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Abstract— We investigate the challenging problem of enabling
multicast video service in emerging cognitive radio (CR) net-
works. We propose a cross-layer optimization approach to
multicast video in CR networks. Specifically, we model CR
video multicast as an optimization problem, while considering
important design factors including scalable video coding, video
rate control, spectrum sensing, dynamic spectrum access, modu-
lation, scheduling, retransmission, and primary user protection.
The objective is to optimize the overall received video quality
as well as achieving proportional fairness among multicast
users, while keeping the interference to primary users below
a prescribed threshold. Although the problem can be solved
using advanced optimization techniques, we propose a sequential
fixing algorithm and a greedy algorithm with low complexity
and proven optimality gap. Our simulations using MPEG-4 fine
grained scalability (FGS) demonstrate the efficacy and superior
performance of the proposed approach as compared with an
alternative equal allocation scheme.

I. INTRODUCTION

A cognitive radio (CR) is a frequency-agile wireless com-
munication device that enables dynamic spectrum access.
The CR concept represents a significant paradigm change in
spectrum regulation and utilization. Its high potential has stim-
ulated a flurry of exciting activities in engineering, economics,
and regulatory communities in searching for better spectrum
management policies and techniques [1], [2]. As progress
being made and understandings being gained, there is a
compelling need for enabling content-rich multimedia services
in CR networks to fully harvest their potential. However, since
the need for efficient dynamic spectrum access has driven most
of the CR research so far, multimedia services have not been
the primary concern in the mainstream research in this area.

In this paper, we present a study of optimized real-time
video multicast in CR networks. We consider an infrastructure-
based CR network collocated with N primary networks. The
availability of each channel evolves over time due to pri-
mary user transmissions. The base station of the CR network
exploits the spectrum opportunities in the N channels to
multicast videos to G multicast groups. We consider video
because it is one of the most challenging media to deliver
with stringent QoS requirements. Therefore, insights gained
in solving this problem may also be helpful for solving other
related problems.

In order to accommodate heterogeneous channels experi-
enced by different users, we adopt fine grained scalability
(FGS) to encode each video into a base layer and an en-
hancement layer [3]. With FGS, the enhancement layer can
be truncated at any bit location, while the remaining bits are

all useful for decoding. Therefore a user can receive a video
quality commensurate to its channel condition.

We present a novel formulation of the CR video multicast
system, considering important cross-layer design factors such
as scalable video coding, video rate control, spectrum sens-
ing, dynamic spectrum access, modulation, scheduling, and
primary user protection. The design objective is to optimize
CR video quality while protecting primary users from harmful
collisions. Unlike prior work on wireless video [4]-[7], the
challenge stems from the dynamic channel availability pro-
cesses, tightly coupled design choices, and the need to predict
future channel status under the presence of spectrum sensing
errors for rate control, partition, modulation and scheduling of
real-time video data.

We show that the formulated problem is a non-linear integer
programming (NIP) problem, which usually has high complex-
ity to solve. The need for real-time solutions excludes many
optimization techniques, while making low-complexity and
efficient algorithms highly appealing. To solve the optimized
CR video multicast problem, we take a three-step approach.
For each group of pictures (GOP), we first determine the
optimal partition (and thus rates and modulation-coding (MC)
schemes) of FGS video data. We present two computationally
efficient algorithms for this purpose: (i) a sequential fixing
algorithm [8] based on a linear relaxation of the NIP prob-
lem [9]; and (ii) a greedy algorithm exploiting the inherent
priority structure of layered video and channel qualities, with
proven complexity and optimality gap. Next, the computed
solution is adjusted in each time slot based on more recent
channel sensing results and feedback, using a refined greedy
algorithm with a much lower complexity. Finally, during
each time slot, we use a tile scheduling algorithm to assign
video packets to available channels with opportunistic channel
access.

We present simulation results to provide a comparison
study with alternative schemes as well as demonstrating the
impact of several key design parameters on the overall system
performance. We observe excellent performance achieved by
the proposed algorithms, with considerable improvement over
an alternative equal allocation scheme. We also found that the
opportunistic spectrum access approach makes the CR video
performance highly robust to sensing errors [2], [10].

The rest of this paper is organized as follows. In Section II,
we present the CR video multicast framework. The proposed
algorithms are described in Section III. We present our simula-
tion study in Section IV and discuss related work in Section V.
Section VI concludes the paper.
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Fig. 1. The discrete-time Markov model for channel n, n =1,2,---  N.

II. THE CR VIDEO MULTICAST FRAMEWORK
A. Network Model

We consider a spectrum band consisting of N channels,
each evolving independently. For ease of explanation, we
assume that the spectrum is continuous. A channel could be
treated as a set of tones as in an OFDM system. An OFDM
frame is transmitted through one antenna and received through
one antenna, since the symbols are modulated to the channels
by inverse fast Fourier transform (IFFT) (rather than using
carriers with different frequencies). Therefore, there is no need
to have more than one antennas at the receivers.

