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Abstract—We study an uplink video communication system
with multiple users in a centralized wireless cell. The multiple
access scheme is Orthogonal Frequency Division Multiple Access
(OFDMA). Both physical layer channel state information (CSI)
and application layer rate distortion (RD) information of video
streams are collected by the base station. With the goal of
minimizing the average video distortion across all the users in
the system, we design an iterative resource allocation algorithm
for subcarrier assignment and power allocation. Based on the
physical layer resource allocation decision, the user will adapt the
application layer video source coding rate. To show the advantage
of this cross layer algorithm, numerical results are compared with
two baseline resource allocation algorithms using only physical
layer information or only application layer information. Bit-level
simulation results are presented which take into account the
imperfection of the video coding rate control, as well as channel
errors.

Index Terms—Cross layer design, multiuser video communi-
cations system, OFDMA, video multiplexing.

I. INTRODUCTION AND BACKGROUND

With the increasing demand for video and multimedia
wireless communications, system designs which account for
source characteristics have been studied intensively, and tech-
niques like multiple description coding [3] [7], unequal error
protection (UEP) [2] [4] and joint source channel coding [9]
[11] have been developed. By allocating different subcarriers
according to each user’s channel state information (CSI) in
a multiuser setting, Orthogonal 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 studied in [21] [22] with
the goal of either maximizing the physical layer sum rates,
or minimizing the total power consumed to achieve a certain
quality of service (QoS). Utility-driven resource allocation in
OFDMA was investigated in [15] [16], and most recently in
[12], in a statistical setting.

On the other hand, video multiplexing aims to improve
the overall video quality when multiple video streams are
sharing the same resource pool [17] [18] [23] . In [23], the
authors considered a multiple camera surveillance system. By
exploiting the difference between high and low motion videos,
the long term video average performance of the system can be
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improved. References [17] and [18] use the economics concept
of competitive equilibrium to allocate bit rate. For all of these
papers, and most of the other literature on video multiplexing,
the resource pool is bit rate, and the authors assume an error-
free scenario. When multiplexing videos over a wireless chan-
nel, bit rate will depend on bandwidth, transmission power,
modulation format and CSI. Thus, multiplexing video streams
in a wireless environment with a resource pool of power and
bandwidth will be more challenging than conventional video
multiplexing.

In a cellular wireless OFDMA video transmission system,
knowledge of the CSI as well as the complexity of the
video streams can be collected by the base station. Both the
multiuser channel diversity and video complexity diversity can
be used simultaneously to optimize the power and subcarrier
assignment. In this paper, we are interested in a cooperative
setting, which means that users will honestly report their RD
information to the base station, and the goal of our cross layer
resource management is to optimize the average performance
of the video transmission across all the users in the system.
Similar to the camera surveillance system, video streams with
high complexity should be given more subcarriers with strong
channel gains, while streams with low complexity can be
sacrificed and get a relatively small number of subcarriers.
Power allocation should be done according to the CSI and
satisfy certain physical layer transmission requirements.

The rest of the paper is organized as follows: Section II
presents both the physical layer and application layer models,
as well as the cross layer optimization framework. Section
III describes our proposed cross layer resource allocation
algorithm, and Section IV presents two baseline algorithms
for comparison. Simulation results are introduced in Section
V, and Section VI draws the conclusions.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. Physical Layer System Model

We consider a centrally controlled celluar OFDMA video
communication system with the set of users k={1, 2, 3 ...
K} who want to communicate videos to the base station. The
system occupies a total frequency band of W (Hz) and is
equally divided into M orthogonal subcarriers m={1, 2, 3 ...
M?}. The bandwidth of the mainlobe for each subcarrier is
AW = W/M (Hz). We assume that the channel gain within
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each subcarrier is flat, but different subcarriers will experience
independent fading. We further assume that each subcarrier
can only be used by one user, but it is possible for one user to
get more than one subcarrier. All users adopt adaptive QAM
modulation, and the alphabet size of the modulation format is
determined by the resource allocation decision.

The system operates in a slotted manner, and the
length of one time slot is 75 (sec). One Group of Pictures
(GOP) will be transmitted in one time slot. Let Hy(s) =
[Hi,1(s), Hi2(s), ...H am(s)] denote the complex channel
gain of user k for the set of subcarriers in time slot s. In ad-
dition, we assume that the channel remains unchanged for the
duration of one time slot. The subcarrier assignment, as well
as the power allocation decision, will be made on a slot-by-
slot basis. In this paper, we ignore the effect of Inter Symbol
Interference (ISI) as well as Inter Carrier Interference (ICI),
as research in [14] shows that accurate time and frequency
synchronization can be achieved using a reasonable amount
of overhead.

