by:
between then-th andn-th subcarriers of usek is given by:
" given by (P*R*, A, B*) = arg_max_Uyoodput (A, B, P, R)
—2jmL(m—n) P.R,AB IO

2 1— n
E[AHy ,AHE] = %% 6) such that
1—e rF Pyt (k,H)
Finally, the CSI between th& users are i.i.d.. L1 npp .
=Pr(re > Y D loga(lt 2 [Himi ) )
D. Instantaneous Mutual Information and System Goodput n=0 meBy, siid
Let By, denotes the set of subband indices= {0, 1, ..., L— =€ (©)

1} assigned to thé-th user. The instantaneous mutual inforghere 1, is the number of correlated subcarriers in one
mation between the base station and hth mobile (given sybband. The key to solve the above optimization problem

the CSIRHy) is given by: is on the modeling of the conditional packet outage proba-
Lo—1 " |2 bility P,,.(k,H). Using similar approach as in [7], we have
NEPk kmLs+n Tk
Cr(Hg) = 1 1 — 7 ; LsNag _1)L,
k(Hy) r;) mGZBk 062 ( + L,Ny ) ™ Py (k,H) = © <in;s2(3k);a'g/]\7d @ e d 1)L Ny prlk)L AL for

. . . high SNR wheref - .- . Is the cdf of non-central
where L, is the number of correlated subcarriers in onaJ Xi"sz(?k)"’g/N%(x)
ckju-square random variable; with 2N, degrees of freedom,

. . C
subband/V, is the number of independent subbands allocat?won-centrality parameter?(By) — N%i Soen, \ffk,mLerle

to the k—th user (for diversity protection for packet outage _ 2
and p;, is the transmit power allocated to theth user. In and varianceg:.

generally, packet error is contributed by two factors, name)y rata and Power Allocation Solution

channel noise and the channel outage. In the former case, as . ) ,
long as we can provide sufficient strong channel coding (e.g.The target packet ou_tag.e constraint in (9) for high SNR is
LDPC) with sufficiently long block length (e.g. 10Kbytes) totduivalent to the following:

protect the information, it can be shown [6] that Shannon's NEPE 1

capacity can be approached to within 0.04 dB for a target "% = LsIValogs [ 1+ NyL. Fa ez, (€) ) (10)

FER of 10~%. Hence, packet errors due to the first factor is, . L . . .
practically negligible. On the other hand, the channel outageSlng (10) and taking into consideration of the total transmit

effect is systematic and cannot be eliminated by simply usi ower constrainf, the Lagrangian function of the optimiza-

strong channel coding. This is because the instantaneggg problem in (9) is given by:

mutual informatioR Cj,(H}) between the base station ahd L{pr},N)

th user is a function of actual C$;, which is unknown to (1 —€)LyNy nEDPE 1

the base station. Hence, the packet will be corrupted whenever = g Z log, (1 + NyL. in;SQ(Bk);Jz/Nd(6)>
the scheduled data raie exceeds the instantaneous mutual keA

informationCY. In order to account for potential packet errors, —)\(ZkeAPk - R) (11)
we shall consider theystem goodpub/s/Hz successfully de- i o .

livered to the mobile station) as our performance measure. W8ereé A > 0 is the Lagrange multiplier with respect to the

assume the packet errors are due to channel outage (schedi@i& transmit power constraint. Using standard optimization
data rater, exceeds the instantaneous mutual informatiorffCNiques, the optimal power allocation and optimal rate
The average total goodpuis given by: allocation are given by (for alt € A(H)):

+
1 K . ., LNy (1-¢ 1
Ugoodput(AvB,vPaR) = EE}"I Zfrk PI‘[T’k < Ck|H] Pr = ng by - F)ZQI 2(By) Z/Nd(€>
kS 0e

k=1
) 1—e)F3. . € *
where R = {rq,...,rx} is the rate allocation policyP = rt = | LsNylog, 0~ I g Buyoz/nal®)
{p1,-pr + Dok < Po} is the power allocation policy |, A

