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Abstract—We consider a multiuser OFDM system in which

Orthogonal Frequency Division Multiplexing (OFDM) is

users want to transmit videos via a base station. The base g promising solution to combat the problem of inter-symbol

station knows the channel state information (CSI) as well as
the rate distortion (RD) information of the video streams ard
tries to allocate power and spectrum resources to the users
according to both physical layer CSI and application layer FD
information. We derive and analyze a condition for the optinal
resource allocation solution in a continuous frequency rgsonse
setting. The optimality condition for this cross layer optimization
scenario is similar to the equal slope condition for convendnal
video multiplexing resource allocation. Based on our analjis, we
design an iterative subcarrier assignment and power allodion
algorithm for an uplink system, and provide numerical perfor-
mance analysis with different numbers of users. Comparing d
systems with either only physical layer or only applicationlayer
information available at the base station, our results showhat the
user capacity and the video PSNR performance can be increasge
significantly by using cross layer design. Bit-level simuldons
which take into account the imperfection of the video coding
rate control, the variation of RD curve fitting, as well as chanel
errors, are presented.

Index Terms—Radio spectrum management, multimedia com-
munication, OFDMA, wireless power allocation, video codilg
rate control.

I. INTRODUCTION AND RELATED WORK

interference (I1SI) in a wideband communication system. By
allocating different subcarriers to users according touber's
channel state information (CSI) in a multiuser setting, Or-
thogonal Frequency Division Multiple Access (OFDMA) is a
flexible and low-complexity way of managing communication
resources. The problem of assigning resources in an OFDMA
system was first studied in [3], where the authors formulated
and solved a total transmission power minimization prob-
lem for different user quality-of-service (QoS) requirarse
Research in [4]-[7] tried to solve the rate maximization
problem, given power and spectrum constraints in different
communication settings. Because of the complexity of the
optimization problems, most of the work above proposed
numerical algorithms instead of finding analytical solotio
Power allocation for an imperfect CSI case was explored
in [8]. To reduce the complexity of resource allocation
algorithms, chunk-based resource allocation, which makes
allocation decisions on subcarriers in groups, was studied
by [9], [10]. Results show that when the chunk bandwidth
is smaller than the coherence bandwidth, the chunk-based
resource allocation can significantly reduce the comprati

E study video transmission in a cellular wirelesgomplexity while maintaining similar throughput perfornta

communication system, where multiple mobile stationsompared to subcarrier-based resource allocation afgosit
send compressed videos to a base station. We exploit both thity driven resource allocation was investigated by Jj11
characteristics of video content as well as the instantaeq12] and most recently by [13], [14] in an information thetice
wireless channel quality, and design a cross layer resougggting. In these papers, instead of maximizing the sumef th
allocation algorithm to optimize video transmission peifothroughputs, the objective of the optimization is the ollera
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utility, which is a function of throughput.

Regarding the application layer, video rate control algo-
rithms as well as rate distortion (RD) analysis were studied
by [1], [15]-[17]. The results of these papers show that
the complexity (high or low motion) of a video stream can
be reflected by its rate distortion curve. The diversity of
different video RD curves provides us an opportunity to
optimize the overall video quality when multiple video stnes
share the same resource pool, i.e., video multiplexing. In
[18], the authors considered a multiple camera surveilanc
system, and exploited the difference between high comlexi
and low complexity videos. In [19], the economic concept
of competitive equilibrium is used to allocate bit rate. The
authors show that by trading bit rate between users across
time, the video quality of each individual user improvest Fo
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most of the literature on video multiplexing, the resot

pool is either bits or bit rate, and the authors assumi I

error-free scenario. When multiplexing videos in a wire Vo Dats @ o
mobile communication case, bit rates will be determinec B %
the available bandwidth, transmission power and CSI. Is H.264 Video

sense, multiplexing video streams in a wireless envirorti "

with a resource pool of power and bandwidth will be m
challenging than conventional video multiplexing.
In a cellular wireless OFDMA video transmission s

DAC
Add C.P.

i ' | o1 | B =
tem, the CSI as well as the complexity of video strei Encoder Modisiont_~ e B
. . \daptive Xyl /
can be collected by the base station. Both the multi I — Modulation 2 o VP2 p -

8/P Conversion,

channel diversity and video complexity diversity could Subcarrier
used simultaneously to optimize the power and subce Alogeten.
assignment. In [20], the authors propose a joint uplink L M N L
downlink cross layer resource allocation framework with e -
resource being the channel access time duration. In [21 Smm—
[22], the authors study a subcarrier and power assign
problem in a downlink setting, where the subcarrier ass
ment and power allocation are treated as two indeper __ .
steps. To better optimize the system, we propose an iterativ
. . . . . _Fig.
algorithm which allows the application layer and physical
layer to interact. Throughout this paper, we are interested
cooperative setting for a slow fading scenario. Video sra e ration of an OFDM symbol. The baseband transmitted
with high comple.xny shquld be given more subcarrlers W'F?ignal for user: can be written as
good channel gains, while streams with low complexity wil

get a relatively small number of subcarriers.

M .
j2mmt
The rest of the paper is organized as follows: Section ek (t) = Z Z V Pim Xeml[l] exp ( T )H(t — Ty
m=1

first introduces the basic model of the OFDMA system and the ! (1)

video compression rate-distortion model. We then forneulafhere Py and Xj.n[l] are the transmission power and
,m ,m

the problem of cross layer optimization of an uplink celtula,yqeq symbol with unit variance of uséron subcarrien,
system. We derive an optimality condition for this problenai respectively. Also,II(t) = 1,Vt € [0,Tp), and II(t) = 0
continuous channel response setting in Section Ill. A rES®U yiherwise. ’ ’

allocation_algorithm is presented in Section V. We Propose  gince we assume flat fading for each subcarrier, the
two baseline algorithms and compare the performance Wil nass equivalent received signal of ugeon subcarriern

IFFT

1. Cross-layer optimization system transmitter diagr

our cross layer a.Igorit.hm in _Sections V and VI. Finally, weg given by
draw our conclusions in Section VII.
j2mmt
Il. CROSSLAYER RESOURCEALLOCATION SYSTEM Yrem (t) = / PreymHieym Xie,m [1] exp + g (t)
MODEL )
A. OFDMA System Description where ny, ,(t) is Additive White Gaussian Noise (AWGN)