1) Primary Networks: We assume that the N channels
are allocated to N primary networks. For ease of presen-
tation, we assume the primary users access the channels
following a synchronous slot structure. The occupancy of
each of the N channels evolves following a discrete-time
Markov process [2]. The network status in slot ¢ is S(t) =
[S1(t), Sa2(t), -+, Sn(t)], where S,(t) denotes the status of
channel n with idle (S, (¢) = 0) and busy (S, (t) = 1) states.
Let A\, and pu, be the transition probability of remaining in
state 0 and that from 1 to O for channel n, respectively. The
channel availability model is illustrated in Fig. 1.

2) CR Network: We assume a CR network collocated with
the NV primary networks, within which a base station multi-
casts G real-time videos to G multicast groups, each having
Ny users, g = 1,2,---,G. The base station seeks spectrum
opportunities in the N channels. In each time slot, the base
station chooses a set of channels 4; to sense and a set of
channels .4, to access. The base station has |.A4;| transceivers
such that it can sense |.4;| channels simultaneously. A time
slot and channel combination, termed a tile, is the minimum
unit for resource allocation in our model.

As in [11], the basic protocol for the CR network is shown
in Fig. 2. At the beginning of each time slot, the base station
senses channels in A; and then chooses available channels
from A, for opportunistic transmissions based on sensing
results. After a successful transmission, the base station will
receive an ACK from the user with the highest SNR in the
target multicast group.’

As discussed, we adopt OFDM as multicast technology at
the PHY layer. In OFDM, the spectrum is divided into narrow-
band channels and the signals are modulated on the channels in

! Although ACKSs are not adopted in many multicast applications, it has been
shown that the feedback implosion problem can be effectively solved using
properly designed timers [12]. For example, each user in a group can start a
timer reversely proportional to its channel SNR. The user who times out first
will send an ACK, while all other users will cancel their scheduled ACKs
when overhear the transmitted one (as in the IGMP protocol). The ACKs are
also important in predicting future channel status (see Section II-B).

Spectrum sensing Data transmission Acknowledgment

yy
A

A slot

Fig. 2. The structure of a time slot.

the frequency domain. Besides collisions with secondary users,
another likely cause of interference to primary users is adjacent
channel leakage as a result of secondary user transmissions in
an adjacent channel. Adjacent channel leakage can usually be
controlled through careful system design [13], [14]. By nulli-
fying the symbols, such channels can also be easily vacated to
avoid interference with primary users. Such adaptability makes
OFDM highly suitable for CR networks [2], [13], [14]. We do
not consider adjacent channel leakage in the rest of this paper.

B. Spectrum Sensing

Although precise and timely channel state information is
desirable for spectrum access and primary user protection,
continuous full-spectrum sensing is both energy inefficient and
hardware demanding. We assume |.A;| channels are sensed
in each time slot, while sensing is carried out on every K
channels [11]. The indices of the channels to be sensed are

(1)

The base station senses the channels in an increasing order
with ¢ = (¢ mod K), where ¢ is the discrete time index. It can
be seen that the sensing process is periodic with period K.
At the beginning of each slot, the base station chooses |A;|
channels to sense following (1). It then predicts the status of
each channel based on the sensing results and channel history.

During the sensing process, two kind of detection errors
may occur. With a false alarm, a spectrum opportunity will
be wasted, while a miss detection may lead to collision with
primary users. Let ¢, and 4, denote the probabilities of
false alarm and miss detection on channel n, respectively.
The spectrum sensing performance can be represented by the
Receiver Operation Characteristic (ROC) curve, which gives
1 — 6, as a function of ¢, [2], [10].

Let R(t) = [Ro(t), Ry(t),---, Ry_1(t)] denote the sens-
ing results in the current time slot. As shown in Fig. 3, the
sensing error probabilities for a sensed channel n are

{ P(R,(t) =1|S,(t) =0) = ¢,

n=(hK 4+ ¢) mod N, forh =0,1,---,|4;] — 1.

P(Ry(t) = 0[S, () = 1) = 6, @
Let d(t) = [a1(t), --,an—1(t)] be the belief vector, where
each element a,, () is the estimate that channel n is available in
time slot ¢, a conditional probability based on past sensing and
transmission results on channel n. We derive the expressions
of a,,(t) for the following three cases, while considering both
types of sensing errors. First, if channel n is not sensed in time
slot ¢, a,(t) will be estimated from channel state a,(t — 1).
For example, if there is a data transmission on channel n and
the base station receives an ACK, a,,(t—1) is 1. If the receiver
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Fig. 3. Illustration of false alarm and miss detection sensing errors.

does not acknowledge the transmission due to collision with
a primary user, a,(t — 1) is 0. We have

an(t) = P(Sn(t) =0|6,)
= Aan(t—1) 4 ppl[l —an(t —1)], 3)
where 0,, represents the history of channel n status. We can

recursively expand (3) to write a.,(t) as a function of a., (t—7)
if there was neither transmission nor sensing on channel n in
the past 7 — 1 time slots.

