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ABSTRACT

Wireless video broadcasting is a popular application of mo-
bile network. However, the traditional approaches have lim-
ited supports to the accommodation of users with diverse
channel conditions. The newly emerged Softcast approach
provides smooth multicast performance but is not very effi-
cient in inter frame compression. In this work, we propose
a new video multicast approach: WaveCast. Different from
softcast, WaveCast utilizes motion compensated temporal fil-
ter (MCTF) to exploit inter frame redundancy, and utilizes
conventional framework to transmit motion information such
that the MVs can be reconstructed losslessly. Meanwhile,
WaveCast transmits the transform coefficients in lossy mode
and performs gracefully in multicast. In experiments, Wave-
Cast outperforms softcast 2dB in video PSNR at low channel
SNR, and outperforms H.264 based framework up to 8dB in
broadcast.

Index Terms— 3D wavelet, wireless video broadcast,
softcast, DCast, WaveCast

1. INTRODUCTION

Wireless video broadcasting is a popular application aiming
to transmit video signal simultaneously to multiple users of
possibly different channel conditions. The main challenge is
the difficulty to fully utilize each user’s channel capacity and
provides each user best video quality under his channel condi-
tion. The conventional digital video broadcasting (DVB) [1]
framework based on H.264 [2] and 802.11 [3] can hardly ac-
commodate diverse users in broadcast due to the stair effect:
The server should encode the video source at one rate. How-
ever, if some users’ channel capacity turn out to be less than
this source rate, then their reconstruction quality will degrade
sharply; while if some users’ channel capacity are more than
the source rate, their reconstruction quality will not improve
accordingly. A typical approach to mitigate this stair effect is
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scalable video coding (SVC) [4][5]. With SVC, users of low
channel capacity can receive rough video signal while users
of high channel capacity can receive high quality video sig-
nal. However, SVC decreases the compression efficiency of
video signal. In addition, SVC can not entirely mitigate the
stair effect, but divides one ‘big stair’ into two or three ‘small
stairs’.

The conventional framework utilizes lossy compression
and lossless transmission, and thus can hardly accommodate
diverse users with different channel capacity. Recently, a
novel all-in-one framework named as Softcast, with lossless
compression and lossy transmission has been proposed for
wireless video broadcasting [6, 7]. Different from conven-
tional frameworks, Softcast simply compresses the video by
discrete cosine transform (DCT) and transmits the coefficients
directly in lossy mode. This makes the reconstruction quality
depends only on the receiver’s channel SNR. A high SNR user
can automatically get high quality video while a low SNR
user can also decode the video. In wireless broadcasting ap-
plication, Softcast achieves significant gain over the conven-
tional DVB framework [7].

One disadvantage of Softcast is the inefficiency in exploit-
ing the inter frame redundancy of video signal. This problem
is partially solved by the utilization of 3D-DCT in a recent
improved version of Softcast[7]. However, without motion
compensation, the inter frame redundancy is still not fully ex-
ploited in the updated version. In [8, 9], motion compensa-
tion and lossy transmission are combined together in a dis-
tributed video coding [10] framework. However, to the best of
our knowledge, there is no solution till now to enable motion
compensation and lossy transmission together in conventional
video coding framework.

In this paper, we propose a wireless visual communica-
tion framework called WaveCast based on lossy transmission
and 3D wavelet transform[11, 12, 13]. WaveCast utilizes mo-
tion compensated temporal filter (MCTF) [14, 15] to exploit
inter frame redundancy. This helps to improve the coding
efficiency owning to the aligned motion. WaveCast trans-
mits the motion information by conventional communication
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Fig. 1. WaveCast server

framework, such that the transmission of MVs are lossless.
Different from conventional framework, WaveCast uses loss-
less compression and lossy transmission. The server sends
full information of video to the channel, while how much
information can be received by the client(s) depends on the
channel condition. This makes the system much more robust
to the fluctuation of the channel SNR compared with con-
ventional visual communication systems. In broadcast, the
framework can utilizes each client’s channel as much as pos-
sible, and let each client to get as much visual information
as its channel condition allows. In experiments, the proposed
approach achieves significant gain over H.264 based conven-
tional framework as well as Softcast.