Consider a cellular OFDMA video communication syster%vIth two-sided power spectral densn_t\jo. .
To detect the signal on subcarrier, a correlation oper-

with the set of userg={1, 2, 3 ... K}. The system occupies tion i ; &1 T _2 ™

a total frequency band of (Hz) equally divided intors 210N IS pertormedy, , = 7 Jo Ykm(t) exp(—j2mmt/ 2) L.

orthogonal subcarriens={1, 2, 3 ... M}. We assume that the 11€ noise power can be calculated Bg = E[|Nimn|"] =
2Ny /T and the power for the desired signalfs .| H. m|?.

channel gain within each subcarrier is flat. In our desigohea - i
subcarrier can only be used by one user, but it is possible tbthe modulation format is M-QAM, from [23], the symbol

one user to get more than one subcarrier. error rate (SER) can be approximated as
The system operates in a slotted manner and the length

of one time slot isT, (sec) for both downlink and uplink. SER ~ 40 \/ 3 Prm|Himl|? 3)

One Group of Pictures (GOP) will be transmitted in one time M-1 Py

slot. Let Hy(s) = [Hi1(s), Hi2(s),...Hx,m(s)] denote the

complex channel gain of usér for the set of subcarriers in For a given targe E'R;, the information rate (number of bits

time slots. In addition, we assume that the channel remaig®@ch symbol can carryRy, m (P m, Hk,m) (in bits/symbol)

unchanged for the duration of one time slot. The subcarriean be written as a function of transmission power and cHanne

assignment as well as the power allocation decision will lf@sponse gain:

made on a slot-by-slot basis. A block diagram of the transmit

ter is shown in Fig. 1. Lef" be the data duration arifi,, be R, . (Py .., Hy,m) = min{|log, [1 4 1Psm|Him|*] |, Rimaz }

the length of the cyclic prefix. We defirig) = T'+ T, to be (4
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Fig. 2. Uplink OFDMA video communication system.

wheren = Z-[Q! (SERt/AL)]_2 and R,,.. is the largest target symbol error rate is
alphabet size the system allows. The bit rate (in bits/dem) t
can be written asRy. ., (Pi.m, Hr.m)/To- M

By =Y u-Rim(Prm, Him) - To/To 6)
m=1
B. Video Rate-Distortion Model For the purpose of resource allocation algorithm design, we

Let D (B) be the rate distortion function of uséiin time ignore the effect of channel errors. In Sections IIl and IV,
we use (6) as the channel throughput for our mathematical
slot s, where B is the number of bits the encoder generated.
halysis and algorithm design. The effect of channel ewars

For ea(?h GOP, the mean square error (MSE) distortion can ke performance of the system will be evaluated by simufatio
approximated as [24]

in Section VI.
s B If we plug (6) into (5), then the MSE distortion for user
Di(B) = ax + 5= ™ ) ) can be written as
whereay, v, andwy, are constants which depend on the video ar + bk 7)
: oo ; : . kt —p
content. For video with high complexity (e.g., high motipn) S R (Poms Hiom) + ¢
wy, is relatively large. To protect the data, a channel code of ez L Rem ATk my Sk b

fixed ratew is added. Since the channel slot time is equal
to the duration of one GOP, the number of information bitdere we have divided both the numerator and denominator by
which the physical layer can support for one user with a fixed 7% /70 for simplicity, soby = 7247y, andey = 77y
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C. Uplink Resource Allocation Formulation subject to

In an uplink OFDMA system (Fig. 2), the mobile station§C1)B1 N Bz = 0, (Bl U B2) C Bt
submit the RD valuesa;, by, andcy) of the current GOP in i
their buffers. We assume that the base station has perfdct €R) [ P.(f)df < Pk=1,2
of each subcarrier for each user. Our resource allocatiah go
is to minimize the sum of distortions at each time sloThe
optimization objective is

B

erre,Pk(f) is given by the water filling solution after
the band allocation is decided. GiveR'?, the optimal
band allocation can be viewed as a partition of the band

K Btot = B' U BJP' U Be*tre, Here, BYP' and By are the
min by (8) optimal sets of frequency bands assigned to two users in
£ = 12”: R (s Hioom) + i the sense that the sum of distortions is minimized, and no
iy T e R frequency component if/** exceeds the water level of user

; extra i
where P is the power allocation matrix whose entry in thé" The paramete_B is the set OT band; D,Ot assigned to
k-th row andm-th column, P, ..., is the power allocation of either user. We introduce the following definitions.
the m-th subcarrier for usek. We drop theay, term as it is Definitions I: - opt| : .
constant with respect . a) Let|.| be the bandwidth in Hz, e.glB"| is the optimal

We assume that each user has a total power constrain 8‘PdLW'dth assgned to ulser L p o 24 q
P over all subcarriers and any subcarrier is used by at m Jp Let o = Bofpt ogo(1+nPL(fIHL(f)P)df an
one user exclusively, so the feasible solutions for thid . !
satisfy the followingtwo constraints: o = [ log,(L+nR(f)IHx(f)F)df be the average

. . ByP*
(C1) Form € {1,2,3..M}, if 3k such that, ifPym # 0, gptimal rate (in bits/sec) of two users. Hetd], (f)|> and
then Py ., =0, Vk # &/

|Hy(f)|? are the frequency channel responses of the two
users. LetP;(f) and P»>(f) be the power allocations which

M
(C2)> Py <PVEke{l,2,3.K} obey the water filling solution [25].
m=1 .
For the optimization problem defined in (8), since corf) Define Wi = Pi(f) + ne and We o =

straint C1 is not a convex set, and this optimization proliem 2 (f) + nigrpe to be the water levels for the two
NP-hard, we propose an algorithm for a sub-optimal solutigtsers at the optimal solution. See Fig. 3 and Fig. 4.
with two steps: d) Let# € B be an infinitesimally small bané assigned
Step 1: The base station assigns subcarriers to differems ugo user 2. Note thatH{|* and|H3|* are the channel gains for
according to channel conditions and rate-distortion csirve user 1 and user 2 for bart) respectively. They are constant
Step 2: Given a subset of subcarriers, each user solves $tce the band is infinitesirrlally small.
optimization problem of minimizing its own distortion cw@v e) Let o = (W; — nH+P be the non-negative distance
reduction under the power constraint; between the water level of useiand the noise level of band
We then iteratively update both the subcarrier assignmerp;;iep_ By definition, [z]* = z if 2 > 0 and [z]t = 0 if
(according to the RD curve) and the power allocation stsateg < (. For any frequency bangl of B Wy — 1
(based on the CSI). One of the major differences betweg
our algorithm and those in [21] and [22] is that we allow
application layer information and physical layer inforinat

to interact in our decision process. Before providing thiaitke optimal band allocation 0B and B for minimizing the

of the algorithm in Section IV, we first investigate a conaliti sum of distortions should satisfy (10) at the top of next page

for the optimal so!u'u_on ina cgntmuous chgnnel settingeren for any frequency band assigned to user 2. The proof of (10)
there can be variations within a subcarrier, as opposed tg

