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Abstract. A practical end-to-end all-digital multiresolution system is demonstrated that employs joint source-channel coding
and modulation in order to achieve efficient broadcast of digital HDTV. The threshold effect plaguing single resolution systems
is softened by a stepwise graceful degradation. This can be used to increase the coverage and robustness of the digital broadcast
system. This approach is seen as an alternative to traditional single resolution digital transmission systems which are not
designed for broadcast situations, and which suffer from the threshold effect. This paper highlights the benefits of using an
embedded multiresolution modulation constellation over a modulation scheme that resorts to time or frequency multiplexing
of the broadcast resolutions. Besides showing coding results and simulations of transmission effects, the paper discusses the

trade-offs between low and high resolution coverage.
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1. Introduction

Recent advances in video compression technol-
ogy have ushered in the era of digital television,
with the advent of digital HDTV expected to make
as much of an impact on the video industry as
CDs have made on the audio world. Even the most
demanding delivery mechanism, namely terrestrial
broadcasting, might turn digital. However, all cur-
rent proposals for digital terrestrial broadcasting
in the US approach the problem as a point to point
transmission problem, namely from the emitter to
the fringe. That is, the system is geared at the poor-
est channel, a fact termed in [10, 11] as ‘wasted
capacity’ near the transmitter.
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This single resolution (SR) approach of catering
to the broadcast fringe is known from information
theory to be suboptimal: when dealing with differ-
ent channels, one can do better than to transmit at
the capacity of the worst channel. Cover [4]
showed that one could trade capacity from the
poor channels for excess capacity in the better ones,
and that the trade-off can in theory be worthwhile.
However, to the best of the authors’ knowledge, no
real system has been designed using these results.

In this work, we demonstrate that using these
ideas for channel modulation, together with an
appropriate multiresolution (MR) source coding,
leads to a flexible way to design digital broadcast
systems. A more comprehensive treatment of this
work, that includes an analysis of the role of error
correction codes (ECCs) in the joint source channel
coding problem, is presented in [9]. We show, in
particular, that the threshold effect typical of SR
digital transmission can be replaced by a graceful
degradation. We also demonstrate how the cover-
age area over SR schemes can be increased consid-
erably, at the cost of some mid-region
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suboptimality. An important benefit of employing
an MR joint source channel coding scheme is
shown to be realized when the scheme is coupled
with state-of-the-art motion compensation tech-
niques to increase the full-resolution broadcast
area. In light of the ongoing debates on standards
and compatibility, it is topical to point out that
MR schemes offer a natural and practical solution
to the compatibility problem, as was proposed in
[2].

The outline of the paper is as follows. Section 2
reviews an MR video coding scheme [12, 13] used
in this paper for the HDTV source coding. It
decomposes the source into coarse versions and
added refinements or details. Section 3 discusses
the idea of MR transmission for broadcast chan-
nels. It reviews the classic idea of Cover [4] and
how it can be applied to design a practical MR
modulation constellations. The issue of joint source
channel coding in this MR context is addressed
next. Finally, Section 4 presents experimental
results along with possible coverages using multire-
solution QAM (or MR QAM) modulation.

2. Multiresolution source coding

Multiresolution (MR) source coding schemes
can be seen as successive approximation methods,
and under certain conditions [5] they can achieve
optimality. Practical MR coders may be slightly
suboptimal to SR coders for point to point commu-
nications, in terms of compression achievable at the
same full resolution quality. However, a broadcast
scenario involves a multiuser environment, where
the MR decomposition affords a hierarchy of reso-
lutions that are both natural and useful for the
compatibility and broadcast problems. We review
a specific MR video coding scheme [12], namely a
three-dimensional pyramidal decomposition based
on spatiotemporal interpolation, forming a hierar-
chy of video signals at increasing temporal and
spatial resolutions (see Fig. 1(b)). The structure is
formed in a bottom-up manner, starting from the
finest resolution, and obtaining a hierarchy of
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lower resolution versions. Spatially, images are

subsampled after anti-aliasing filtering. Tempo-

rally, the reduction is achieved by simple frame
skipping.

The encoding is done in a stepwise fashion, start-
ing at the top layer and working down the pyramid
in a series of successive refinement steps. The
coarse-to-fine scale change step is illustrated in Fig.
I(a). At each step, first the spatial resolution is
increased by linear interpolation, then the temporal
motion based interpolation is done based on these
new frames at the finer scale. We describe the inter-
polation procedure only briefly, and refer to [12]
for more detail. See Fig. 3 for the different resolu-
tions of a three-layer pyramid.

