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Abstract—Providing perceptual quality guarantees for video
transmission over wireless channels is important for the end-
user experience. The paper proposes an algorithm for perceptual
quality optimization of scalable H.264 video with temporal and
quality scalability. The algorithm supports adaptive unequal
error protection so that different video layers are protected
according to their relevance to video quality. For each video
layer, a target packet error rate (PER) is selected such that
a perceptual quality guarantee, measured using the multi-scale
structural similarity (MS-SSIM) index, is satisfied. Given the
target PER per video layer, the algorithm selects the modulation
and coding scheme and the number of temporal and quality
layers to transmit adaptively based on the channel state infor-
mation (CSI) and source rates per video layer. Results show
that the algorithm provides immunity against short-term channel
fluctuations, balances reliability and perceptual quality, reduces
playback buffer starvation probability, and provides a convenient
buffer management policy.

I. INTRODUCTION

Delivering high quality video requires a cross-layer design
that incorporates perceptual quality. High perceptual quality
can be maintained by using link adaptation techniques at
the PHY layer to adapt the modulation and coding scheme
according to the variation in channel conditions. With scalable
video coding, the set of video layers to transmit is another
degree of freedom that can be jointly tuned for high quality
continuous video playback at the receiver. Under conventional
wisdom, link adaptation and source adaptation are performed
separately at different layers. We propose to jointly adapt the
source and channel to achieve high perceptual quality.

Previous work often relies on conventional rate-distortion
optimization models [1], [2] to capture the tradeoff between
the source rate and the video distortion, typically quantified
by means of the peak signal-to-noise ratio (PSNR). This
approach, however, does not capture the relation between
resources and video quality in the context of multidimensional
scalable coding [3]. Further, it is well known that the PSNR
metric does not correlate well with perceived video quality [4].
Learning-based techniques using subjective quality assessment
were explored in [3], however, subjective assessment is time-
consuming and impractical for online network optimization
[5]. There has been limited work thus far on perceptually-
optimized online adaptation for scalable video.

In this paper, we propose an algorithm for joint source
and channel adaptation of a temporally-scalable and quality-
scalable H.264 compressed video bitstream over time-varying
wireless channels. We jointly optimize the modulation and
coding scheme (MCS) and the number of temporal/quality

layers to transmit based on channel conditions and per-layer
source rates. Perceptual quality is measured using the multi-
scale structural similarity (MS-SSIM) index [6]. A model is
developed to provide unequal error protection among layers
to satisfy per-layer target packet error constraints. These con-
straints are designed to satisfy the overall perceptual quality
guarantee. The quality guarantee is chosen as a fraction
of the baseline quality under lossless transmission. Thus, it
determines how much quality degradation can be tolerated due
to channel-induced losses. Our proposed algorithm provides
a buffer management policy that allows tradeoff between
starvation probability and perceptual quality. It is shown that
the quality guarantee is maintained irrespective of channel
fluctuations as long as all temporal layers can be supported.

II. VIDEO CODING PRELIMINARIES

A. Scalable Video Coding

The H.264/AVC video coding standard [7] provides high
coding efficiency. The video coding layer (VCL) encodes
motion and texture information at the level of macroblocks.
VCL units are encapsulated into network abstraction layer
(NAL) units which are in turn passed to the lower protocol
layers for transmission. In this work, we use the term NAL
unit and packet interchangeably.

To provide a network-friendly design, the scalable video
coding (SVC) extension of H.264/AVC [8] allows rate scal-
ability at the bitstream level by generating embedded bit-
streams that are partially decodable at different bitrates with
degrading quality. The basic level of quality is supported by
the base layer and incremental improvements are provided by
the enhancement layers. Different NAL units can correspond to
different video layers and are distinguished by layer identifiers.

1) Temporal Scalability: Temporal scalability allows scal-
ing the temporal frame rate of the video sequence. The selected
frame rate determines the frequency of motion-compensated
prediction. A bitstream with one of the supported frame rates
is obtained by removing all NAL units with a higher layer
identifier [8].

2) Quality Scalability: Quality scalability can be realized
by means of coarse-grain scalability (CGS) and/or medium-
grain scalability (MGS). CGS refines texture information by
quantizing the discrete cosine transform (DCT) coefficients of
the enhancement layer with a smaller step size than that of
lower layers. Some limitations of CGS are that only a few
rate points can be extracted from the bitstream in addition
to the fact that achieving quality scalability requires dropping



complete enhancement layers. An alternative is provided by
MGS which achieves packet-level scalability so that individual
NAL units can be dropped from the enhancement layers.
This is made possible because MGS splits the quantization
parameters of each macroblock over multiple MGS layers [8].