. i R . 4h be found in Appendix A.
block fading model. This condition inspires our algorithm. To find the optimal allocation in this cross layer problem,

we wish to maximize the combination of application and
I1l. CONTINUOUS FREQUENCY CHANNEL RESPONSE  physical layer metrics, which is the product of the absolute

1
THIT? > 0.
Br user 2, the value af} is always positive.

Theorem 1: For a continuous frequency channel’t, the

RESOURCEALLOCATION ANALYSIS value of application layer RD slope, as seen in (10),
We consider a system with only two usefs,= 2, in a b;
continuous channel setting. In this scenario, the allocedo Sy = m (11)
3 3

divide the total frequency bani‘°¢ into infinitely small bands
for resource allocation. Note thi,(f)|? is the channel gain
for userk at frequencyf.

and the physical layer information given in (12).
For video RD characteristics in the form db; =

Let B; be the frequency band assigned to uself we @i+ # (11) is the absolute value of the slope of the RD

ignore the upper bound of the modulation alphabet size, thdrve for useri at rater;. In this sense, for an allocation
optimization problem becomes scheme to be optimal, the application layer contribution to

the overall metric should be the slope of the curve instead

b of the distortion value [1], [2]. To solve the optimization

J2 ; [ 1ogo[1 + 1P (f) [ He (f)2]df + cx ©) problem of _Section II, the algorithm should give priority to
B the user with the steepest slope. On the other hand, (12)
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Fig. 3. Water level change for user 1 gaining one band. Themlavel Fig. 4. Water level change for user 2 loses one band. The \eitel raises
drops fromW; to W after user 1 gains one additional bafid from W> to W) after user 2 losing one barttl

subcarriers. In the continuous channel response allgtatio

is an explicit relation between the physical layer rate (|n

analysis, the increment considered for switching betweensu
bits/sec) and channel state information. As the bandwidith 0

vas infinitesimal, whereas in the algorithm, the incremsnt i

0 becomes infinitesimally small, (12) can be considered as the

e bandwidth of a single subcarrier.
marginal rate change (either increase or decrease) oftsngtc
a band from one user to the other. More specifically, one may
treatIn (1 +n¢¢|H?|?) as the direct rate change caused by V. UPLINK RESOURCEALLOCATION ALGORITHM

gaining or losingd, and [ ”'Hi({};H o Ydf as To find a solution to the problem defined in (8), we
design an iterative algorithm which allows physical layer
the corresponding rate decrease orincrease due to the@fffecs| and application layer RD information to interact. This
water level change. The optimal cross layer allocation woulgorithm first assigns the subcarriers purely based on
assign band to the user who has the maximum physical laye&thannel conditions. However, it is possible that the overal
marginal rate increase given by (12) weighted by the slope gdiformance (from an average distortion perspective) tmigh
the RD curve. be better if we assign some subcarriers to a user with worse
To solve (8), given finite subcarrier bandwidths, thehannel conditions, but who might need a greater bit rate.
physical layer metric expression of (12) would not be vadisl, We then try to reassign one subcarrier to the user with the
the frequency bands are modeled as experiencing blockgadisteepest distortion curve slope. To solve a conventiormovi
We thus design an iterative subcarrier allocation algorithmultiplexing bit rate allocation problem, a condition for a
in the next section. Similar to the optimal condition dedveglobal optimum is that users operate at a rate with the same
in (10), the application layer metric is the slope of the RBlope of their corresponding RD curves [1] [19] [26]. Note
curve. We will give users with steep slope priority to accedbat at each iteration we only change the assignment of one
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After subcarrier assignment, each user tries to solve a
MSE distortion minimization problem as follows:

Initialization: bk
Potential SetQ={1,2..} :
min (13)
I Pim 3 logy[l+ 0P |[Hem|?] + ck
Water Filling Soluti (4)
‘ t:urlu:egrsi(;umn mEAk
the Potential Set
!
Slope Calculation: s.t. Z Pk,m < P (14)
k*:argfnin(Sk) mEA(,:)
Subcarrier Reassignment The optimization problem can be further simplified as
and Performance
Change Calculation 2
| max Y 1ogy[1 + 1Py | Himl|’] (15)
Pk,m .
: e
Positive Change Negative Change
The solution to this problem is the conventional power water

Reassign ¥

filling allocation [25]

1 1
Ae o [ Hy,ml?

Qp1 | Pl = I*t,vm e A (16)

where \;; can be found numerically to make the total power
equal toP. Let

re= > logy[L+ 0P, |Hyml|] (17)
mGAS)

Fig. 5. Uplink optimization algorithm flow chart. be the optimal rate (in bits/symbol) uskrgets using water
b

agpe d% .
filing. Then 5, = <= = —(T*i’zk)z is the slope of
5 k
TE=T

subcarrier through a search process, and for every suecarfjie 1-th user's RD curve evaluated at the rate that usés

which is not assigned to the user with the steepest Slo%%signed. Let* = argmin{S),} be the user with the steepest
the calculations of distortion loss for the user losing that

keQ
subcarrier and the performance improvement for the usippe in the potentie_ll _set. Th_is is the user who stands tofthene
with the steepest slope gaining that subcarrier is of Iofffé most from receiving an increment of rate.
complexity. We then make the reassignment of the subcarrieP>teP (3) Subcarrier Reassignment:
that can most effectively reduce the overall distortion. We Ve consider taking one subcarrier away from some other
repeat this procedure iteratively until we run out of th&Se€rs inQ2 and reassigning it to usek”, as userk” has
possibility of reassigning subcarriers. We introduce tH@€ largest marginal performance increment in the potentia