{A} is the user selection policy with respect to the outdatedl \jsar and Subcarrier Allocation Solution
CSITH, {B} is the subband allocation policy with respect to . _
{5} policy P The combinatorial search foA and {B;} are coupled

Na independent subbands. among thenp subcarriers due to the constraint that each
IIl. CROSSLAYER DESIGN FOROFDMA SYSTEMS By, should containV,; independent subbands. As a result, we
shall propose a low complexitgreedycombinatorial search
algorithm to obtain the admitted user s&t and the subcarrier
allocation sets{B;}. The proposed algorithm is shown to

2The instantaneous mutual information represents the maximum achievaBfdli€ve close-to-optimal performance by numerical simulation
data rate for error free transmissions. in figure 2. The algorithm is summarize as follow:

The optimal power allocation policy?*, rate allocation
policy R*, user selection policy4d* and subband allocation
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Step linitialize A* =0,B; =0, a user selection list
Agerection Which include all user indices and a
subband selection lisBgejection, Which include all
independent subband indices.

Step 2nitialize a temporary listT}, for all user inAgcection
to store subband indices.

T, = arg max > | Hp L, 2
MEBselection

|Tx|=Na

2

Step 3Select usek = arg  max > | Himr,
keAselection meTy

Step 4Put the selected users into st and the correspond-
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.
40 60 80 100
Number of independent subband allocated to selected user

ing allocated subbands into sBf.
Step SRemove the selected users and the selected subbands . -
1Ig. 1. Asymptotic system goodput versus packet outage diversity drger
from Agciection @nd Bgejection @and repeated step 2

until all the independent subbands are allocated to
users. 10

— — — Exhaustive Search
o\ Greedy Schedular

IV. ASYMPTOTIC TRADEOFFANALYSIS FORHIGH SNR \ ~ — Round Robin

gk \ Exhaustive Search

We shall first introduce the following important lemma
based orordered statistics

Lemma 1 (Extreme Value Theorenlet {Q,...,Qx} be
a set of K i.i.d. central chi-square random variables with
degrees of freedom and varian@g and Q* = maxy, Q. We
have Pr [Q* = © (02 (log K + nloglog K))| > © (@) af
for large K.
Proof 1: Please refer to appendix A. ‘ ‘ ‘ ‘ ‘ ‘
As a result, the average system goodput is given by: oo oo e s e n 8
Theorem 1 (Asymptotic System Goodput for High SNR):

SI:I [ Z;adput (I:I)]

=0 {(1 —€)log, (inl;p;og/m(e)zﬂoﬂ . (12

System goodput(bit/s/Hz)

Fig. 2. A comparison of the average system goodput versus number of order
diversity with different scheduler at High SNR=20 @8, = 0.01,Np =
1024

replacingag by 1&:5, the cross-layer goodput gain in (12)
reduces to:

Proof 2: Please refer to appendix B.

A. Frequency Diversity at Small Target Packet Outage Prob- E|
ability e

;Zodput(ﬂ)] (14)
o[(1 )1 (Pl_ag(l K + Nylogl K))}
= —€)10 (o) 0g 10 .

It can be shown that for a givers?, the inverse s\ & 4708708
cdf of non-central chi-squareX is given by F;l(e) =