If channel n is sensed in time slot ¢, its availability in ¢ is
conditioned on both the channel history and the sensing result.
When sensing result is 0, we have

an(t) = P(Su(t) = 0|R,(t) = 0,6,)
P(S,(t) =0, Ry (t) = 0[6,,)
ZXnE{O 1} P( ( ) Xn;R ( ) = O|0n)
_ P(Ra(t) =0|Sa(t) =0,
Yox, P(Ru(t) = 0[Su(t) =
_ P(Ra(t) = 0|Su(t) =
Sy, P(Ra(t) = 0[S, (t) =

_ Tn(t)(1 — €,)
Ta(t)(1 = €,) + [1 — 7, (£)]65

where 7, (t) = Apa,(t — 1) + p;[1 — a,(t — 1)]. The fourth
step in (4) is due to the memoryless property of the channel
process. Similarly, we can derive the expression for a,,(t)

when sensing result is 1 as
an(t) = P(Su(t) =0[Ry(t) =1,0n)
T (t)en

T Tn@®en + [L—mn(®)](1 = 6n) )

C. Opportunistic Spectrum Access

0,,
Xn
0P
X,

“4)

Based on spectrum sensing results, the base station deter-
mines which channels to access for transmission of video data.
We take an opportunistic spectrum access approach, aiming
to exploit unused spectrum while bounding the interference
to primary users. Let 7, € (0,1) be the maximum allowed
collision probability with primary users on channel n (a
prescribed constraint), and p!”(¢) the transmission probability
on channel n for the base station in time slot ¢. The probability
of collision caused by the base station should be kept below
Vs 1.€.,

P () [1 = an(t)] < Yn- (6)

| ng ¢ users use MCg

| ng s users use MCs

| ng 4 users use MCy

| ny s users use MC;

| ng 2 users use MC,

| ng s users use MC;

Fig. 4. Classification of group g users based on channel condition.

In addition to primary user protection, another important
objective is to exploit unused spectrum as much as possible.
Therefore, we have

= min {1, 7a/[1 — an(8)]} )

If pi"(t) = 1, channel n will be accessed deterministically.
If p7(t) = v, /[1 — an(t)] < 1, channel n will be accessed
opportunistically with probability pt” (¢).

i (t)

D. Modulation-Coding Schemes

At the PHY layer, we consider various modulation and
channel coding schemes. Without loss of generality, we as-
sume three choices of modulation, namely, QPSK, 16-QAM
and 64-QAM, combined with three choices of forward error
correction schemes, with rates 1/2, 2/3, and 3/4, respectively.
We consider six combinations (i.e., Modulation-Coding(MC)
schemes) in this paper: QPSK 1/2, QPSK 3/4, 16-QAM 1/2,
16-QAM 3/4, 64-QAM 2/3, and 64-QAM 3/4. Under the same
channel condition, different MC schemes will give different
data rates and symbol error rates. When a user’s channel is
good, it should adopt a high-rate modulation (e.g., 64-QAM)
for a higher target symbol error rate. Conversely, it should
adopt a low-rate modulation (e.g., QPSK) when the channel
condition is poor. Let {MC\,}m=1,... 4 be the list of MC
schemes.

We assume that each CR user measures its own channel
and feedbacks such measurements to the base station. At the
beginning of a time slot, the base station is able to collect
the number n ., of users in each multicast group g who can
successfully decode MC,, signals for m = 1,2,---, M, as
illustrated in Fig. 4.

E. Video Performance Measure

We use the quality of reconstructed video (i.e., peak-signal-
noise-ratio (PSNR) in dB) as performance measure. To address
the heterogeneous channel conditions among multicast users,
each video g is encoded into one base layer with rate Rb and
one enhancement layer with rate R{. The total rate for v1deo
gis Ry = Rb + Rj. We adopt the FGS coding technique,
such that the enhancement layer could be truncated at any bit
location while all the remaining bits still being useful at the
decoder [3]. The approximate “quality-rate” model used in [7]
is adopted in our formulation:

Qg(Ry) = QY + By(Ry — RY) = Qb + B4R (8)
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where @), is the PSNR of video g, Qg the PSNR of the
base layer, and 3, a constant depending on the specific video
sequence and codec.

Since the base layer carries the most important data, the
most reliable MC scheme M Cb(g) should be used, where
b(g) = max;{i : ng; = Ng}, for all g. We assume that
the base layer is always transmitted using M Cy. If a user’s
channel is so poor that it cannot decode the M (' signal, we
consider it disconnected from the CR network.

We further divide the enhancement layer into M sub-layers,
where sub-layer m has rate R{ ,, and uses MC,,. For the
same video frame, various MC schemes will produce symbols
occupying different number of tiles. Assuming that M C,,, can
carry by ., bits of video g in one tile, we denote the number
of tiles for sub-layer m of video g as l;,, > 0. We have

M M
RZ = Zm:l R;,m = Zm:l bg,mlg,m'
F. Proportional Fair Allocation

We now consider the fairness criterion for deciding the
rates of different users. For data communications, propor-
tional fairness is a widely adopted measure, which can be
achieved by maximizing the sum of logarithms of user rates
(i.e., utilities) [15]. Since we consider video quality in this
paper, we define the utility for user 4 in group g as U, ; =
log (Qg + BgR;i),

The total utility for group g is U, = Zivz“’l Uy,,;. Intuitively,
a lower layer should use a lower (i.e., more reliable) MC
scheme. This is because if a lower layer is lost, a higher
layer cannot be used at the decoder even if it is correctly
received. Considering the user classifications based on their
MC schemes, we can rewrite U, as follows [6]:

M k
Ug = Z(ng,k — g k+1)log (Qg + By Z R;,m> )

k=1 m=1
where ng pr41 = 0. The utility function of the entire CR video
multicast system is U = Zle Uy.