following definitions that will be used in the algorithm. set. We consider each subcarrier < {1,2,3... MP\AP,
Definitions II: which is not currently assigned to usef. We calculate the
a) Letp')) denote the user who is assigned subcamieat MSE performance changeA ) < 0 of user p$;) from

the i-th iteration. For examplepgl) — 3 means user 3 is losing one subcarrier, and the performance gain of the user
assigned subcarrier 2 at the first iteration of the algorithm k", Ax-.m > 0. The rate change for switching subcarriers
b) DefineAgf) to be the set of subcarriers assigned to user!S Similar to the der_ivation for (12) in_ a contir_1uous chaljnel
at thei-th iteration. case, and the details of the calculation are in Appendix B.
c) Define the potential s&? as the set of users that have theince we only take one subcarrier from one user each time, the
potential to improve the average performance by receivir%SE performance loss and gain can be found analytically. We
extra subcarriers, and defif€@| as the cardinality of the then findm® = argmax  (Ag-m — A o ), which
potential set. . me{1,2,3... MP\A

d) Define A;,, > 0 as the absolute value of the videg"aXIMizes the performance change.

distortion change of uset by gaining or losing subcarrier It (B me — Apif?,m*)(ig , We reassign subcarrien”

m. to userk* at iterationi+1, p,, ’ = k*, and return to Step (2)
to updatek*.
Iterative Cross Layer Resource Allocation Algorithm: It (Agm=—A o ..) <0, which means that the overall
Step (1) Initialization: performance will not be enhanced by reassigning any subcar-
initialize 0@ — ar max{|Hy.m|?} for m € rier to userk* , we update the potential s@t= Q\{k*}. User
pm- = gk k,m k* is dropped from the potential set. Uskt will keep the

{1,2,3..M}. Initialize the potential sef2 = {1,2,3...K}. subcarriers already assigned to him, but will not be assigne

We first assign each subcarrier to the user who has the b&sy additional subcarriers. Next, we check the cardinaifty

channel response, and let the potential set be the total set(). |f 2] = 1, we stop, otherwise; is incremented, and we
Step (2) Water Filling and Slope Calculation: go back to step (2) to update.
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Based on our analysis in Section Ill, from the perspectiaways an integer multiple of the subcarrier bandwidth, i.e
of minimizing the sum of distortions, the subcarrier assigni3. = VW/M, ¥ € Z* in the simulation. Further, we assume
ment balances both the application layer metric (the sldpetbat the channel gains are identical within the coherenod-ba
the RD curve) and the physical layer metric. The initiali@at width, but independent between different coherence bands.
step, which is purely based on the physical layer metrid, wil For a system with coherence bandwidth larger than the
most likely mismatch the optimal criteria we described isubcarrier bandwidth, i.e¥ > 1, an MUD based algorithm
(12). The idea of reassignment is that, when we are usipgoposed by [9] [10] allocates subcarriers in chunks, ife.,
the iterative method to allocate limited resources, ther use given user is assigned a particular subcarrier, that ugler w
operating at the steepest rate distortion curve has theitgrioalso get all the other subcarriers in the chunk. For a system

to be assigned extra subcarriers. using MUD with large¥, since individual users could get
multiple chunks with large bandwidth, the resource allmrat
V. BASELINE ALGORITHMS might be unbalanced and the average video performance will

We compare the performance of our cross |ayer Opﬁuﬂ:er a Iarge degradation. To avoid a scenario where a small
mization algorithm to two baseline algorithms, one withyon|Set of users dominate the use of the subcarriers, we design
application layer RD information and the other with onl@" algorithm that limits the number of subcarriers assigoned

physical layer CSI available for resource allocation atiihse €ach user.
station. Definitions IlIl:

a) Define A as the set of users who are eligible for being
A. Application Layer Optimization Algorithm a55|gn§d additional subcarriers; .
PP _ y_ P o g_ . b) Define© as the set of users who have not been assigned
The application layer optimization allocates subcarriety,, sypcarrier yet in the iteration. We design the algorithm
purely based on the RD information of the video streams,cn that each user will get at least one subcarrier;

Since CSl is not used, the allocator will treat all subcasriBe ¢y pefiner as the set of subcarriers whose allocation decision
same when making the allocation decision. As we will see {fLg not been made yet:

the_numencal results, to dete_rmme the number of subcr:arn%) Similar to the application layer optimization algorithtat
assigned to each user, we first choose a PSNR value (€. e the number of subcarriers ugeis assigned. To control

PSNR=28dB). To achieve this PSNR, userneeds video e degree of imbalance in the number of subcarriers thas use
coding rater, based on his RD information. The number ofsceive. we impose set of thresholdswef,n = 1,2..K — 1

subcarriers assigned to tketh user is proportional to the-th ¢, that the sum of subcarriers for any groumafsers will
user’s rate, or

Tk not exceedy,,.
Ly~ M- S 1 (18)  we sety,, for 1 <n < K — 1, equal to
. ‘ E . M — wn—l
where M is the total number of subcarriers in the system. Yn =Pn-1+ |€ K—(n-1) (20)

Subcarriers are then randomly assigned to users.

After being informed of the resource allocation decisiotvhere, forn = 1, this expression reduces to = [¢4£]. In
we assume that users know their CSI, and can use it to sel&&), the parameteris chosen to be greater than or equal to 1,
their modulation and coding scheme. In other words, CSI @d controls the imbalance of the resource allocation. gelar
not used for resource allocation, but is used to determiMalue ofe means that the resource allocation decision will be
the transmitted waveform. Similar to the cross layer arffiore unbalanced, biased to the users who have larger channel
algorithm, userk conducts a water filling calculation forgains. For each individual user, the number of subcarriers
transmission power assignment, and the modulation forsnathreshold, is set to bee times larger than the average
chosen based on (4) for each subcarrier. The source encodlHber of subcarriers per uséf/K subcarriers. Assuming
rate is then determined using (6). that one user has already been assigned the maximum of
P = [e%] subcarriers, the average number of subcarriers for
the remaining K — 1) users is given byM — ¢1)/(K — 1)
. and the resource for any combination of two users is limited
Suppos€Hy ,,, Ha m...Hi ] is the vector of channel by 1 + [e(M — )/(K — 1)] subcarriers. We repeat this

galr;_s Ofl users {1’216} att_ subl;:arnzrm. Slmlll_ar to gpn- process iteratively fom < (K — 1), and the total number
ventional resource allocation based on multi-user diversly o\ cqrriers assigned to any grouprotisers can be found
(MUD), we assign subcarrien to the userk*, where

iteratively using (20). As a specific example, consider &esyis
{IHkWIQ} with 1000 subcarriers, 3 users, aad= 1.5. The threshold