B. Perceptual Quality Assessment

Perceptual quality optimization relies on the selection of an
appropriate tool for video quality assessment. We adopt a vari-
ation of the full reference (FR) frame-based MS-SSIM index
[4], [6] in conjunction with frame copy error concealment and
frame rate upconversion.

Traditional quality assessment metrics such as peak signal-
to-noise ratio (PSNR) and the mean squared error (MSE)
have poor correlation with user perceived quality [4], [5].
Different sources of distortions (e.g. blur, source compression,
impulsive noise, contrast stretching, etc.) can be adjusted to
yield the same PSNR/MSE while their perceived quality is
drastically different. A new approach was pioneered in [4]
based on the simple observation that each video frame is
highly structured and spatially correlated. Thus, frame quality
degradation can be quantified by the change in spatial image
structure. Unlike PSNR and MSE, the structural similarity
(SSIM) index proposed in [4] is able to accurately capture the
perceptual degradation due to the different types of distortions.
The SSIM index and can be expressed as

SSIM(x, y) =
(2μxμy + C1)(2σxy + C2)

(μ2
x + μ2

y + C1)(σ2
x + σ2

y + C2)
(1)

where x is the reference image in the pixel domain and y is
the corresponding distorted image, μx, μy , σ2

x, σ2
y , σxy are the

mean intensity of x, the mean intensity of y, the variance of x,
the variance of y, and the covariance of x and y respectively,
and C1 and C2 are regularization constants.

Multi-scale SSIM [6] improves correlation with subjective
quality by incorporating image detail at multiple resolutions.
In the spatial domain, the frame is low-pass filtered and
downsampled iteratively and the final score is a weighted
average of the scale-specific SSIM scores.

III. SYSTEM MODEL

In this section, we describe the proposed system model
including the scalable video coding model, the channel model,
and the PHY layer model.

A. Scalable Video Coding

We consider a scalable video bitstream composed of Lq

quality layers and Lt temporal layers. The group of picture
(GoP) size is r frames at a maximum frame rate of fr

frames/sec. A GoP consists of one intra (I) picture or predic-
tively coded (P) picture and r − 1 hierarchical bi-predictively
coded (B) pictures so that Lt = log2(r) + 1.

The frame structure assumed in this work is shown in Figure
1. Two quality layers are encoded with coarse-grain scalability
(CGS). The CGS enhancement layer is further split into three
MGS layers. Thus, we have a total of Lq = 4 quality layers.
We use a GoP size p = 8 so that Lt = 4. Macroblocks (MBs)
of size 4×4 are used and the 16 coefficients per MB are split
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Fig. 1. Frame structure assumed in this paper: Temporal scalability is applied
with four temporal layers while quality scalability splits the CGS enhancement
into three MGS layers to provide packet-level scalability.

among the three MGS layers according to the MGS vector
[3,3,10]. Frames corresponding to the ith temporal layer are
labeled Ti. We apply the concept of key pictures, enabled by
MGS, so that reconstructed enhancement layers can be used
as a reference picture for motion-compensated prediction [8].

B. Channel and PHY Layer

We consider a flat fading channel with AWGN noise. The
channel is assumed time-invariant over the duration of one
packet. We use the instantaneous signal to noise ratio (SNR)
to characterize the channel state information (CSI). Let γ[p]
denote the channel SNR in the time interval of transmission
of the pth packet. We assume Rayleigh fading so that γ[p]
is exponentially-distributed. We also assumed that the SNR is
reliably fed back to the transmitter without delay.

At the PHY layer, a set of possible modulation and coding
schemes (MCS) are available for transmission. The set of
possible modulation schemes is denoted R and the set of
possible coding rates is denoted C. Per-layer packet error rates
are used to provide unequal error protection (UEP) among
layers. Thus, even for the same SNR, packets corresponding
to lower layers are more protected than packets corresponding
upper layers by using a lower coding rate. Consequently, MCS
selection is performed at the packet level.

IV. PROBLEM FORMULATION

In this section, the problem of adaptive video transmission is
formulated with the objective of maximizing perceptual quality
subject to packet error rate and buffer starvation constraints.

For the nth GoP, adapting the scalable codec entails select-
ing the temporal scalability level 0 ≤ T [n] ≤ Lt − 1 and
the quality scalability level 0 ≤ Q[n] ≤ Lq − 1. Let Bk,l[n]
denote the size of all encoded residual frames in the nth GoP
corresponding to temporal layer l and quality layer k.