III. OPTIMIZED VIDEO MULTICAST IN CR NETWORKS
A. Outline of the Proposed Approach

As discussed, the CR video multicast problem is highly
challenging since many design choices are tightly coupled.
First, as users see different channels, such heterogeneity should
be accommodated so that a user can receive a video quality
commensurate to its channel quality. Second, we need to
determine the video rates before transmission, which, however,
depend on the channel evolution in the future and choice
of MC schemes. Third, when the rates are known, we need
to schedule the packets to the channels, with a trade-off
between primary user protection and spectrum utilization.
Finally, all the optimization decisions should be made in real-
time. Low-complexity, but efficient algorithms are needed,
while theoretical bounds on the optimality gap would be highly
appealing.

To address heterogeneous user channels, we adopt FGS to
produce a base layer with rate Rg and an enhancement layer

with rate R;. Without loss of generality, we assume RZ is
prescribed for an acceptable video quality, while Ry is set to a
large value that is allowed by the codec. During transmission,
we determine the effective rate for each enhancement layer
Rg < R; that depends on channel availabilities, sensing, and
choices of MC schemes. We also need to find the optimal
partition of the enhancement layer, such that each sub-layer
uses a different MC scheme.

We determine the optimal partition of enhancement layers
for each GOP, the choices of MC schemes, and the number
of tiles for each sub-layer using a two-step procedure. First,
we solve the optimal partition problem for every GOP based
on an estimated (i.e., average) number of available tiles T in
the next GOP window with complexity O(MGT,). Second,
we dynamically adjust the tile allocations in each time slot ac-
cording to more recent channel information. During each time
slot, video packets are scheduled to the available channels such
that the overall system utility is maximized. The adjustment
algorithm has complexity O(MGK), where K < T, and the
scheduling algorithm has complexity O(N log N). They are
thus suitable for execution in each time slot.

In real-time video, overdue packets generally do not con-
tribute to improving the received quality. We assume that the
data from a GOP should be be delivered in the next GOP
window consisting of Tgop time slots. Since the base layer
is essential for decoding a video, we assume that the base
layers of all the videos are coded using M C;. For the M sub-
layers of the enhancement layer, a more important sub-layer
will be coded using a more reliable (i.e., lower) MC scheme.
At the beginning of each GOP window, all the base layers are
transmitted taking the available tiles. Retransmissions will be
scheduled if no ACK received for a base layer packet. After the
base layers are transmitted, we allocate the remaining available
tiles in the GOP window for the enhancement layer. The same
rule applies, such that a higher sub-layer will be transmitted
if and only if all the lower sub-layers are acknowledged. This
is due to the decoding dependencies of layered video.

In each time slot ¢, the base station opportunistically ac-
cess every channel n with probability p!”(t) given in (7).
Specifically, for each channel n, the base station generates
a random number z,(t) € [0,1). If z,,(t) < p’(¢), the most
important packet among those not ACKed in the previous GOP
will be transmitted on channel n. If an ACK is received for
this packet at the end of time slot ¢, this packet is successfully
received by at least one of the users and will be removed from
the transmission buffer. Otherwise, there is a collision with
primary user and this packet will remain in the transmission
buffer and will be retransmitted.

In the following, we describe in detail the algorithms for tile
allocation (or, optimal partition of the enhancement layers) and
for scheduling the video packets in each time slot.

B. Enhancement Layer Partition and Tile Allocation

As a first step, we need to determine the effective rate for
each enhancement layer R; < R; that depends on network
conditions. We also need to determine the optimal partition of
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each enhancement layer. Clearly, the solutions will be highly
dependent on the channel availability processes.

Recall that the base layers are transmitted using M Cy first
in each GOP window. The remaining available tiles can then
be allocated to the enhancement layers. We assume that the
number of tiles used for enhancement layers in a GOP window,
T, is known at the beginning of the GOP window. For
example, we can estimate 7, by computing the total average
“off” intervals of all the N channels based on the channel
model (see Fig. 1), decreased by the number of tiles used for
the base layers. We then split the enhancement layer of each
video g into M sub-layers, each occupying [, ., tiles when
coded with MC,,, m=1,2,---, M.

We formulate an optimization problem, OPT-Part, as fol-
lows. OPT-Part is solved at the beginning of each GOP window
to determine the optimal partition of the enhancement layer.

M
maximize: U([) = Z Z(ng,k — Ng k1) X
g=1k=1

k

m=1
G M

subject to: Z Z lgm < T¢

g=1m=1

(11

M
Z bg,mlg,m < RZa g e [17 e aM] 12)

m=1

lg,m Z 0; m e [177M]ag € [1aaG}(13)

The objective is to maximize the overall system utility by
choosing optimal values for the [, ,,’s. We can derive the
effective video rates as R = Zﬁle bg.mlg,m. The formulated
problem is a non-linear integer programming (NIP) problem,
which we conjecture is NP-hard. However we leave the hard-
ness proof for future work. In the following, we present two
algorithms for computing near-optimal solutions to problem
OPT-Part: (i) a sequential fixing (SF) algorithm based on a
linear relaxation, and (ii) a greedy algorithm with proven
optimality gap. Both algorithms have polynomial complexity.