B. Physical Layer Optimization Algorithm

k™ = argmax

! (19) would bev; = 500 subcarriers for each individual user, and

19 = 875 subcarriers for any group of two users. When the
coherence bandwidth is equal to the entire bandwidth, te us
= 'with the strongest channel gain will get 500 subcarriersy An
every user would apply water-filling to allocate power toleaayroup of two users cannot get more than 875 subcarriers, so
assigned subcatrrier. the user with second best channel gain gets 375 subcarriers.
Define B, to be the coherence bandwidth of the systenthe remaining 125 subcarriers are assigned to the third user
For simplicity, we assume that the coherence bandwidth V¢hen the coherence bandwidth becomes smaller, it will be

| Hy|*

M
And, |H,|> = = > |Hy...m|*. After subcarrier assignment



8 IEEE TRANSACTIONS ON COMMUNICATIONS, ACCEPTED FOR PUBLICAON

SER=0.2, SNR=18 dB, W=1, Performance Comparison VI. RESuULTS

T T T
=~ Cross Layer Optimization Error Free
== PHY Layer Optimization Error Free

+ APP Layer Optimization Error Free . .
= © = Cross Layer Optimization Decoder | A S mul ation %tup
= % = PHY Layer Optimization Decoder
-9 -APP Layer Optimization Decoder

We study an uplink OFDM system with 16 subcarriers,
each with a bandwidth of 50 kHz. We evaluate performance by

g% the Peak-Signal-to-Noise Ratio (PSNR), definedPasVR =

%31< 1010g10%._|:_0r all three optimization algorithms, the

) modulation decision will be rounded down to a valid integer
2., value corresponding to a modulation format of MQAM, with

M=4, 8, 16, 32, 64, 128 or 256 based on (4). For example,
if the cross layer allocation assigns a rate of any real value
Ry 4 € [3,4) for user 1 on subcarrier 4, the actual alphabet
size would be 8-QAM. The channel response consists of both
the path loss and multi-path fading, and the magnitude squar
a1t i i : - ‘ ‘ ‘ of the channel can be written a8 ,,|> = o? - K - (3—2)7
Number of Users [25], wherey = 2.4 is the path-loss exponent [25§; is
the distance between uskrand the base station, amg is a
Fig. 6. Video PSNR performance vs. number of users. 0.2 tianger. 16 reference o_Iistance setto 1_Om [25]. In_ additians assumed to
subcarriers=1, average SNR=18dB if only one subcarrier is assignedsus@e a Rayleigh random variable, ah@ is a constant of -24dB.
for PHY layer optimization are limited to be assigned at mhsttimes the \We assume that the distandg between usek and the base
average remaining resources. station is a random variable, and follows a uniform distiiu
between[30, 120] meters. For the user who is 75 meters away
from the base station, the average SNR is assumed to be 18
increasingly unlikely that the total number of subcarrifs  dB if only one subcarrier is assigned. Unless otherwisedtat
a group ofn users will reach the threshold of,. the subcarriers are assumed to fade independently. For the
Physical Layer Optimization Algorithm: physical layer optimization algorithm, we set= 1.5, which
Step 1 Initialization: We initialize A and®© as the complete means that one user cannot be assigned more than 150% of
set of users, i.eA = {1,2,..K}, © = {1,2,..K}, T as the the average number of subcarriers.

29

28

complete set of subcarriefs= {1,2,...M} and¢, is given For all three optimization schemes, we use a rate 1/2
by (20). convolutional code with code generator polynomial [23, 35]

Step 2 Subcarrier Assignment We choose the best chan4n octal, and the coded bits are interleaved across differen
nel gain from all the possible assignments, subcarriers. For example, if one user gets three subcgrrier
the first coded bit goes to the first subcarrier, the secondaod

|\ H, m|2 bit goes to the second subcarrier, etc. We use log-liketihoo

(k*,m") = argmax § === (21) ratio demodulation to detect each bit of the QAM symbol. We

keAmel ([ Hy| then decode the bitstream using soft-decision decodinly wit

eight reliability ranges.

with |Hk|2 - ﬁ % |Hk,m|2, and assign subcarrien* to We use a sequence of CIF videos of total length

. m=1 . . 50 seconds at 30 frames per second. Compression is by the
user A" V\*/e updqtel“ = I'\ ”:f I ET €6, we update baseline profile of H.264/AVC reference software JM 11.0
© =6\ k*, meaning that uset™ has been assigned at Ieasf27]. The GOP size is 15 frames (I-P-P-P) and the frames

. 2
one subcarrier. HeréHy- ,-|" stands for the best Channelinside one GOP are encoded using H.264 rate control. We

response in all possible subcarrier assignment comb'nn:’ati%mode each GOP at rates of 80. 100 120. 140. 160 180

at the current step. o 200, 220, 240, 280, 300, 340, 380, 420, 460, 500 and 600
Step 3 Status Update We check the remaining resourcggps and use these operational points to fit the rate distort
and conduct the following two updates: function D(R) = aj + bi/(R + ci) by nonlinear regression.