Let T" be the data duration and T, be the length of the
cyclic prefix. We define Ty = T' + T, to be the duration of
an OFDM symbol. The lowpass equivalent transmitted signal
for user k can be written as:

M
i (t) = Z Z v Pro.m Xk m[l] exp(j2mmt /T (t — 1)
I m=1
(D

where P, ,, and X, ,,,[!] are the transmission power and coded
symbol, respectively, of user k on subcarrier m. Also,

I‘(t):{(l)

Since we assume flat fading for each subcarrier, the equivalent
received signal of user k£ on subcarrier m is given by:

t €[0,Tp)
otherwise

2

Yi,m (t) = / Py Hieym X 1] exp(j2rmt ) T) + ng,m (t)
3
Ng,m is Additive White Gaussian Noise (AWGN) with two-
sided power spectral density Ng.
To detect the signal on subcarrier m, a correlation
operation is performed:

1 T
Vi =7 [ sm(®esp(-jzmme/Tidr )
0

The noise power can be calculated as Py = Ny/T and the
power for the desired signal is Pk’m|Hk,m|2.

If bits are modulated by MQAM, from [13], the symbol
error rate (SER) can be approximated as:

SER ~ 4Q(\/M3— 1

and, for a target SFE R;, the transmission rate (number of bits
each symbol can carry) Ry . (Pi,m, Hg,m) (in bits/symbol)
can be written as a function of transmission power and channel
response gain:

Pk,m|Hk,m‘2
Py

) ®)
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Fig. 1. Uplink OFDMA Video Communication Transmitter Diagram

ka’b(Pk,ma Hlmm) = mm{ I_IOgZ [1 + nPk7m|Hk:,m|2]JyRmaw}

(6)
n = %[Qfl (%)}_2 and R,,., is the largest alphabet
size the system allows. The bit rate (in bits/sec) then can be
written as: Ry m (Pt.m, Hie,m)/To-

B. Application Layer Model

Let D} (R) be the rate distortion function of user k in time
slot s, where R is the number of bits the encoder generated.
For each GOP, the mean square error (MSE) distortion can be
approximated as D} (R) = ay + Rikc;c [19], where ay, by and
¢y, are constants according to the content of different videos.
For video with high complexity (e.g, high motion), the value
of b, would be very large, while for low motion videos, one
would expect to see small by’s. Since the channel slot time is
equal to the duration of one GOP, the transmission rate that

user k can expect is:

M
Re =Y Rim(Prm, Him)/To @)

m=1

The block diagram of the transmitter of the system can
be found in Fig. 1. To protect the information data, a channel
code of fixed rate u is added. The information data rate which
the physical layer channel can support is:

M
Ri =u Y Rion(Prm> Him)/To ®)

m=1

In Section III, we will first ignore the channel errors and use
(8) as the channel throughput for our mathematical analysis
and algorithm design. The effect of channel errors will be
evaluated by simulation in Section V.



C. Cross Layer Optimization Problem Formulation

We assume that each mobile station submits the RD
information (ag, bg, and c¢;) values of the current GOP in its
buffer. In addition, we assume that the base station receives
perfect CSI for each subcarrier from each user. The cross-
layer optimization tries to minimize the sum of distortions
of all users. Mathematically, the optimization problem can be
written as:

K b
min 3 — +tax  (9)
F=Yeg + 70 22 Rim (Prm, Hem)
m=1

We also assume that each user has a total power constraint
of Py, over all subcarriers, and each subcarrier can only be used
by one user, so the feasible solution for this problem should
satisfy the following two constraints:

(Cl)Form € {1,2,3.. M}, if 3k’, Py 1, # 0, then Py, = 0,
Yk # k'

M
(C2)S. Pim < Py For k € {1,2,3..K}

m=1

Unfortunately, this optimization problem is NP-hard. In-
stead of finding the global optimum, we propose an algorithm
for a sub-optimal solution.