: Comparing with the well-known cross-layer throughput gain
et/Nag2 (Ng!)'/Na exp (N:ag() for smalle. As aresult, using of O(loglog K), we observe that for largeV,, the cross-
(12), the average packet outage probability,, (k) scales with layer goodput gain (at diversity order df,) is reduced to
the SNRP, (at a given average goodput) in the order of: O(logloglog K) because for largéV,, the fluctuation of the
R aggregate CSI of each user (sum2d¥, i.i.d. random vari-
Pout(k) = Eg {Pout(k,H)} =0 (PO*Nd) (13) ables) is reduced substantially. Henadmuble-exponentially
larger number of users are needed to compensate for the loss
for sufficiently smalle. Hence, N, diversity order protection jn cross-layer goodput gain due 1, diversity or CSIT error
is achieved on packet outage. o2. Figure 1 shows the asymptotic system goodput versus
the number of independent subbands allocated to user with
different CSIT errorss? at ¢=0.01 andP,=20 dB. For large
For a givene, the inverse cdf ofX can be expressed asN,, the cross-layer goodput gain is decreased substantially
Fi'(e) = O(s?) asymptotically for larges®. As s?(B;) = (scales in the order aP(loglog log K) instead of the conven-
N%, Y meB,, |Hy..m1.+n|? is central chi square distributed withtional O(loglog K)). On the other hand, the average packet
2N, degree of freedom. Hence, by using the Lemma 1 awoditage probability scales in the order(@(PO*N""). From these

B. Cross-Layer Goodput Gains at Largé
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results, we can deduce that there is a natural tradeoff betweeithen the equation is equivalent to:
packet outage diversity ordéy¥,; and the cross-layer goodputb b b
. K K K .
gain. —(n—l)log( ) —(n—2)0(10g (02>> = log K.

o2 o2
V. CONCLUSION Thus,byx = o2 (log K + (n — 1) loglog K + O (logloglog K))

In this paper, we explore the asymptotic trade-off betweexs it satisfy the above equation. Noticing the CDF of
cross-layer goodput gain and packet outage in OFDMA dow#- =  ax is given by F'X (), then substitutingy as
link system, with delayed CSIT in slow fading frequency, log log K in equation (16) and from equation (15),
selective channel. We formulate the cross-layer design as
a mixed convex and combinational optimization problenp . {—log log K < max zy — bx < log logK} >1-0 (
Due to the delayed CSIT, it is critical to account for po- T 1<k<K - -
tential packet errors (due to channel outage) and we con- APPENDIXB: PROOF OFTHEOREM 1
sider tptal sys_tem goodput as our optimization objective. By Given the CSITH, the conditional average goodput of the
allocating N; independent subbands to a user, the packlg_tth user f € A*(ﬁ)) for high SNR P, after cross-layer
outage probability drops in the order SNR M. On 0

the other hand, thesystem goodpuscales in the order of scheduling is given by:

logK) ’

O(log (152 (log K + Nyloglog K) ) for large K in_high G2 oy (FD)
: . .
SNR. Hence,double exponentlallyarger K is needfad to (1— €)LsN, in;sz(Bk,);ag/Nd(e)PO”F
compensate for the penalty in system goodput gain due to = ——F—-— Z log, NaLJ|A7] .
packet outage diversityW, or CSIT errorso? for large N. e kEA* ds
(18)
APPENDIX

Consider selecting one user with the Iarge%(tﬁ;@,j) from
K users. Using the result in Lemma 1, we hav¢H; B}) =

Consider a sequence of i.i.d. random variablg hav- 1-0? . . .
ing central chi-square distribution with degree of free- \ Na (IOgKJrNdIOglOgK)) with probability 1 (for suf

dom 2. Each z, is characterized by the CDF ofﬁcier?tly large K). Assume thatK_>> |A] and_if we ignore
.ol ” the inter-dependency (or coupling constraint) in the user
F(z) = 1—e 22 Z_:Om (52)" the PDF of f(z) = selection result between different users, we hek(@l; B;) —

= 2
1-0o?

mxnfle*ﬁ,l’ > 0, where ¢2 is the variance of (’)( o (logK+NdloglogK)> with probability 1 for all
the complex Gaussian random variables. Define the growather usersk € A*. Hence, the result follows by direct

function g(z) = 1}%‘;(;) and we have substitution into (18).

APPENDIXA: PROOF OFLEMMA 1
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