1) For everyn, (1 <n < K — 1), we compare the sum of we randomly assign different starting points of the samewid
subcarriers for all groups of users withy,. If the sum is to different users, and the resource allocation decisiaize
equal toy,, for any group, all the users in that group will bein every GOP. The video in the simulation is a travel docu-
excluded fromA. mentary which consists of both high motion and low motion

2) We then check the relation between the number @GOP’s. By assigning random starting points of the same cycli
subcarriers left and the cardinality dd. To ensure that video to different users, we create application layer diigr
each user can get at least one subcarriefT'if= |©|, we among users and yet have the same average complexity over
will terminate the algorithm by assigning exactly one of théme for different users. Each video is encoded at 10 slices
remaining unallocated subcarriers to each of the users wher frame, and any channel error will make the system lose
has no subcarrier yet using (21). We then go back to Steph2 entire slice. At the decoder side, slice copying corsceal
and repeat (21) to assign subcarriers untis empty. losses.
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B. Q/Serns VVIth Dlﬁerent SERt SER[=O41, SNR=18 dB, W=1, Performance Comparison

T T T
=—©— Cross Layer Optimization Error Free|
= PHY Layer Optimization Error Free

—— APP Layer Optimization Error Free

= © = Cross Layer Optimization Decoder [
= % = PHY Layer Optimization Decoder
-&-APP Layer Optimization Decoder

As discussed in Section 1, the uplink resource allo
algorithm needs a target error rate; we usddr,; = 0.2, al 3,
varied the number of users from 4 to 12 in the system
subcarriers. Fig. 6 shows the performance of the thre
mization algorithms. The solid lines represent the nun
results obtained from the RD curves. That is, the re
allocator decides the rate for each user, and the disto
calculated directly fromD(R). This can be considered
error-free distortion, or distortion at the encoder sid¢
dashed lines are the distortion results measured at thele

32

w

Average PSNR (dB)
w
o

N
©

the videos are reconstructed from the bitstream corrug ) R N T
the channel. The effects of packet loss, errorsinRD | TTTeeel >
fitting, and imperfection of encoder rate control are ine e 3
in the simulation.

With SER; set to 0.2, we find that the dec 2, 5 6 7 3 9 10 1 12

Number of Users

bit error rate is small, and distortion curves at the el

and decoder are close. Comparing the performance oi uese
three algorithms, we see that when the number of users in the g. video PSNR performance vs. number of users. 0.1 tanger,
system is small, the physical layer optimization outpaerfer 16 subcarriers\w=1, average SNR=18dB if only one subcarrier is assigned.
the application layer optimization algorithm, and the gap

between the cross layer and the physical layer algorithms

is relatively small. When the system has abundant res SER =025, SNR=18 0B, W=1, Performance Comparison

so each user can be assigned several subcarriers, | 36 ‘ ‘ ‘ : : :
.. . . . =—©— Cross Layer Optimization Error Free|
cross layer optimization algorithm and the physical —#— PHY Layer Optimization Ertor Free
. . . . . 35 +APP LayerOpllmlz‘ailqn Error Free ||
optimization algorithm will allow users to operate at a = © - Cross Layer Opimization Decoder
. . = % = PHY Layer Optimization Decoder
data rate, or in the flat region of the convex RD ci = & - APP Layer Opimization Decoder

Utilizing application RD information in the resource alii
will thus not benefit the overall users’ performance by |
Fig. 7 shows a sample of the performance for individua
in systems with different numbers of users employing the
layer algorithm. In the first row of the plot, we see th
four users are operating near the right end of their RD
and the slopes of users are relatively small. When the ¢
resource for each user gets smaller, the users are fc
operate at steeper parts of the RD curves (see the sec
third rows of Fig. 7). As we increase the number of
in the system to 8 and 12, the gap between the cros
and the physical layer algorithms widens. We conjectu 27, ‘ ‘ g . s ‘ ‘
is because source characteristics play a more import: Number of Users

when many users compete for the available resources.  ui «

SyStem with !arge number of users, it b.ecomes Importan_t IE% 9. Video PSNR performance vs. number of users. 0.2%tangor, 16
combine the information of CSI and RD in the system desig@ibcarriers=1, average SNR=18dB if only one subcarrier is assigned.
for a resource-scarce system, as most users operate on the

steep slope of their individual RD curve. Mismatch of the

physical layer resource with the RD curve would cause a large

loss of system performance. modulation alphabet size will be chosen more conservativel
As seen in Fig. 6, when the system has 12 users, cregsl thus force the video source encoding rate to be smaller
layer optimization outperforms physical layer optimigatiby than forSER, = 0.2. On the other hand, a highER, value
about 1.25 dB, and the gap to application layer optimizatiagill lead to a relatively large gap between the error freevear
is even larger. For a system with average PSNR of 30.5 d&hd curves for PSNR performance at the decoder side, and we
the cross layer scheme can support 12 users, compared &e8 that forSER; = 0.25, the impact of channel errors has
users for physical layer optimization and less than 5 usa@rs &ignificantly decreased the throughput of the system and the
application layer optimization. In this sense, the cros&ila PSNR of the video from the error free scenarios. Comparing
algorithm can almost increase the capacity (the number th& performance of the three algorithms, we see a similar
users a system can support) by 50%. performance gain of adopting cross layer optimization, and
We now change the value fER; to 0.1 and 0.25 the capacity gain by adopting the cross layer algorithmilis st
(Fig. 8 and 9, respectively). When we s€F'R, = 0.1, the around 1.5.

Average PSNR (dB)
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User 1 in 4—-user system User 2 in 4—user system User 3 in 4-user system User 4 in 4-user system
250 600 300 100
200 80
400 200
w 150 m W w 60
] ] (%) %)
Z 100 2 2 Z 40
200 100
50 20
0 0 0 0
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
Rate(bits/s) % 10° Rate(bits/s) X 10° Rate(bits/s) X 10° Rate(bits/s) X 10°
User 1 in 8-user system User 2 in 8-user system User 3 in 8-user system User 4 in 8-user system
250 600 300 100
200 80
400 200
w 150 w w w 60
] (] (%) %)
= 100 e e = 40
200 100
50 20
0 0 0 0
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
Rate(bits/s) X 10° Rate(bits/s) X 10° Rate(bits/s) X 10° Rate(bits/s) X 10°
User 1 in 12-user system User 2 in 12-user system User 3 in 12—-user system User 4 in 12—-user system
250 600 300 100
200 80
400 200
w 150 w w w 60
] ] (] %]
Z 100 = = Z 40
200 100
50 20
0 0 0 0
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6

Rate (bits/s) Rate(bits/s) Rate(bits/s) Rate(bits/s)

x 10° x 10° x 10° x 10°

Fig. 7. Individual user's performance in systems with défe number of users. Each column indicates the same usBreeRtions in systems with four,
eight and twelve users.