The unshaded frames shown in Fig. 1(b) are
interpolated in time. For these frames, the encoder
computes a set of motion vectors that are transmit-
ted along with the temporal residual. The motion
vectors are computed in a multiresolution fashion,
using a hierarchical blockmatching algorithm [12]
somewhat similar to [3]. For each block in the
interpolated frame, three different motion vector
candidates for the following interpolation modes
are considered:

- Backward interpolation: the motion vector that
yields the best replacement from the previous
frame.

- Forward interpolation: the motion vector that
yields the best replacement from the next frame.

- Motion averaged interpolation: the motion vec-
tor d that yields the best replacement by
averaging the block displayed by d in the previ-
ous frame and displaced by —d in the next frame.

The mode that results in the best interpolated block

(in the MSE sense) is selected, and the mode selec-

tion information is also encoded and transmitted

to the receiver.

A discrete cosine transform (DCT) based
entropy coder is used to encode the top layer and
the subsequent bandpass difference images. Quan-
tizer steps, and consequently bit allocation at
different levels in the hierarchy, is determined to
obtain good perceptual quality. Another major
consideration in the bit allocation scheme is the
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(a)

(b)

Fig. 1. Reconstruction of the pyramid. (a) One step of coarse-to-fine scale change. (b) The reconstructed pyramid. Note that
approximately one half of the frames in the structure (shown as shaded) are spatially coded/interpolated.

subsequent channel coding, as described in the next

section.

This MR decomposition of the video source has
several advantages:

- it is suited for a digital broadcast system with
graceful degradation;

— it is robust to channel errors when the coarse
resolution is well protected and error conceal-
ment is employed at the decoder;

- it offers a solution to compatibility with lower
resolution standards.

It was determined empirically that for the 3 layer
MR source coder we consider in our system, resort-
ing to a two-resolution hierarchy comprising the
two coarsest layers of the spatio-temporal pyramid
in the coarse resolution source channel, and the
fine layer in the fine resolution channel resulted in
a bit ratio of coarse to fine information of roughly
1:2 at SNRs of interest for typical sequences. This
ratio is used to formulate a ‘matched’ source chan-
nel coding design, to be described in Section 4.

3. Multiresolution transmission

Efficient communication of digital information
from one source to multiple receivers with varying

carrier-to-noise ratios (CNRs) is the fundamental
problem of digital broadcast of HDTV. The need
to use the broadcast channel capacity efficiently has
been pointed out by Schreiber [10] in his proposed
hybrid  analog-over-digital coding scheme,
although no quantitative advantage in terms of
received signal quality (SNR or the like) over all-
digital schemes has been shown. In our work, we
restrict ourselves to a digital solution that is multi-
resolution (MR) in nature, and we quantify the
performance of various MR transmission schemes
for the broadcast range of CNRs in terms of
received SNR.

3.1. Efficiency of using MR for digital broadcast

In his classical paper of 1972 [4], Cover supplied
the intuition of using an MR scheme for digital
broadcast channels. He demonstrated that, for a
binary symmetric channel, a source wishing to send
information to two receivers of different qualities
could optimize its deliverable bit-rate to the receiv-
ers, in the Shannon sense, by superimposing the
(refinement) information meant for the less noisy
receiver within the (coarse) information intended
for both. This method of superimposing or
embedding information, i.e. broadcasting in an
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MR fashion, where the ‘detailed information’
meant for the stronger receiver necessarily includes
the ‘coarse information’ meant for the noisier
receiver, is more efficient than ‘naive independent
sharing’ of the broadcast channel resources in time
or frequency among the receivers. An efficient end-
to-end broadcast system should have its transmis-
sion (modulation) constellation matched to its source
coding scheme, and this is the crux of our work,
which we undertake in an MR environment.

3.2. Joint MR source coding/ MR modulation

Though the problem of joint source and channel
coding has been addressed previously in various
coding contexts [6-8], in this work we propose the
idea of designing an MR transmission constellation
that is matched to the MR source coding scheme
described earlier for a broadcast environment. We
match the analog MR modulation (QAM) constel-
lation (or MR QAM) with the digital (possibly
joint source/channel coded) bitstream output by
the MR source via a matched modulation design
parameter A to be described shortly.