Since a possibly different rate and channel code is selected
independently for each packet, we can write the timeslot tk,l[n]
allocated to the transmission of video layer (k,l) as

tk,l[n] =
∑

p∈Gn

I(t(p) = k)I(q(p) = l)
B[p]

R[p]c[p]
(2)



where B[p] is the size of packet p, Gn is the set of packets
belonging to the nth GoP, c[p] ∈ C is the selected code rate for
packet p, and R[p] ∈ R is the per-packet raw transmission rate
specified by the selected modulation scheme. Each packet has
a temporal layer identifier t(p) and a quality layer identifier
q(p) and I(.) is the indicator function.

One of the main objectives of the proposed link adaptation
policy is to provide a high perceptual quality solution while
avoiding playback buffer starvation which occurs when the
video frame is requested by the application layer for playback
before being received. This constraint can be translated as

n∑
i=1

T [i]∑
k=0

Q[i]∑
l=0

tk,l[i] ≤ nΔt − tb (3)

where Δt = r/fr is the time to playback one GoP at the
receiver and tb is a “buffering margin” introduced to capture
the interesting tradeoff between starvation probability and
perceptual quality. Satisfying this constraint ensures continuity
of playback at the receiver. Thus, it can be applied to guide
the selection of T [n] and Q[n]. Given that n − 1 GoPs were
already transmitted, the expression can be written as follows

T [n]∑
k=0

Q[n]∑
l=0

t̃k,l[n] ≤ nΔt − tb −
n−1∑
i=1

T [i]∑
k=0

Q[i]∑
l=0

tk,l[i]· (4)

Note that before transmitting the nth GoP, t̃k,l[n] is not known
since it depends on the channel response for the duration of
the next GoP. We do not assume knowledge of the channel
response for the entire GoP duration since it spans multiple
coherence times. In §V-B1, we propose a method to estimate
t̃k,l[n] and use it to make a decision on T [n] and Q[n]. We
denote the last term of (4) by telapsed[n].

To guide the selection of different coding rates for different
layers, we set a target packet error rate constraint for each
video layer PERk,l ≤ ρk,l where ρk,l is the maximum
tolerable PER that can be supported for layer (k,l). For
a given video sequence, we select ρk,l offline such that
E[Q|PERk,l = ρk,l] = qtarget

l (See §V-A1).
We now formulate the problem of joint source-channel

adaptation with the objective of maximizing perceptual quality

max Q (T [n], Q[n], {c[p]}, {R[p]}) (5)

s.t.
T [n]∑
k=0

Q[n]∑
l=0

t̃k,l[n] ≤ nΔt − tb − telapsed[n] (6)

PERk,l ≤ ρk,l; 0 ≤ k ≤ T [n]; 0 ≤ l ≤ Q[n] (7)

c[p] ∈ C; R[p] ∈ R; p ∈ Gn (8)

where (5) is the quality measure corresponding to sending
T [n] temporal layers and Q[n] quality layers with modulation
and coding schemes specified per packet according to c[p] and
R[p]. The buffer starvation constraint is specified in (6) and
the per-layer PER constraint is specified by (7).

V. JOINT SOURCE-CHANNEL ADAPTATION ALGORITHM

In this section, we describe our proposed algorithm to
solve the source-adaptive channel-adaptive perceptual video
optimization problem. Since the channel is assumed invariant
only over the duration of a single packet, the timescale of

channel adaptation is smaller than that of source adaptation.
Furthermore, because perceptual quality metrics operate in
the pixel domain, it is hard to quantify the effect of channel
distortions analytically. Thus, an offline process is developed
to estimate the allowed per-layer PER for a target perceptual
quality. Next, given these PER thresholds, online adaptation
jointly adapts the MCS and the scalable codec.

A. Model Training

1) Modeling the effect of per-layer packet error rate on per-
ceptual quality: Essentially, unequal error protection should
be applied for different video layers in proportion to the
degradation caused by packet losses corresponding to that
layer. Thus, we need to quantify the loss in perceptual quality
for a given packet error rate at some video layer. Although
the empirical relations between PER and perceptual quality
are content specific, they are similar for similar content (e.g.
fast motion) and they can be learned offline. Additionally, they
can be parameterized by per-layer source rates.

First, we develop a model that finds the dependencies among
packets in the bitstream so that the error propagation effect
can be quantified. Based on the H.264/SVC standard and
the hierarchical encoding structure, we can deduce the packet
dependency model. Assume packet p is lost. If q(p) = Lq −1,
packet p has no dependant packets. If 0 ≤ q(p) < Lq − 1,
we drop the Lq − 1 − q(p) packets corresponding to quality
refinements of the same slice. If q(p) = 0 and t(p) > 0, we
drop the entire frame. Finally, if q(p) = 0 and t(p) = 0, we
drop the entire GoP. It can be seen that errors at q(p) > 0
are much less severe than those with q(p) = 0 because of
MGS packet-level scalability. Thus, we expect to be able to
support a higher level of PER for upper quality layers while
maintaining good perceptual quality.