C. Systems with Different Coherence Bandwidths

SER[:O.Z, SNR=18 dB, W=2, Performance Comparison
35 T T T

‘ ‘ ‘ In Fig. 10, we set? = 2. For simplicity in the
) e e e simulation, we assume that two adjacent subcarriers have
, &7 PP Layer Optimizton o Free the same realization, and the correlation coefficient betwe
S ~8 ~ PP Layer Opimization Decoder different coherence bands is zero. We observe a very slight
performance degradation for both the cross layer and the
application layer optimization algorithms. From the résul
shown in Fig. 6, which are shown in (11) and (12), since
the cross layer optimization algorithm exploits both phgki
layer multiuser channel diversity and application layer RD
diversity, increasing the coherence bandwidth will noteff
the cross layer optimization’s ability to utilize the amaifion
layer diversity. Similarly, for application layer optination,
increasing the coherence bandwidth will not change the num-
ber of subcarriers assigned to each user, and the perfoemanc
loss is very limited. On the other hand, compared to the
. ‘ ‘ ‘ ‘ ‘ ‘ ‘ scenario ofU = 1, we see a large performance degradation
! " Number of Users for the physical layer optimization. As subcarriers willvea
the same fading realization in groups of two, we lose half of
the frequency diversity. Since physical layer optimizatitnes
not exploit any application layer diversity, losing frequyg
diversity at the physical layer will have a big impact on
the system performance. If we further increaieto four,

I
»

w
o~

Average PSNR (dB)

w
2
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Fig. 10. Video PSNR performance vs. number of users. 0.2tangor, 16
subcarriers\g=2, average SNR=18dB if only one subcarrier is assigned.
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as shown in Fig. 11, the performance for the physica SER=0.2, SNR=18 dB, W=4, Performance Comparison
optimization will further decrease, while the performan * ! ! !
the proposed cross layer algorithm is still robust. Com
the performance between different algorithms, we se ®
when the cross layer optimization can support 12 use
an average PSNR of about 29.5dB, the baseline alg:
can at most support 7 users.

T T T
=—©— Cross Layer Optimization Error Free|
= PHY Layer Optimization Error Free

—— APP Layer Optimization Error Free

= © = Cross Layer Optimization Decoder [
= % = PHY Layer Optimization Decoder
-&-APP Layer Optimization Decoder

~~
~~
~s
~ e
s~

D. Complexity of Iterative Water Filling Algorithm

Average PSNR (dB)

o

To show the path of performance improvement
initialization to convergence of the cross layer algorith
Fig. 12 we plot the average MSE for the systems with di
numbers of users versus the iteration number. To obt:
plot, we observe the MSE values after each iteration fc
individual user and average over the entire video se % ‘ ‘ ‘ ‘ ‘ ‘ ‘
and all the users. The iteration number equal to one ) ° ° " Numberof Users v .
sponds to the performance of the initialization step. Bt
of the greediness of the algorithm, the biggest performance _
improvement occurs in the first few ierations, and MSE carvé® 1t Videe PSR perlamance us number of users. 0-etargor 16
appear to be convex. After the eighth step, we see a very small
performance improvement. As shown in Appendix B, sin
can find the performance improvement switching subc 140 fteration Number vs. Average MSE
at each iteration analytically, the overall complexity t
proposed algorithm is much lower than that of an exhz
search.

28

27

—e— 4 User Error Free
—— 8 User Error Free
=—+— 12 User Error Free
= @ = 4 User Decoder B 4
- =8 User Decoder
=+ =12 User Decoder

100
VII. CONCLUSION

We proposed a cross layer resource allocation fran
for transmitting video in an uplink OFDMA setting, anc
rived an optimality condition for the bandwidth allocatior
continuous frequency response channel. The power al
and subcarrier assignment strategy are jointly decidechl
user's CSl and RD characteristics. Our analytical restio 4or
that the optimal allocation is achieved only if the prodi
the RD slope and a physical layer metric related to the ol SRt oo --e--0--e--e---e--e--0
filling solution, given by (12), is minimized for each bant
each user. With a similar technique of switching banc
increments as in the analysis, we designed an iterativein 0 2 4 6 8 10 12 14

. . . . . Number of Iterations
allocation algorithm. At each iteration, our algorithm
evaluates the application layer metric defined by (11), anu
then greedily updates the resource allocation decisiontlyoi rig. 12, Average MSE vs. number of iterations.
according to (11) and (12). Compared to a resource allatatio
using either only application layer or only physical layer
information, for the same video performance, the crossrlay®hich reassigns bangito user 1. If an assignment is optimal,
optimization significantly increased the capacity of thetsyn, then
and resulted in robust performance as the coherence batidwid b by by by

changed, over the range of parameter values considered in Gu+ + n S( AN+ +( A 1
numerical results. e Te " e " " (Af.zl)

80

Average MSE

601

ml okl SET LEL LEE SET L

whereAr; andAr, are the rate changes caused by switching
bandf. We have two scenarios.

APPENDIXA NN - )
OPTIMALITY CONDITION FOR CONTINUOUS CHANNEL Scenario A: Wi > 1z OF ¢1 >0 N .
ALLOCATION SOLUTION In this case, user 1 would get positive rate gain by

acquiring the additional ban@ In other wordsAr; > 0 and

If an assignment is optimal, any reassignment will ngkr, > 0. Continuing from (A.1), we can go one step further
decrease the sum of distortions. LBf"*, B3*" be the optimal and get

assignment, and leBY”" U 6, BS"" — 0 be a new assignment
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by

5 Ary We are interested in finding the ratio between the rate
(r1+c1)” +Ar (r1 + 1) changes of these two user expressed as (A.10). We then use
< ba Ary (A2) L'Hopital's rule and obtain (A.11).