The rest of the paper is organized as follows: Section 2
introduces the proposed framework. Section 3 presents ex-
perimental results and Section 4 concludes the paper.

2. PROPOSED WAVECAST

The proposed WaveCast framework is a wireless visual com-
munication framework with jointly designed source coding,
channel coding and physical layer. WaveCast utilizes 3D
wavelet transform to compress the video signal. Compared
with the 3D DCT transform in Softcast, 3D wavelet is more
efficient to remove temporal redundancy owning to aligned
motion. WaveCast communicates the motion information by
traditional communication method, such that the MV trans-
mission is lossless. WaveCast transmits the wavelet coeffi-
cients in lossy mode as Softcast does. In broadcast, WaveCast
achieves similar graceful performance as Softcast.

Fig.1 depicts the framework of WaveCast server. Firstly,
WaveCast transforms the input video signal by 3D wavelet.
The transmission of the wavelet coefficients are in lossy mode
similar to Softcast. The wavelet coefficients are scaled for
power distortion optimization (PDO) and then transformed
by Hadamard as precoding for broadcasting channel. The re-
sulting coefficients are mapped to complex symbols by a very
dense constellation (64K-QAM): each coefficient is quantized
into 8-bit integer number and every two integers compose one
complex number of 64k possible values. The meta data, in-
cluding the MVs and the scaling factor of PDO, are coded by
using conventional scheme consisting of variable length cod-
ing (VLC), forward error correction (FEC) and binary phase-

shift keying (BPSK) mapping. Finally, the modulated sym-
bols are passed into OFDM module undergoing iFFT and D/A
conversion, and the analog signals are then modulated with
carrier waves to generate transmitted signal.

The client side of WaveCast is depicted in Fig. 4. The
OFDM module receive the signal and reconstruct the modu-
lated complex symbols of both the scaled coefficients and the
meta data. The meta data are demodulated and decoded first
to get the MVs and the scaling factor. Then the scaled co-
efficients are reconstructed by inverse 64k-QAM and inverse
Hadamard. The inverse 64k-QAM here do nothing but decou-
pling each complex value back into two real values. Each real
value here is actually the 8-bits integer number plus channel
noise. After inverse Hadamard transform, the coefficients are
estimated by MMSE. At last, with the MVs, the coefficients
are inversely transformed by 3D wavelet, to generate the final
reconstruction.

2.1. MCTF based 3D Wavelet Transform

A

Fig. 2. 3D wavelet transform

As shown in Fig. 2, the 3D wavelet transform consists of
two steps: motion compensated temporal filter (MCTF) and
2D spatial wavelet transform.

fa-s fokz faer fax faer faez fokes faes ...

Hy-2 Hy-1 Hy His1

Li-1 Lk Lis1 Lis2

Fig. 3. The lifting structure of MCTF



The first step of 3D wavelet is to apply the MCTF recur-
sively on the video signal. The MCTF used in this work is
the Barbell-lifting based temporal wavelet filters[15]. Fig. 3
shows the lifting structure of MCTFE. MCTF decomposes the
input video sequence f into high pass frames H and low pass
frames L. Let n be the number of input video frames, and f;
be (a vector representing) the i*” frame. For each odd frame
for+1, k € {0,1,--- ,n/2 — 1}, a bidirectional motion es-
timation (ME) is performed. Let function Baj 2541 () and
Bogro—ok+1(+) represent forward prediction and backward
prediction respectively. The high pass frames are generated
by

Hy = aoBor—on+1(for) + fort1 + a1Bogtro—ont+1(fort2)

where g = a3 = —0.5. And the low pass frames are gener-
ated by

Ly = BoBok—1-2k(Hr—1) + for + 51Bok+1—2k(H)  (2)

where 5y = (1 = 0.25, and function Bog_1—2x(-) and
Baj+1-2k () represent the inverse process of motion com-
pensation. Taking (1) into (2), it is clear that the MCTF here
forms a (5,3) wavelet transform in temporal direction.