Given a set of video sequences to be used for training,
we construct a Monte Carlo simulation where we drop a
fixed percentage of packets from any given layer uniformly
at random. Dropping these packets entails dropping their
dependants. At each run, the bitstream is decoded and the
quality index is measured. We apply the uniform packet drop
for each PER value and for each layer and find the average
quality if a given PER is allowed for some layer. We repeat
over all layers and for a range of PERs. Thus, we find an
empirical relation between the PER per layer and perceptual
quality assuming all video layers are transmitted. For a given
target perceptual quality E[Q|PERi,j = ρi,j ] = qtarget

j , we
find ρi,j that satisfies the constraint for each video layer.

2) PER Waterfall Curves: Since the packet size is fixed
and the channel is considered time-invariant over the packet
duration, the instantaneous SNR characterizes the channel.
Using a Monte Carlo simulation, we can find waterfall curves
for any combination of SNR and MCS. Thus, the choice of
MCS and the instantaneous SNR uniquely identify the PER.

B. Source-Channel Adaptation Algorithm

For each GoP, the algorithm selects which video layers to
transmit. This entails dropping the corresponding upper layer
packets. For lower layer packets selected, a decision is made
on the best MCS. GoP-level scheduling does not assume prior
channel knowledge whereas packet-level MCS selection does.



10
−4

10
−3

10
−2

10
−1

10
0

0.7

0.75

0.8

0.85

0.9

0.95

1

PER per layer

P
er

ce
pt

ua
l
Q

ua
lit

y:
M

S-
SS

IM

 

 

T = 1; Q = 0

T = 2; Q = 0

T = 3; Q = 0

qtarget
0

Fig. 2. Video quality vs. per-layer PER for CGS base layers.

1) GoP-level video layer scheduling: For each GoP, the
objective is to make a decision on which video layers to
transmit. The scheduler always attempt to send the base layer
(T=0,Q=0). For video layer (k,l), we cannot assume channel
knowledge for the entire duration of transmission since it spans
multiple coherence times of the channel. We know, however,
the size of each packet B[p] and its layer identifier t(p) and
q(p). For any instantaneous SNR, we know its probability
and the best corresponding MCS (See §V-B2). Based on the
Rayleigh fading channel, a reasonable assumption is that the
average SNR γ̄ for the next video layer is the same as the
previous video layer. Thus, the expected transmission time for
video layer (k,l) is

t̃k,l[n] =
∑

p∈Gns.t.
t(p)=k,q(p)=l

∫ ∞

0

B[p]
R(γ, k, l)c(γ, k, l)

· e−γ/γ̄

γ̄
dγ (9)

=

⎛
⎜⎜⎝

∑
p∈Gns.t.

t(p)=k,q(p)=l

B[p]

⎞
⎟⎟⎠

∫ ∞

0

e−γ/γ̄

R(γ, k, l)c(γ, k, l)γ̄
dγ (10)

where R(γ, k, l) and c(γ, k, l) are uniquely specified by the
SNR and the layer identifiers. The scheduler estimates t̃k,l[n]
by numerical integration and picks the largest number of
temporal layers and the largest number of quality layers such
that the sum of average transmission times for all selected
layers does not violate the buffer starvation constraint (6).
Note that this does not fully avoid starvation. Since the
decision is based on the Rayleigh fading assumption, the actual
transmission time per layer will slightly vary. This provides
the motivation behind the buffering margin defined in (3).

Next, the selected layers are transmitted. If the transmission
time was underestimated and buffer starvation occurs, future
enhancement layers are dropped, and transmission of the next
GoP is started immediately.

This method reveals the buffering aspect of the problem.
The algorithm is able to tradeoff quality and starvation proba-
bility by tuning the buffering margin parameter. Furthermore,
it can be intelligently adapted over time based on past obser-
vations of buffer starvation and perceptual quality fluctuations.

2) Packet-level MCS selection: Assume a video layer is
selected for transmission. For any given packet, a decision
has to be made as to which MCS is used for transmission at
the PHY layer. The layer identifier t(p) and q(p) is known and
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we assume perfect knowledge of γ[p]. Given the instantaneous
SNR, for every possible modulation scheme, we find the
maximum coding rate that can support the per-layer PER
constraint based on the MCS PER empirical expressions. If
the problem is feasible, i.e. at least one MCS can support
the PER constraint, we pick the modulation scheme and its
corresponding maximum coding rate such that net bit rate is
maximized. If the problem is not feasible, we pick the MCS
that maximizes reliability among all other MCSs.