Cover’s idea of embedded transmission justifies
the choice of an MR transmission scheme, the
power of which is further reinforced by the MR
nature of the source coder which we seek to match.
Thus, while embedded transmission for broadcast
makes information theoretic sense even for a non-
MR source, it is even more natural when the source
coder is hierarchical in nature, e.g. the various reso-
lution layers of the spatio-temporal pyramid
scheme described earlier. To retain the robustness
of digital schemes while catering to the graceful
degradation nature of analog schemes, we propose
an MR all-digital scheme that combines the two
features. The experimental results of Section 4 (see
Figs. 4 and 5) highlight the importance of having
multiple resolutions for digital broadcast. The
presence of a robust coarse resolution channel,
accompanied by error concealment techniques like
motion-compensated previous-frame replacement
at the decoder, can lead to a substantial increase
in the high quality reception area over that of
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‘thresholded’ SR digital schemes, which have no
reliable coarse information to aid in the full-resolu-
tion reconstruction. Although the simulations we
present are for a two-resolution system, in theory,
the principle holds for any number of hierarchical
levels desired, and would result in a ‘fractal’ modul-
ation constellation, although at increased complex-
ity and decreased practicality. A practical way of
introducing more resolutions, with the aid of
embedded ECCs is described in [9].

4. Experimental results

4.1. MR 64-QAM

In order to match the MR transmission constel-
lation to the MR source coder, we simulated an
MR source coder with 2 resolutions, coarse and
fine, which emitted digital bits in the ratio of 1:2.
The basic idea (see Fig. 2) is that the 64-QAM is
clustered into 4 ‘clouds’ of 16-QAM constellations.
For every 6 bits emitted by the 1:2 source (of
which 2 are coarse and 4 detail), the 2 coarse bits
select one of the 4 clouds, while the 4 detail bits
select one of the 16 points within the selected cloud.
By ‘matching’ the relative distances between intra-
cloud constellation points (D;) and inter-cloud
points (D), whose ratio is a design parameter 4,
to the relative ‘information contents’ of the two
bitstreams (one measure is the SNRs associated
with the two bitstreams), one obtains an efficiently
designed joint MR source/MR transmission sys-
tem, and for a given receiver CNR, one can find
the optimal A that achieves a minimum expected
distortion. Further, for a given ‘broadcast cost
function’ encompassing the entire range of broad-
cast CNRs, which no doubt includes such factors
as population density, one can find an ‘optimal
broadcast A’ for the constellation in question.

For our experiment, the bitstreams comprising
the two resolutions were arrived at by clustering the
two coarser layers of the 3-layer spatio-temporal
pyramid of Section 2 along with indispensable
information (like motion-vectors and synchroniza-
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Fig. 2. (2) End-to-end MR system. (b) MR 64-QAM of parameter 4. Note that =1 corresponds to 64 QAM and A=0t0 4 QAM.

tion bits) as the coarse virtual channel, and the
bottom pyramidal layer as the fine virtual channel.
Since our efficient MR source coder presents
redundancy-stripped Huffman encoded bits to the
modulator, isolated channel bit errors could be
potentially catastrophic unless blocks of bits are
decoupled as packets. To balance the tradeoff
between error propagation and packet header over-
head, a packet size of 1080, comprising 360 bits of
coarse data and 720 bits of detail data, was picked
for the simulations. A performance comparison
was done on the basis of probability of packet loss,
with individual bit errors assumed to cause their
entire ‘host’ packets to be corrupted. The coarse
and fine packetized channels formed by the cluster-
ing method described above were adjusted to be
in the ratio of roughly 1:2 to match the channel
constellation of 2 level MR 64-QAM, while pre-
serving high SNR and perceptual quality. The two
streams could be interpreted as entering virtual
independent buffers with throughputs in the ratio
of 1:2, with instantaneous temporal mismatches in
the input channel rates being absorbed by the
buffers and, if necessary, to prevent overflow or
underflow, resolved by exchange of data between
the buffers, resulting in minimal degradation for
slight mismatches.

Error concealment

Due to the nature of the broadcast communica-
tion, it is impossible (or perhaps impractical) to
achieve error-free transmission. Bitstreams are
often packetized to speed up resynchronization in
case of a channel error, but a single bit error still
renders the whole packet unusable. Recursive sys-
tems (motion-compensated hybrid DCT being the
typical example) take much longer to recover, spe-
cifically until the next restart of the prediction loop.
An error concealment scheme is often required to
mask those errors and provide a gracefully degrad-
ing picture. The source coder we have used is based
on a finite memory structure, and errors would not
accumulate but die out within a few time samples.
The structure used in conjunction with the MR
modulation also allows very successful error
concealment.

Simulations show that for typical values of 4, at
the same CNRs for which the fine channel packet
error rate is greater than 107", the coarse channel
is almost perfect (packet error rate less than 107°).
Therefore, most of the errors will occur in the fine
detail, and a coarse version and motion vectors
will be available for concealment. The concealment
strategy differs slightly for the frames that are inter-
polated spatially or temporally, and assumes that
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Fig. 3. Resolutions of the pyramid. (a) Coarsest layer. (b) Intermediate layer. (c) Full-resolution layer.

the motion vectors and the selected interpolation
mode for each block, which are transmitted in the
robustly protected coarse channel, are intact. Thus,
a concealment strategy based on motion compen-
sated interpolation gives excellent results even in
extreme cases of fine channel packet loss. Complete
loss of a frame can be tolerated, and sustained 15%
packet loss rate causes no visible loss in quality.
Figure 4 shows the effect of 15% fine-packet loss
(obtained for A=0.5, CNR =255 dB/symbol) on
the spatial residual of the sequence, with Fig. 4(c)
showing the reconstructed quality, while Fig. 5
illustrates the power of error concealment in an
MR environment.