The MCTF is recursively applied on the low pass frames
to generate temporal subbands. After each level of MCTF, the
video frames are updated by

fk — Lka

The new frames f; (k € {0,1,--- ,n/2 — 1}) are actually
the low pass frames of last level of MCTF. Then the MCTF
is applied on the new frames fj (k € {0,1,---,n/2 —1})
to generate new low pass frames and high pass frames. The
encoder recursively applies several levels of MCTF, and gen-
erate finally a low pass frame L and several high pass frames
Hy,Hy,--- ,H,_;.

After MCTEF, the low pass and high pass frames are trans-
formed by 2D wavelet WW(-) to get wavelet coefficients F'.

Hn/2+kHHk7 k:()v]-a"'7n/27]- (3)

F= {W(Lo)vw(Hl)vW(HQ)v to aW(Hn—l)} “)

2.2. Power Distortion Optimization

The power distortion optimization (PDO) is to minimize the
reconstruction distortion under power constraint. PDO in-
cludes two steps. The first step is to normalize the wavelet
coefficients such that equal coefficients in different subband
will have equal importance to the reconstruction. In our
WaveCast, 3D wavelet transform includes 4 levels of recur-
sive MCTF decomposition and 3 levels of spatial wavelet
transform. From (1) and (2), the temporal wavelet is a (5,3)
wavelet with filters [—1,2,—1]/2 and [-1,2,6,2,—1]/8.
Thus the norm of the low pass filter (LPF) and the high pass

filter (HPF) are a = /3/2 and b = /23 /32 respectively. For
4 levels of recursive MCTF decomposition, the transformed

coefficients belonging to 5 different temporal frequency are
normalized by the factors b*, ab?, ab?, ab, a respectively. For
spatial transform, a (9,7) wavelet is used, and the norm of LPF
and HPF are ¢ = 1.14 and d = 0.89 respectively. For 3 levels
of spatial transform, the transformed coefficients belonging
to 4 different spatial frequency are normalized by the factors
d3, cd?, cd, c respectively.

The second step is to scale the coefficients such that the to-
tal power is optimally allocated to each subband in the trans-
mission. The wavelet coefficients I’ (after normalization) are
divided into several subbands and for each subband ¢ we cal-
culate the variance O’% ;- We compare these variance with a
threshold. If the variance is smaller than the threshold, then

(Ithe corresponding subband is skipped. All the rest coefficients

are scaled for optimal power allocation between different sub-
bands. Let P.,.ss be the total power to transmit the coeffi-
cients, and G; be the scaling factor of subband F;. According
to [6], the optimal power allocation of the coefficients F' is

~ 0—71- Peoe vz
Fi=GF, G = (222N 5)
ZUF(i)

2.3. Packaging and Modulation

The transmission of the wavelet coefficients F are in lossy
mode. After power allocation, the variances of each subband
are still different. To redistribute energy, the coefficients from
different subbands are combined together to form several new
vectors and each new vector has similar norm. Then the new
vectors are transformed by Hadamard matrix,

D=HF. (6)

Then the transformed coefficients D are randomly grouped
together. This creates packets with equal energy and equal
importance. The coefficients of each packet is then directly
mapped to complex symbols by a very dense constellation,
64K-QAM. Each coefficient is quantized into 8-bit integer
number and every two integers compose one complex sym-
bol (of 64k possible values). Let Qgp;ts(+) be the quantization
function. The 64K-QAM can be expressed as

D; = Qspits(D2:) + j Qsvits (Dait1)- 0

An inverse FFT is computed on each packet of symbols,
giving a set of complex time-domain samples. These samples
are then quadrature-mixed to passband in the standard way.
The real and imaginary components are first converted to the
analogue domain using D/A converters; the analogue signals
are then used to modulate cosine and sine waves at the carrier
frequency, f., respectively. These signals are then summed to
give the transmission signal, s(¢).

s(t) = Re{iFFT{D}e?>™ <t} (8)
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Fig. 4. WaveCast client

2.4. Transmission of Motion Information

The transmission of motion information and the scaling fac-
tors GG are through traditional communication scheme consist-
ing of entropy coding, channel coding and modulation. The
scaling factors GG are quantized by an 8-bits scalar quantizer
and coded by fix length coding. A predictor for each MV is
generated based on the neighboring blocks’ MVs. Then the
prediction residues together with the mode information are
compressed by universal variable length coding (UVLC). The
UVLC table is as follows.