1) A Sequential Fixing Algorithm : We now present an SF
algorithm for near-optimal solutions. In this algorithm, the
original NIP is first linearized to obtain a linear programming
(LP) relaxation. Then we iteratively solve the LP, while fixing
one integer variable in every iteration [8].

We use the Reformulation-Linearization Technique (RLT)
to obtain the LP relaxation [9]. RLT is a technique that can be
used to produce LP relaxations for an underlying nonlinear,
nonconvex polynomial programming problem. This relaxation
will provide a tight upper bound for a maximization problem.
Specifically, We linearize the logarithm function in (10) over
some suitable, tightly-bounded interval using a polyhedral
outer approximation comprised of a convex envelope in con-
cert with several tangential supports. We further relax the
integer constraints, i.e., allowing the [ ,,’s to take fractional
values. Then we obtain an upper-bounding LP relaxation that

TABLE I
THE SEQUENTIAL FIXING (SF) ALGORITHM

Use RLT to linearize the original problem.
: Solved the LP relaxation
3:  Suppose lg . is the integer variable with the minimum
Mg,m| = lg,m or lgm — |lg,m] value among all I; ., variables
that remain to be fixed, round it up or down to the nearest integer.
4. If all Iy ’s are fixed, got to Step 6.
Otherwise, reformulate and solve a new relaxed LP with the newly
fixed lg,m variables, and go to Step 3.
6:  Formulate and solve an LP based on all fixed lg ., variables.

N —

W

TABLE 11
THE GREEDY ALGORITHM (GRD1)

Initialize lg ,m» = O for all g and m

Initialize A = {1,2,---,G}

While g;:l Z%=1 lg,m < T and A is not empty)
Find l5 5, which can be increased by one:

U<f+e~g‘m>—U<f>}
bg,m+R/Te

oW

eg’m = arg maxgeAyme[l’...,M] {

= f+ €5,m B
If (_)Enlb{?,mlﬁﬂm > RS)
l=1—¢€5m
Delete g from A
End if
0:  End while

SYexd W

can be solved in polynomial time. We refer interested readers
to [9] for a detailed description of the technique.

Once the LP relaxation is obtained, we solve it iteratively.
During each iteration, we find the /3 3 which has the minimum
value for ([l5.m] —l5.m) or (lgm — |l.m]) among all frac-
tional ly ,,’s, and round it up or down to the nearest integer.
We next reformulate and solve a new LP with [ 5, fixed. This
procedure repeats until all the I, ,,,’s are fixed. The complete
SF algorithm is given in Table I.

2) A Greedy Algorithm GRDI : Although the SF algorithm
can compute a near-optimal solution in polynomial time, it
does not provide any guarantee on the optimality gap. In the
following, we describe a greedy algorithm, termed GRDI,
which exploits the inherent priority structure of layered video
and MC schemes. The complete greedy algorithm is given
in Table II, where R = ) g=1 RZ is the total rate of all the
enhancement layers and €; is a unit vector with “1” at the i-th
location and “0” at all other locations.

In GRDI, all the [, ,’s are initially set to 0. During each
iteration, one tile is allocated to the 7-th sub-layer of video
g. In Step 4, I3 4 is chosen to be the one that achieves the
largest increase in terms of the “normalized” utility (i.e., [U (f—i—
€g,m)—U(f)}/[b9,m+R/Te}) if it is assigned with an additional
tile. Lines 6, 7, and 8 check if the assigned rate exceeds the
rate of the coded enhancement layer.

Theorem 1: The greedy algorithm GRD1 shown in Table II
has a complexity O(MGT,). It guarantees a solution that is
within a factor of (1 — e~'/2) of the global optimal solution.

Proof: (i) Complexity: In Step 4 in Table II, it takes
O(MG) to solve for €; 5. Since each iteration assigns one
tile to sub-layer m of group g, it takes T iterations to allocate
all the available tiles in a GOP window. Therefore, the overall
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complexity of GRDI is O(MGT.).

(ii) Optimality Bound: This proof is extended from a result
first shown in [6]. We first show an interesting property
of group utility Ug(f), which will be used in the proof of
optimality gap. For two vectors l} and ZZ, we have

i o
Ug(lg) o Ug(lg)
M . X ,
St g (U g = 12,0

:Z(ng,k —ng ke1)log (1 + == 1% aked 29,

k=1 Qg+ D1 bgml2

M k
SZ Z (l;’m - l;,m)—i_(ng,k - ng,kJrl) X

k=1m=1

log (

(ng k—

log (1 +

— 2,0 (U@ + bym) —

by.m )
Qb+ 1 bgml2,,

SHNC

k=1m=1

Ngk+1) X

g )
b k 2
Qg + Zm:l bg,mlg,m

Uy v,

M:

(14)
1

3
I

where y© = max{0,y}. The first inequality is due to the
concavity of logarithm functions.