From (A.3) and (A.11), for a two-user uplink video
transmission scenario, the optimal frequency and power all

_ b e atri , ;
BecauseD(R) = ax + 7t is strictly convex, (A-1) cation scheme should satisfy (A.12) for any frequency band
must be satisfied as we takgl — 0. It is easy to see that assigned to user 2.

as|f| — 0, Tfj;i — 0 for i=1 gnd 2. We thus can drop the  geenario B: 17, < 77\701? or ¢ =0
Ar; (r; +¢;) terms, as they will be small compared to the  1pg ¢ondition means that when we try to switch band
squared term. So the optimal condition is negligible. ¢ from user 2 to user 1, the frequency response of user 1 over
b1 Apr < ba Ar (A.3) this band does not exceed the original water level, and the
(ry + 01)2 L= (ro + 02)2 2 ’ optimal solution will not put any power into this band. Inghi
_ A o caseAr; =0, Ary > 0, and¢f = 0 . If we plug ¢ = 0 into
Now, we are interested in flndlnl%glo e whichisthe ine numerator of (A.11), we have (A.13).
ratio of rate change a$| — 0. Again, in the new frequency Combining both scenarios, for a two-user uplink video
assignment, user 1 gerPt U6 and user 2 getgggpt — g. transmission scenario, the optimal frequency and power all
Fig. 3 shows the power redistribution after switching baénd cation scheme should satisfy (A.12).
Py 4 is the total power user 1 will put over barid after the Similarly, in a system with an arbitrary number of users,
reassignment. Since we considét — 0, P, 4 is collected it is easy to conclude that, for frequency bahtb be assigned
uniformly from B and redistributed uniformly over bandto userj, the (A.14) condition must be satisfied for any user
6. Note thatiy = Pi(f) + iy is the water level of user i FJ
1 before reallocation, antV{ is the level after reallocation.
We then have

(7’2 + 62)2 — ATQ (TQ + 02)

APPENDIXB
PERFORMANCE CHANGE CALCULATION FOR
=W (A.4) REASSIGNING SUBCARRIERS
Consider a usek who gets assigned a set ﬂfﬁj)

where|HY|? = |Hy(fo + %)P is the channel response ovesubcarriers. As discussed in Step (2) of Section 1V, thenogti
the bandd, and f, is the left limit of 6. To go further, we power allocation scheme is
have 1 1

P, =
1 | B 10| & [)\k N Hem|?
Pl,@ = Wl -n 012 opt (A'S) (’L) . .
|HY| 6] + | BY™| vm € A}”. We want to find the video performance degrada-
Before reallocation, the rate for user 1 isfion of userk after losing a subcarrief, i & _Al(f)a x>
[ log, (1 +nP(f) |H1(f)|2) df. After getting 6, the m For the scenario that all the subcarriers’ frequency

Po 1 | P
B[ CHT2 6]

- —2 =

I* (B.1)

BoPt - responses are below the water level,-br > W the
new rate is given by operating rate (in bits/symbol) of uséris given by
P1,9 2 * 2 1 1
logy [ 141 ( Pu(f) — mommer | [HL (1) ) df+ = Y logs [L4n|Hewl* | - ———
’Bl ‘ ) ko0 [ Himl
prt meA,
p (B.2)
|0] log, <1 +n%9|Hf|2> (A.6) Note that we start the resource allocation by assigning the
0] subcarrier to the user with the best response, so we expect
We then can calculate the rate difference as that the condition of{- > ﬁ holds for most of
PoH 9 the subcarriers at the beginning of the iterations. The ovide
Ar, = logy (1 — —— 1P [H1(f)] — | df+ distortion is
, | B (1 +nPu(f) [ Hu(f)]7) bi
ByP! Dy = ap+ 271 -
P log {1+n Him (——7)}4—01@
0] 1og, (1 +77%9|Hf|2> (A7) meEAg;) ? e\ 5 = ST
o _ _ ] _ (B.3)
Similar to the setting for user 17, 4 is the power allocation After losing subcarriern, the water level will increase
for band ¢ and |H$|? is the frequency response of user by
over this band. Fig. 4 shows the power redistribution after 1 1 :
. S AD 1 (B.4)
reallocation for user 2, and we can calculd@tey, b\ ) k .
’ ko 0| Hyml
Wy — 77%2 = Poo (A.8) and the updated video distortion is expressed as (B.5) on the
|Hy | 0] next page.

as well as the absolute value of the rate change given by (A.9)  We can then calculate the performance change of user
at the top of next page. k for losing subcarrierin as —Ay s, = Dy, — Dy. If a userk
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_ 2 nPag | Ha(f)|"
ara = o (14 5 ) = [ s (1 B0 P IHz(f)|2)> v a9

opt
B2

_ nP1o|Hy ()2 ( 1.0 )
Ary e (1 |B§)pt|(1+nP1(f)|H1(f)2)) df + 161 1og, (1 + 5t |H1)
lim 2

AR, T e nPso| Ha() (A.10)
—0 T —0 2,60 2,0 |12
i Ol1og, (1-+n55¢ HEJ2) - e (+ e )
2
Hy ()|
In (1+nof|HY?) — [ |B{’P'|(17-7+‘771;1((f)|\H1(f)|2)(bi)df
lim 27— B A1l
o0 Ary 0117012 G 04 (A-11)
‘ n(1+77¢2| 2|)_B:!;t |BOP'|1+77P2(j \Hg(j|)¢2f
2
b 077602 nlHi (f)? 0
Gy (A ndtlHLE) = ] w4
. <1 (A.12)
b 01176 n|Ha(f)]
Tate? | 10 (1+ne|HI?) _B"f |B°Pt|(1+n1§2(f)|H2(j = o5 df
b 0177012\ _ nlHy (£)|° 0
e | (ot lHEE) = ] e o 1
. =0<1 (A.13)
by In (1+nef|HY2) — [ n|Ha ()| ¢ df
ratca)? 92142 R GG
2
b; 017702 nlHi(f)[? 9
e | (L4 0ot ] )_Bofpt BRCEREnEed
<1 (A.14)
bj 01176 nlH; ()12 0d
(rite;)? In (1+ngf|HP?) = | (B [(1+nP; () H; () 5054
Bt
-~ b
D= ar + D : (B.5)
S to, |14l (7t — e - ety )| o
e(A ) (T~ 7 i)

is given one subcarrier, the performance improvement fatr th [4] Y. Yao and G. Giannakis, “Rate-maximizing power alldoatin OFDM
user can be found in a similar way. based on partial channel knowledg¢EE Trans. Wireless Commun.,
vol. 4, no. 3, pp. 1073-1083, May 2005.

[5] W. Yu and J. Cioffi, “FDMA capacity of Gaussian multiple@ess
channels with ISI,TEEE Trans. Commun., vol. 50, no. 1, pp. 102-111,
Jan. 2002.

[6] Z. Shen, J. Andrews, and B. Evans, “Adaptive resourcecation in
multiuser OFDM systems with proportional rate constrgint€EEE
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