VI. RESULTS AND ANALYSIS

In this section, we present results on the mapping between
per-layer PER and video quality as well as a case study for
the joint source-channel adaptation algorithm. We consider
a flat Rayleigh fading channel with a bell-shaped doppler
spectrum suitable for an indoor environment. The speed is
3 m/s and the bandwidth is 500 KHz. The set of possible
rates is R = [1, 2, 4, 8] bps corresponding to BPSK, 4-QAM,
16-QAM, and 64-QAM. The set of possible coding rates is
C = [1/2, 2/3, 3/4, 5/6]. Thus, the range of data rates is 0.5
Mbps to 2.5 Mbps. We use the LIVE video database [9], [10]
to train the model. Based on qtarget

1 and qtarget
0 , we find ρk,l

for each video layer (k,l). The “riverbed” sequence is used
for testing. The resolution is 384x224, the maximum frame
rate is 25 fps, and the video sequence length is 10 sec. The
corresponding per-layer source rates are shown in Table I.

TABLE I
SOURCE RATES (KBPS) FOR THE RIVERBED SEQUENCE

T\Q 0 1 2 3
0 275.0 377.9 464.6 602.8
1 469.5 666.2 828.0 1057.8
2 767.6 1129.5 1416.4 1771.0
3 1135.0 1802.0 2296.0 2825.0

Figure 2 shows the video quality achieved when a uniform
packet drop is applied to each temporal enhancement layer in
the base CGS layer of the “riverbed” video sequence. Losses
in packets with layer identifier Q = 0 incur large video quality
costs. We note that upper temporal layers may be perceptually
more relevant since the corresponding number of frames is
larger causing more data loss for the same PER.

Figure 3 shows the average video quality achieved when
a uniform packet drop is applied to each MGS enhancement
layer. Due to MGS packet-level scalability, the degradation
in video quality has a significantly lower severity. Adjusting
the quality threshold enables trading-off video quality and
reliability. An interesting conclusion is that, for the same video
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Fig. 4. Case study of the link adaptation algorithm: (a) Instantaneous SNR
per packet γ[p]; (b) Number of temporal and quality layers selected; (c)
Instantaneous throughput (averaged by a 50-packet-wide moving filter); (d)
Perceptual video quality over time. Note the startup delay of 0.32 sec (1 GoP).

quality requirement, per-layer PER targets among different
quality layers are an order of magnitude apart which clearly
advocates unequal error protection.

A case study on the joint source-channel adaptation algo-
rithm is provided in Figure 4. The instantaneous SNR process
is shown in Figure 4(a). We consider a channel realization
where the SNR stays in a deep fade for 2 seconds. The number
of quality and temporal layers selected for transmission is
shown in Figure 4(b). As per our design, temporal scale
changes at a coarser pace than quality scale. Note that the
number of layers is selected based on the average SNR in
the previous interval. Thus, drastic variations may impact
performance by causing the algorithm to overestimate or
underestimate the time needed to transmit a video layer.
Underestimation could cause buffer starvation. In this scenario,
we set a buffering margin tb = 0.15 sec. This margin is
sufficient to fully avoid buffer starvation even in the deep
fade from 5.5 to 7.5 sec because the difference between
transmission time and playback time was large enough taking
advantage of previous channel peaks.

Figure 4(c) and 4(d) show the instantaneous throughput
and the perceptual quality respectively. Because the algorithm
takes advantage of buffering on good channel conditions, at
6 seconds, we are successfully able to support layer (3,1)
which requires 1.8 Mbps while the instantaneous throughput
is consistently below 1 Mbps. We allow a startup time equal
to 1 GoP (0.32 sec). Note that good perceptual quality is
consistently maintained up to 5.5 seconds while the SNR
and throughput fluctuate within reasonable ranges. Whenever
all temporal layers are transmitted, the target quality metrics
qtarget
1 and qtarget

0 are satisfied and the algorithm is immune
to short-term fluctuations. When the channel is bad, reliability
is favored over quality to ensure continuous video playback.

VII. CONCLUSION

We demonstrated an algorithm to adapt the use of wireless
resources and the scalable codec for H.264 video bitstreams
based on channel conditions and per-layer source rates. The
algorithm takes advantage of buffering and unequal error pro-
tection to balance reliability and perceptual quality, and reduce
buffer starvation probability. Immediate extensions of the work
involve applying the framework to a MIMO-OFDM system
and incorporating more robust learning-based techniques.
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