Next we prove the optimality bound. Let I, be the output of
GRDI1 after ¢ iterations. The utility gap between the optimal
solution and the GRD1 solution is denoted as F, = U (I*) —
U(ly). Let €7 (t) be the argument found in Step 4 of GRDI
after ¢ iterations. We have l_; = l_,;,l + €;,m(t) and

Froy =U(%) = U(l-1)
< Z Z(l;,m —lyn) U1 + 8y (t)) = U(l1—1)]
< ZZ (% (lt 1+ €5.m(t)) —
e bg,m + R/Te
VT, o+ BT,
S IZ _’_Rit/jl" ZZ g7n,+R/Te)].

The first inequality is due to (14) and the second inequality
follows Step 4 of GRDI. It follows (11) and (12) that

g mlgm <Teand 30 37 by mly,, < R. We have

2R

Fi 1 <(F1—-—F)————
i1 < (Fi-1 t)b O+ R/T.
Solving for F}, we have

b‘[]’m (t) + ]%/Te

F,<F_q1]|1-
t S e oR

Suppose the while loop in Table II has been executed k

times when the solution is obtained. It follows that

Fr < Fp [1 - —bg’m(k;;_ R/Te]
< FOH [1—gm ZER/T}

& k
< F {1 — ﬁ ;[bg,m(t) + R/Te]} :

The while loop exits when one or both of two constraints are
violated. If > p Y lgm < Te is violated, there is no tile
that can be used. Therefore k& > T, and Zle R/T. > R.
If constraint “A is not empty” is violated, all the videos
have been allocated sufficient number of tiles and will be
transmitted at full rate. We have Y5 b5 (¢) < R in this
case. It follows the above reasoning that

k
k
1
F, < Fysl—— by (t T
o < { s 2o (0 + B e]}
< Fy[l—1/2k)* < Fye V2
Since Fy = U(I*), we have

U(ly) > (1 —e V2 U((*).

Therefore, we conclude that the GRDI1 solution is bounded by
(1— e Y2)U(I*) and U(I*). n

3) A Refined Greedy Algorithm GRD2 : GRDI1 computes
lgm’s based on an estimate of network status S(t) in the
next Tgop time slots. Depending on channel parameters,
the computed [, ,,’s may not be accurate, especially when
Taop is large. In the following, we present a refined greedy
algorithm, termed GRD2, which adjusts the I, ,,,’s based on
more accurate estimation of the channel status.

GRD?2 is executed at the beginning of every time slot within
a GOP window. It estimates the number of available tiles T, (¥)
in the next T4; successive time slots, where 1 < T.; < Taop
is a design parameter depending on the coherence time of the
channels. Such estimates are more accurate than that in GRD1
since they are based on recently received ACKs and more
recent sensing results.

Specifically, we estimate T, (¢) using the belief vector @(t)
in time slot ¢. Recall that a,,(t)’s are computed based on the
channel model, feedback, sensing results, and sensing errors,
as given in (3), (4), and (5). For the next time slot, a,, (t + 1)
can be estimated as a,(t + 1) = Apan(t) + pn[l — an(t)] =
(A — pn)an(t) + pn- Recursively, we can derive a,(t + 7)
for the next 7 time slots.

1-— ()\n - ,un)T

1_()‘71_#7%).

Recall that at the beginning part of a GOP window, all the
base layers will be first transmitted. We start the estimation
after all the base layers have been successfully received (pos-
sibly with retransmissions). The estimated number of available

an(t+7) = (A — o) an(t) + pn 15)
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TABLE III
THE REFINED GREEDY ALGORITHM (GRD2) FOR EACH TIME SLOT

1: Initialize lg,;m» = O for all g and m

2: Initialize A = {1,2,---,G}

3: Initialize N (0) =0

4: Estimate T¢ (1) based on the Markov Chain channel model

5: Use GRDI to find all Iy s based on Te(1)

6: While t =2 to Tgop

7: Estimate T¢(¢)

8: If (Te(t) + Nack(t — 1) < Te(t — 1) + Ngcx (t — 2))

9; While (-5, SN lgm > Te(t) + Nack (t — 2))

10: Find l4 3, which can be reduced by 1:
S ; {Um—U(f—e*g,m)}
€g,m = argmlnvg,me{m/,A.AyM} W

11 I=1-¢;n

12 If (g ¢ A)

13 Add gto A

14: End if

15: End while

16: End if

17: I (TL(t) + Nae(t = 1) > Telt = 1) + Nack(t = 2)

18: While (-5, SN Lgm < Te(t) + Nack(t — 1) and

A is not empty)

19: Find l4 5, which can be increased by 1

20: I=I+ €5,

21: It 32, bg,mlgm > R

22: I=1- eg ?

23: Delete g from A

24: End if

25: End while

26: End if

27: Update N (t — 1)
28:  End while

tiles in the following T, time slots can be computed as:

(16)

where a,(t + 0) = a,(t) and tymin = min{Tes: — 1, Teop —
(t mod Tgop)}. Although T,(¢) may not be an integer, this
fact does not affect the outcome of GRD2.