Input Output
0 1
+1 01x
+2,£3 001xx
+4, 45,46, +7 | 0001xxx

Table 1. UVLC for MV coding

The compressed bitstream is then further coded by for-
ward error correction (FEC) code. The FEC code is the one
used in 802.11 standard. It is a 1/2 convolutional code with
generator polynomials {133, 171} as shown in Fig.5.

+
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+

Fig. 5. The 1/2 convolutional code with generator polynomi-
als {133, 171}

The coded bits are then mapped to complex symbols by
BPSK constellation. Finally, the complex symbols are passed
into OFDM module for transmission.

2.5. Receiver

The receiver gets signal r(¢) from the channel and recon-
struct the video signal. The OFDM module receives the signal
and reconstruct the modulated complex symbols of both the
scaled coefficients and the meta data. The received signal r(t)
is quadrature-mixed down to baseband using cosine and sine
waves at the carrier frequency. After applying the low-pass
filters, the OFDM module samples and converts the baseband
signals to digital numbers, and use a forward FFT to convert
them back to the frequency domain.

The frequency domain signal after FFT includes trans-
form coefficients and meta data. The meta data are decoded
first to get the MVs and the scaling factor. The soft infor-
mation of the original bitstream is estimated by a soft BPSK
detector. Then the receiver uses Viterbi algorithm to correct
the errors in the bitstream, and then decodes the bitstream to
get MVs and scaling factors G.

The scaled coefficients are reconstructed by inverse 64k-
QAM and inverse Hadamard. The inverse 64k-QAM here just
splits each complex symbol back into two real values. Each
real value here is actually the 8-bits integer number plus chan-
nel noise. After inverse Hadamard transform, the coefficients
are estimated by MMSE. Let F be the coefficients after in-
verse Hadamard transform. I can be written as:

F=F+N 9)

where N 1is the equivalent channel noise after inverse
Hadamard transform. Under the assumption that the chan-
nel noise is whiten Gaussian, /N is also whiten Gaussian. The
MMSE reconstruction of original F' is

2
Bo= 0 (10)
oo Gi T 0%

where o%; are the noise variance.

At last, with the MVs, the wavelet coefficients F are in-
versely transformed by 3D wavelet, to generate the final re-
construction f . The inverse transform consists of 2D inverse
wavelet transform and inverse MCTF.

f=MCTF YW {F}} (11)



3. EXPERIMENTS

In experiments, WaveCast is compared with both Softcast[6,
7] and conventional framework. We have implemented two
versions of Softcast based on 2D-DCT and 3D-DCT respec-
tively, i.e. Softcast2D[6] and Softcast3D[7]. The conven-
tional framework is based on H.264 and 802.11. We use
IM14.2 software as H.264 codec and ues ’baseline’ profile.
We implement standard 802.11 PHY layer with FEC and
QAM modulations. The H.264 coded video data is packed
into RTP packets of length 1200 bytes. We insert into each
RTP packet a 32-bits CRC, and then encode each packet sep-
arately by FEC code. We generate the 1/2 convolutional
code with polynomials {133, 171} as FEC code following the
802.11 standard. The FEC coded bits are mapped to the chan-
nel symbols by QAM modulation, including BPSK, QPSK,
16QAM and 64QAM. All the modulated signals are transmit-
ted over simulated OFDM channels. The channel decoding
is by soft Viterbi algorithm. After that, the decoder performs
CRC check for each RTP packet and forward those error-free
packets to H.264 decoder. The H.264 decoder is able to toler-
ant a small percentage of RTP packet loss, by utilizing error
concealment. In our test, we have config the H.264 decoder to
use the most complex error concealment method in JM14.2,
the motion copy one, to get best reconstruction quality.