4.2. Comparison of MR, independent and SR
constellations

Simulations were carried out for an Additive
White Gaussian Noise (AWGN) channel for the 3
cases under conditions of equal power and equal
average spectral efficiency. The independent case
refers to separate transmission of the coarse and
fine channels using ‘naive multiplexing’ of the fre-
quency spectrum. To compare the MR versus inde-
pendent constellations, an MR 64-QAM (of free
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parameter 4), and a 16,256 QAM (coarse/fine)
independent constellation pair were picked. The
independent channels have a spectral efficiency of
4b/s/Hz and 8b/s/Hz, or an average spectral
efficiency (6 b/s/Hz) identical to that of the MR
64-QAM. While a detailed description of the simu-
lation results is provided in [9], a ‘threshold’ ver-
sion is shown in Fig. 6(a).

Consistent with perceptual effects, thresholding
for the fine channel has been applied at fine packet
and coarse packet loss rates of 10" and 1073,
respectively. The seemingly high fine channel
packet loss rate still results in nearly flawless full
resolution quality due to the incorporation of error
concealment techniques at the MR decoder, as
mentioned earlier. To be fair, the SR scheme has
been thresholded at the same error rate as the
coarse packet channel, as they both represent tran-
sitions from the region of no signal to the region
of discernible signal.

As can be seen from Fig. 6, the MR constellation
outperforms the independent one over all ranges of
CNRs for a certain range of values of A (e.g. A=
0.2). To perform a comparison of the MR and
SR cases, we included a source coding penalty of
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Fig. 4. Effect of channel noise for A=0.5, CNR =25.5dB/symbol (15% fine-channel packet loss). (a) Spatial residual frame.
(b) Packets corrupted by channel. (c) Full resolution reconstruction after error concealment. Image is 512 x 512.

roughly 16% for resorting to an MR source coding
scheme, as a worst case analysis from the MR view-
point. This result was derived from empirical
results based on the popular ‘Lenna’ image and
other typical images, using an MR-unfriendly

JPEG [1] coding framework. Under these condi-

tions, the SR channel could afford a 32-QAM mod-

ulation scheme for the same transmitter power as
the MR 64-QAM scheme due to a source com-
pression advantage of 5/6. The results shown in
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Fig. 5. Effect of error concealment for 15% fine-channel packet loss (blow up of Fig. 4). (a) Corrupted spatial residual frame.
(b) Reconstruction without error concealment. (c) Reconstruction with error concealment.

Signal Processing: Image Communication
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Fig. 6. Typical broadcast environment. (a) SNR versus Receiver CNR. (b) Broadcast ranges for the different constellations.

Fig. 6 indicate the tradeoffs involved. Even under
these worst case assumptions, it can be seen that
the MR scheme is attractive. From the broadcast
area coverage plot of Fig. 6(b), it can be seen that
the embedded MR scheme outperforms the multi-
plexed MR scheme, as promised by information
theory; moreover, the tradeoffs between the
embedded MR schemes and the SR scheme reveal
how, at the cost of some mid-region suboptimality
(see for example A=0.5), the MR schemes increase
the broadcast coverage area considerably.

5. Conclusion

We have demonstrated a multiresolution (MR)
joint source channel coding including an MR trans-
mission modulation, in order to achieve efficient
broadcast of digital HDTV. We note that joint MR
source channel coding using a source coder

‘matched to an error correction code and/or a mod-

ulation constellation would provide an efficient
end-to-end MR system. The threshold effect plagu-
ing single resolution (SR) systems is softened by
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a stepwise graceful degradation similar to analog
systems, without sacrificing the source coding
advantage of digital schemes. We establish the
superiority, as promised by information theory, of
an embedded MR transmission scheme over
independent transmissions of the MR source reso-
lutions, and point out the tradeoffs in robustness
and broadcast area coverage of low and high reso-
lutions between embedded MR and SR digital sys-
tems for QAM constellations. We describe the
benefits of resorting to an all-digital end-to-end
MR design in exploiting the state-of-the-art digital
compression and error concealment techniques to
increase the coverage area and robustness for high
quality HDTYV digital broadcast.
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