We then adjust the [, ,,’s based on T¢(t) and Ny.(t), the
number of ACKSs received by the base station in time slot .
Specifically, if T, () + Nacr(t—1) > Te(t — 1) + Noer(t —2),
there are more tiles that can be allocated and we can increase
some of the [, ,,,’s. On the other hand, if T.(t) + Nycr(t
1) < Te(t — 1) + Nack(t — 2), we have to reduce some of the
lgm’s. Due to layered videos, when we increase the number
of allocated tiles, we only need to consider [, ,, for m =
m/,m'+1,---, M, where MC,,: is the highest MC scheme
used in the previous time slot. Similarly, when we reduce the
number of allocated tiles, we only need to consider lg ,, for
m=m'm"+1,---, M.

The refined greedy algorithm is given in Table III. For time
slot ¢, the complexity of GRD2 is O(MGK), where K =
[Nock (t—1)— Nyer (t—2)+ T (t) — T (t—1)|. Since K << T,
the complexity of GRD2 is much lower than GRD1, making
it suitable to be executed in each time slot.

TABLE IV
ALGORITHM FOR TILE SCHEDULING IN A TIME SLOT

Initialize mgy to the lowest MC that has not been ACKed for all g

: Initialize 44 to the first packet that has not been ACKed for all g

3:  Sort {cn(t)} in decreasing order. Let the sorted channel list be
indexed by j.

4:  While (j =1to N)

[\

5: Find the group having the maximum increase in U(g):
g = arg maxyg Inc(g, mg,ig)

6: Allocate the tile on channel j to group g

7: Update my4 and 4

8:  End while

C. Tile Scheduling in a Time Slot

In each time slot ¢, we need to schedule the remaining tiles
for transmission on the N channels. We define Inc(g, m, %) to
be the increase in the group utility function U(g) after the i-th
tile in the sub-layer using M), is successfully decoded. It
can be shown that

M
Inc(g,m, i) = E (ng,k — Ng k1) X
k=m

ﬁg g,m
Qb + ﬁg Z g,u lg,u (Z - 1)ﬁgb9,m

Inc(g, m, i) can be 1nterpreted as the reward after the tile
is successfully received. Letting ¢, (t) be the probability that
the tile is successfully received, we have ¢, (t) = p" (t)a,(t).
Our objective of tile scheduling is to maximize the expected
reward, i.e.,

log |1

E[Reward(£)] =

maximize: -Inc(&,), (17)

N
2 enl
where &, is the tile allocation for channel n, i.e., representing
the three-tuple {g,m,i}. We present the tile scheduling (TS)
algorithm in Table IV, which solves the above optimization
problem. The complexity of TS is O(NN log N). We have the
following theorem for TS.

Theorem 2: E[Reward] is maximized if Inc(&;) > Inc(§;)
when ¢;(t) > ¢;(¢) for all ¢ and j.

Proof: Suppose there exists a pair of ¢ and j; where
Inc(&;) > Inc(&;) and ¢;(t) < ¢;(t). We can further increase
E[Reward] by switching the tile assignment, i.e., assign chan-
nel ¢ to §; and channel j to &;. With this new assignment, the
net increase in E[Reward] is

¢;(H)Inc(&;) + ci(t)Inc(&;) — ¢i(t)Ine(§;) —

= [¢(t) — ci(®)]Ine(&;) — Ine(&5)] > 0
Therefore E[Reward] is maximized when the {Inc({;)} and
{ci(t)} are in the same order. [ |

The greedy TS algorithm in Table IV computes the optimal
solution that maximizes the expected reward in (17).

Cj (t)Inc(§j)

IV. SIMULATION RESULTS

We evaluate the performance of the proposed CR video mul-
ticast framework using a customized simulator implemented
with a combination of C and MATLAB. Specifically, the LPs

This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE INFOCOM 2009 proceedings.
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Fig. 5. Average PSNR of all multicast users.

are solved using the MATLAB Optimization Toolbox. For the
results reported in this section, we have N = 12 channels
(unless otherwise specified). The channel parameters A, and
iy, are set between (0,1). The maximum allowed collision
probability 7, is set to 0.2 for all n unless otherwise specified.

The CR base station multicasts three Common Intermediate
Format (CIF, 352 x 288) video sequences to three multicast
groups, i.e., Bus to group 1, Foreman to group 2, and Mother
& Daughter to group 3. The nq ,,’s are [42, 40, 36, 30, 22, 12]
(i.e., 42 users can decode M (' signal, 40 users can decode
M5 signal, and so forth); the ng ,,,’s are [51, 46, 40, 32, 23,
12] and the n3 ,,’s are [49, 44, 40, 32, 24, 13].2 The number
of bits carried in one tile using the MC schemes are 1 kb/s,
1.5 kb/s, 2 kb/s, 3 kb/s, 5.3 kb/s, and 6 kb/s, respectively. We
choose Tgop=150 and T¢5; = 10, the sensing interval K = 3,
the probability of false alarm €, = 0.3 and the probability of
miss detection d,, = 0.25 for all n, unless otherwise specified.