III. ITERATIVE CROSS LAYER RESOURCE ALLOCATION
ALGORITHM DESIGN

To solve the optimization problem defined in (9), we
design an iterative algorithm which allows physical layer CSI
and application layer RD information to interact with each
other. This algorithm first assigns the subcarriers purely based
on the channel conditions. However, it is possible that the
overall performance (from an average distortion perspective)
might be better if we assign some subcarriers to a user with
worse channel conditions, but who might need a greater bit
rate. We try to reassign one subcarrier to the user with the
steepest distortion curve slope. To solve a conventional video
multiplexing bit rate allocation problem, a necessary condition
for a global optimum is that users are operating at a coding
rate with the same slope of their corresponding RD curves
[8] [18] . Note that at each iteration we only change the
assignment of one subcarrier through a search process. For
every subcarrier which is not assigned to the user with the
steepest slope, we calculate the distortion loss for the user
losing that subcarrier, and the performance improvement for
the user with the steepest slope gaining that subcarrier. This
calculation is of low complexity because only one subcarrier is
involved. We then change the assignment of the subcarrier that
can most effectively reduce the overall distortion. We repeat
this procedure iteratively until we run out of the possibility of
reassigning subcarriers.

We now introduce the following definitions that will be
used in the algorithm.
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Definitions:
a) Let 65,2,,) denote the user who is assigned to use subcarrier
m at the ¢-th iteration. For example, 951) = 3 means user

3 is assigned to use subcarrier 2 in the first iteration of the
algorithm. 4

b) Define Ag) to be the set of subcarriers assigned to user
k at the i-th iteration.

¢) Define the Potential Set (2 as the set of users that have
the potential to improve distortion by being assigned extra
subcarrier(s), and define |{2| as the cardinality of the potential
set.

d) Define Ay, as the video distortion change of user &

by gaining or losing subcarrier m.
Iterative Cross Layer Resource Allocation Algorithm:

Step (1) Initialization:
Initialize 0%} = arg max{|Hy. ,,|?} for m € {1,2,3..M}.

Initialize the potential sket 0 ={1,2,3..K}.

We first assign each subcarrier to the user who has the
best channel response for that subcarrier, and let the potential
set be the total set.

Step (2) Water Filling and Slope Calculation:

After subcarrier assignment, each individual user k solves
an MSE distortion minimization problem with a set of subcar-
riers A,(;) as follows:

bi,
min (10
Py mmeAl) U > logo[l+ 77Pkﬂr1/|HkJn|2]/T0 + ¢k
mEAS)
st. Y Pum <Dy (1)
mEA)(:)

Here, we drop the aj terms as they are constant with respect
to the power.



The optimization problem can be further simplified as:

Z log,[1 + nPk,m|Hk.,m|2]
mEAS)

max
Py meAL)

(12)
The solution to this problem is the conventional power
water filling allocation [5]:

. 1 1

= —— " Vme A®
k,m [)\k 77|Hk,m|2] k

13)
where A\, can be found numerically to make the sum of the
powers equal to Py. Also, [z]* =z if x > 0; and [z]* = 0 if
x < 0. Let

* u *
Ty = ? Z 1Og2[1 + nPk,m‘HhmF} (14)

0
mEAEJ)

be the optimal rate (in bits/sec) user k can get by using water
filling. We then calculate:

by

bi
S, = —TEFcr -k (15)
Ty, . (i)’

Tk:Tk

which is the slope of each distortion curve evaluated at the
rate that the user is assigned. Let

k* = argmin{Sy}
keQ

(16)

be the user with the steepest slope in the potential set. This
is the user who stands to benefit the most, because he has the
largest drop in distortion.

Step (3) Subcarrier Reassignment:

For each subcarrier m € {1, 2, 3M}\A,(:) which is not
currently assigned to user k*, calculate the MSE performance
gain of the user k*, Ay« ,, > 0 by acquiring subcarrier m,
and the MSE performance loss —A 09 m < 0 of the user (97(,?
from losing one subcarrier. In principle, we need to redo the
water filling algorithm for any subcarrier reassignment, and
the detailed calculation is omitted here for simplicity.

Let m* = arg max (Agsm — AWO) m) which
mef1,2,3.. MPAL "
maximizes the performance change.

If (Age = — Ae,(,?,m*) > 0, we reassign subcarrier m*
to user k* at iteration i+1, Hﬁﬂ)
to update k*.