To evaluate average performance of each framework, we
create a monochrome 512-frame test video sequence, called
‘all_seq’, by combining the first 32 frames of the 16 CIF se-
quences ( ‘akiyo’, ‘bus’, ‘coastguard’, ‘crew’, ‘flower’, ‘foot-
ball’, ‘foreman’, ‘harbour’, ‘husky’, ‘ice’, ‘news’, ‘soccer’,
‘stefan’, ‘tempete’, ‘tennis’, and ‘waterfall’). For all frame-
work, the GOP length is 32 frames. For both WaveCast and
H.264, the search range of ME is 32 x 32 and the MV preci-
sion is 1/4 pixel. In ME, WaveCast uses only 16 x 16 block
size, while H.264 uses all the 7 block size from 4 x 4 to
16 x 16.

All the framework utilizes equal bandwidth, 1.15MHz.
For Softcast and WaveCast, this constraint is satisfied by
skipping those subbands with lowest variance. Note that
WaveCast needs to transmit MVs, which occupies averagely
0.12MHz of bandwidth. Thus WaveCast skipped slightly
more subbands than Softcast. The conventional framework
utilizes four recommended combination of channel coding
and modulation from 802.11a. We calculate the correspond-
ing bit-rates respectively according to the bandwidth, and set
the bit-rates constraint to the H.264 encoder for rate control.

The first experiment assumes that only the decoder knows
the channel SNR. The experimental result is given in Fig.6.
According to the result, all the four combinations of conven-
tional framework suffer very serious stair effect. For exam-
ple, the combination ‘H.264,1/2FEC,16QAM’ performs good
when channel SNR is between 13dB to 14dB, but is not good
when channel SNR is out of this range. When the channel
SNR becomes more than 14dB, the reconstruction quality
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Fig. 6. Multicast performance comparison

does not increases. When the channel SNR becomes 12dB,
the reconstruction quality drops very quickly. When the chan-
nel SNR becomes even lower, the video decoder cannot work
since almost all received RTP packets has bit error. In con-
trast, the three all-in-one frameworks does not suffer the stair
effect. When the channel SNR increases, the reconstruction
PSNR increases accordingly, and vice versa. WaveCast is the
best one among the three all-in-one frameworks. When the
PSNR is between 30dB and 40dB, WaveCast is constantly
2dB and 4dB better than Softcast3D and Softcast2D respec-
tively. When the PSNR of WaveCast becomes more than
40dB, WaveCast gains less over Softcast, possibly due to
skipping more subbands than Softcast.
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Fig. 7. Multicast to three receivers.

We then let all the frameworks to serve a group of three
receivers with diverse channel SNR. The SNR for each re-
ceiver is 5dB, 10dB and 15dB respectively. The test result
is given in Fig.7. In conventional H.264 based framework,
the server has to choose low speed combination of FEC and
QAM of 802.11, because otherwise the receiver of 5dB will



not be able to decode the video. In light of this, although the
other two receivers have better channel condition, they will
also only receive low speed 802.11 signal and reconstruction
low quality video. In Softcast and WaveCast, the server can
accommodate all the receivers simultaneously. Using Wave-
Cast, the user of 5dB can get similar reconstruction quality as
using H.264 based conventional framework. Meanwhile, the
users of 10dB and 15dB get 4dB and 8dB better reconstruc-
tion quality respectively by using WaveCast than conventional
framework.

4. CONCLUSION

In this paper, we propose a wireless video broadcasting
framework called WaveCast, based on 3D wavelet transform.
WaveCast takes advantage of both conventional framework
and the recently emerging Softcast framework. Similar to
Softcast, WaveCast transmits the transform coefficients in
lossy mode and performs gracefully in multicast. Mean-
while, WaveCast utilizes MCTF as temporal transform such
that the motion is aligned, and utilizes conventional frame-
work to transmit motion information such that the MVs can
be reconstructed losslessly. In experiments, WaveCast out-
performs Softcast 2dB in average at low channel SNR, and
outperforms H.264 based framework up to 8dB in multicast.
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