In every simulation, we compare three schemes: (i) a simple
heuristic scheme that equally allocates tiles to each group
(Equal Allocation); (ii) A scheme based on SF (Sequential
Fixing), and (iii) a scheme based on the greedy algorithms
(Greedy Algorithm). These schemes have increasing complex-
ity in the order of Equal Allocation, Greedy Algorithm, and
Sequential Fixing. They differ on how to solve Problem OPT-
Part, while the same tile scheduling algorithm and opportunis-
tic spectrum access scheme are used in all the schemes. Each
point in the figures is the average of 10 simulation runs, with
95% confidence intervals plotted.

In Fig. 5 we plot the average PSNR among all users in
each multicast group. for all the groups, Greedy Algorithm
achieves the best performance, with up to 4.2 dB improve-
ments over Equal Allocation and up to 0.6 dB improvements
over Sequential Fixing.

In Fig. 6, we examine the impact of the maximum allowed
collision probability =, on received video quality. We increase
¥n, from 0.1 to 0.3, and plot the average PSNR values among
all the users. Intuitively, a higher v, allows a higher trans-
mission probability p’’(t) for the base station (see (7)), thus
allowing the base station to grab more spectrum opportunities

2We also simulated the case of dynamic channels. Similar results are
obtained but omitted due to lack of space.

40 . .
Greedy Algorithm
Sequential Fixing
39} | — Equal Allocation ]
o
=
o L i
L 38
%)
o
<)
& 371 b
[
>
z //"_’—
361 b
35

0.1 0.15 0.2 0.25 0.3
Maximum Allowable Collision Probability Y,

Fig. 6. Average PSNR of all users versus v, (with 95% confidence intervals).
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Fig. 7. Average PSNR of all users versus N (with 95% confidence intervals).

and improve the overall video quality. This is illustrated in the
figure where all the three curves increase as +, gets larger.
We also observe that the curves for Sequential Fixing and
Equal Allocation are roughly parallel to each other, while the
Greedy Algorithm curve has a steeper slope. This implies that
Greedy Algorithm is more efficient in exploiting the additional
available spectrum allowed by an increased 7.

In Fig. 7, we examine the impact of number of channels
N on the multicast video quality. We increase N from 3 to
15, in step size of 3, and plot the average PSNR values of
all multicast users. As expected, the more channels, the more
spectrum opportunities for the CR networks, and the better the
video quality. Again, we observe that the Greedy Algorithm
curve has the steepest slope, implying it is more efficient in
exploiting the increased spectrum for video transmissions.

Finally, we examine the impact of sensing errors on the
multicast video quality in Fig. 8. We test five sets of {¢,,d,}
values as follows: [0.10, 0.38],[0.30, 0.25],[0.5, 0.17],[0.70,
0.10] and [0.9, 0.04] [10], and plot the average PSNR values
of all users. It is quite interesting to see that the video quality
is not very sensitive to sensing errors. Even as ¢, is increased
9 times from 10% to 90%, there is only 0.58 dB reduction (or
a 1.5% normalized reduction) in average PSNR when Greedy
Algorithm is used. The same can be observed for the other
two curves. We conjecture that this is due to the opportunistic
spectrum access approach adopted in all the three schemes.

This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE INFOCOM 2009 proceedings.
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V. RELATED WORK

As observed in [1], [2], the mainstream CR research has
been focused on spectrum sensing and dynamic spectrum
access (i.e., the MAC and PHY) issues. Fore example, the
approach of iteratively sensing a selected subset of available
channels has been adopted in the design of CR MAC protocols
(e.g., see [11]). The important trade-off between the two types
of sensing errors is addressed in depth in [10].

The equally important QoS issue has been considered only
in a few papers [16]-[19], where the focus is on the so-
called “network-centric” metrics such as maximum through-
put. In [20], a game-theoretic framework is described for
resource allocation for multimedia transmissions in spectrum
agile wireless networks. In this interesting work, each wireless
station plays a resource management game, which is coordi-
nated by a network moderator. A mechanism-based resource
management scheme determines the amount of transmission
time to be allocated to various users on different frequency
bands such that certain global system metrics are optimized.

Video multicast, as one of the most important multimedia
services, has attracted considerable efforts from the research
community. Layered video multicast has been studied in the
context of mobile ad hoc networks (e.g., see [4], [5]) and
infrastructure-based wireless networks (e.g., see [6], [7]). The
main difference between this and the prior studies is that
unlike in the prior work where the spectrum is exclusively
used by the video sessions, we have to consider the presence
and protection of primary users, which makes the problem
more interesting and challenging.

VI. CONCLUSION

In this paper, we addressed the problem of video multicast
in CR networks. The problem formulation took video quality
and proportional fairness as objectives, while considering im-
portant cross-layer design factors such as considering scalable
video coding, video rate control, spectrum sensing, oppor-
tunistic spectrum access, primary user protection, scheduling,
retransmission and modulation. We proposed efficient opti-
mization and scheduling algorithms for highly competitive
solutions, and proved the complexity and optimality bound

of the proposed greedy algorithm. Our simulation results
demonstrate the efficacy of the proposed approach.
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