If (Ag+ m» fAQ%)7m*) < 0, which means that the overall
performance will not be increased by reassigning any subcar-
rier to user k* , we update the potential set 2 = Q\{k*}. User
k* will be dropped from the potential set. This means that user
k* will keep the subcarriers that he has already been assigned,
but will not be assigned any additional subcarriers. Next, we
check the cardinality of Q. If |Q] = 1, we stop, otherwise, we
increment the iteration index ¢ and return to step (2) to update
user k*. A block diagram of the algorithm can be found in
Fig. 2.

= k*, and return to Step (2)
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IV. BASELINE ALGORITHM DESIGN

When both physical layer CSI and application layer RD
information is available at the base station, the cross layer op-
timization algorithm iteratively adjusts the resource allocation
decision and video encoding rate. To get a perspective as to
how much we can gain by the cross layer optimization, in this
section we assume that only application layer or physical layer
information is collected by the base station, and two baseline
resource allocation algorithms are designed for comparison.

A. Application Layer Optimization Algorithm

Suppose that only the RD information of the users is
used by the base station for resource allocation. Since the CSI
is not used, we assume that all subcarriers choose the same
alphabet size of 4-QAM, and the resource allocator decides
the number of subcarriers assigned to each user according to
the video complexity of different users.

To determine the relative resource needs of each video
stream, we first set a target distortion value (e.g. M SE; = 100
which corresponds to a PSNR value of 28 dB). For user k,
we then can find the target encoding rate to achieve this target
distortion based on the RD curve. The number of subcarriers
assigned to user k, nyg, is proportional to this target encoding

rate, defined as:
Tk

>
3

where M is the total number of subcarriers in the system. The
values of ny’s are then obtained as integers by rounding these
target values to integers and the sum of ny’s is M. After
deciding the number of subcarriers each user will have, the
base station then randomly assigns subcarriers to users. For
each individual user, the power is equally allocated to each
subcarrier. The entire process of application layer optimization
algorithm is done without any knowledge of the CSI.

ng ~ M - (17)

B. Physical Layer Optimization Algorithm

We now assume that only the CSI is used for resource
allocation. Let H, ,, be the channel response of user 7 at
subcarrier m. Subcarrier m is assigned to the user with the
largest H; ,,, or arg max { H; ,, }. After subcarrier assignment,

7
every user applies the water filling algorithm to allocate power
to the assigned subcarriers, and the video encoding rate is
determined by the sum of the rates across the subcarriers.

V. SIMULATION SETTING AND RESULTS

In this section, we present simulation results for the
performance of an OFDMA system with a total of 16 sub-
carriers, each of which has a bandwidth of 50 kHz. The total
power constraint for each user is set to be P, = 100 mW,
and the noise power density is —120dB/Hz. The users are
assumed to be all at a constant distance of 80m from the base
station. The path-loss exponent is assumed to be v = 2.4.
The channel response consists of both path loss and multipath
fading, and the magnitude of the channel can be written as

|Him| = a- Ko - (3—2)7 [6]. Here, d}, is the distance between
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user k£ and the base station. dy is a reference distance set
to 10m, and K; is a constant that is set to be 1072, In
addition, « is a Rayleigh random variable, which is assumed
to be independent from one subcarrier to another.

Fig. 3 illustrates typical performance results. The curves
correspond to the target symbol error rate SER; = 0.2. For
both physical layer and cross layer optimizations, the resource
allocations end up with a real number of bits/symbol for rate
assignment. This number will then be rounded down to a valid
integer value corresponding to a specific modulation alphabet
size of MQAM, with M=4, 8, 16, 32, 64, 128 or 256. For
example, if the cross layer resource allocation decision assigns
a rate of any real value of R 4 € [3,4) for user 1 at subcarrier
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4, the actual alphabet size would be 8-QAM. Due to this
roundoff process, the actual raw SER is around 40% of the
target SER. In other words, to achieve the target SER for 8-
QAM, the power needed is smaller than the result from the
resource allocation decision. Note that all three optimization
schemes utilize a rate 1/2 convolutional code with constraint
length 5 and code generator polynomial of [23, 35] in octal.
This code has a free distance of 7, and the coded bits are
interleaved across different subcarriers. For example, if one
user gets three subcarriers, the first coded bit goes to the first
subcarrier, the second coded bit goes to the second subcarrier,
etc. For application layer optimization, since we assume that
the subcarriers are independently fading, the diversity order
should be the minimum of the free distance of the code and
the number of subcarriers. On the demodulation side, we use
log likelihood ratio demodulation to detect each bit of the
MQAM symbol. We then decode the bitstream using soft-
decision decoding with eight reliability ranges.

On the application layer side, we use a sequence of CIF
videos at a resolution of 352x240 pixels. The video is 50
seconds long and the YUV file consists of 30 frames per
second. The video consists of both high motion and slow
motion content, and the users are assumed to transmit the same
video YUV file cyclicly with different starting points in the
cycle. The video streams are compressed by using the baseline
profile of H.264/AVC [20] reference software JM 11.0 [1]. The
GOP size is 15 frames in an I-P-P-P fashion, and the frames
inside one GOP are encoded using H.264 rate control [10].
We encode each GOP at rates of 60, 80, 100, 120, 140, 160,
180, 200, 220, 240, 280, 300, 340, 380, 420, 460, 500, 550,
600, 700, 900 and 1200 kbps, and use these operational points
to find the rate distortion function D(R) = ax + by /(R + c)
by curve fitting offline.

In addition, each video YUYV file is source encoded at 10
slices per frame, and any channel error will make the system
lose the entire slice. At the decoder side, an error concealment
of frame copying will be utilized if a slice loss occurs. To
evaluate the quality of the video, we use peak-signal-to-noise
ratio (PSNR) in dB, defined as:

255 x 255

PSNR = 10log;, E[MSE]

where E[M SE] is the average MSE distortion across all the
users over all RD and CSI realizations.

We vary the number of users from 4 to 12 in a system
of 16 subcarriers, and compare the PSNR performance of
three different algorithms. The solid lines are numerical results
obtained at the encoder using the information of the video
encoding rate determined by the resource allocator. Because
the quality is being calculated at the encoder side, these curves
represent an idealized performance; in particular, there are no
channel errors. The dashed lines are bit level simulation results
where the bits are passed through the channel and decoded to
reconstruct the video. The imperfection of the video coding
rate control, as well as the effect of channel errors, are included
in the results of the bit level simulation.

(18)



When the number of users in the system is small,
we see that the performance gap between the cross layer
optimization and the physical layer optimization is small,
which means that when the system has abundant resources,
these two optimization schemes will allow users to operate
at a high data rate, or equivalently, in the flat regions of the
RD curves. Hence, utilizing cross layer optimization does not
improve the overall performance by much. At the other end, if
the average resource for each user is small, it becomes crucial
to combine the CSI and RD information in the system design.
When the system has 12 users, the cross layer optimization
outperforms the physical layer optimization by 4 dB, and the
gap for the application layer optimization is even larger. If
we fix the average PSNR performance at 30 dB, we see that
the system utilizing cross layer optimization can support 12
users. With the same resource, the number of users which the
physical layer optimization algorithm can support is around 6.

Note that one of the parameters that have to be inputted
to the resource allocation algorithm is the target SER, and
the performance of the algorithm is sensitive to this value
in the following sense: If the target SER is too low, the
algorithm becomes overly cautious when choosing an alphabet
size, resulting in too few information bits being transmitted.
When the target SER is too high, too many errors will be
made. This sensitivity to the target SER can be seen in Fig.
4, where the PSNR is plotted for the cross layer optimization
case of four users competing for resources when there are
16 subcarriers available. We vary the SER; and compare the
performance of the error-free case on the encoder side and
the actual reconstructed performance at the decoder side. We
see that the ideal, error-free system performance will improve
monotonically with increasing SE R, since the system would
choose a larger alphabet size as the target SER is allowed to
increase. The best performance for the non-ideal case occurs
with SER; = 0.2. Because of rounding, actual SERs are
noticeably smaller than target SERs.

VI. CONCLUSION

In this paper, we proposed a cross layer iterative
resource allocation algorithm for transmitting video in an
uplink multiuser OFDMA setting. The power allocation and
subcarrier assignment strategy is jointly determined by each
user’s channel state information and rate distortion character-
istic. Compared with the resource allocation algorithms using
only either application layer information or physical layer
information, with the same video performance, the cross layer
optimization can yield a significant increase in the capacity
of the system. When the number of users in the system is
small, or when the bandwidth for each user is abundant, the
cross layer optimization will only slightly outperform either
physical layer optimization or application layer optimization.
However, the advantage of using cross layer optimization is
significant when the number of users is large relative to the
resources.
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