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Abstract— Video broadcast and mobile video challenge the of the separation theorem unsatisfied, the conventionajles
conventional wireless design. In broadcast and mobile scarios s no longer efficient. In this scenario, the conventional
the bit rate supported by the channel differs across receivs  yagign has to pessimistically choose the transmissioratsit r
and varies quickly over time. The conventional design howesr ted by th ¢ . It also has t de the vid
forces the source to pick a single bit rate and degrades shalp Supporte y_ € W.OI’S. r?ce'Ver- aiso has to co g _e Vi ,eo
when the channel cannot not support the chosen bit rate. at a low qua“ty to fit within the chosen low transmission bit

This paper presents SoftCast, a clean-slate design for wiess rate. The drawback of this approach is that receivers with
video where the source transmits one video stream that each petter quality channels can obtain only the video quality of
receiver decodes to a video quality commensurate with its the receiver with the worst quality channel.

specific instantaneous channel quality. To do so, SoftCast .

eﬁsures the samples of the digita(Iq vide{) signal transmittedn Th_'s paper present_s _SOft_CaSt’ a Cle_an'SIate end-to-end
the channel arelinearly related to the pixels’ luminance. Thus, architecture for transmitting video over wireless chasnki
when channel noise perturbs the transmitted signal samples contrast to the separate conventional design, SoftCagitsido
the perturbation naturally translates into approximation inthe g ynified design that both encodes the video for compression
original video pixels. Hence, a receiver with a good channel and for error protection. Our end-to-end approach enalses u

I i btai high fidelity video, and i itha . . . . h . .
gg\g :ﬁ;ii)ef(h?éﬂsniisg ot;taeir:g ;H:Vf,) f%r:elit;l \:%C:(')Yer W to deliver multicast video to multiple mobile receiversthvi

We implement SoftCast using the GNURadio software and €ach receiver obtaining video quality commensurate wih it
the USRP platform. Results from a 20-node testbed show that specific instantaneous channel quality.
SoftCast improves the average video quality (i.e., PSNR) emss SoftCast starts with video that is represented as a sequence
?roadcast receivers in our testbed by up to 5.5 dB. Bven ¢, mpers with each number representing a pixel lumi-
or a single receiver, it eliminates video glitches causedyb . ) .
mobility and increases robustness to packet loss by an ordesf ~Nance. Taking an end-tq—end persp_ectlve,_lt the_n performs a
magnitude. sequence of transformations to obtain the final signal sasnpl
that are transmitted on the channel. The crucial property of
SoftCast is that each transformation is linear. This prgper

The conventional wireless design decomposes the problemsures that the signal samples transmitted on the chamenel a
of video transmission into two sub-problems: encoding thihearly related to the original pixel values. Thus, incieg
video for compression, then encoding the compressed datackannel noise progressively perturbs the transmittediibits
protect it from errors during transmission over the wirslesproportion to their significance for the video applicatioa,,
channel. Shannon’s separation theorem tells us that sep#yh-quality channels perturb only the least significaris bi
rating source coding (i.e., video compression) from channgnhile low-quality channels still preserve the most sigrific
coding (i.e., error protection) can be done without losspf o bits. Each receiver therefore decodes the received sigtel i
timality if the channel ispoint-to-point(one sender receiver video whose quality is proportional to the quality of its
pair) and its statistics arknownto the source [14,37,40]. specific instantaneous channel.
For practical video transmission this means that if the@®ur  SoftCast's end-to-end architecture has the following four
transmits to one receiver and the channel quality to thahear components:

receiver is known or can be easily measured at the sour . " . L .
Compression:Traditional video compression is designed

the source can select the optimal transmission bit rate f : .

. .In separation from the wireless channel. Hence, though the
the channel and the corresponding forward error Correc“%reless channel has a hiah error rate. traditional Consisas
code (FEC) and modulation scheme. Once the transmission 9 ' 5

bit rate is determined, the video codec (typically MPEG Ses Huﬁman and differential encoding which are hlghly
. . ensitive to error$.In contrast, SoftCast compresses a video
can compress the video so that it can be streamed at {he

: . . ; by applying a three-dimensional decorrelation transform,
chosen bit rate. _Th|s separate design IS entirely apprmp_ﬂ%uch as 3D DCT. Using 3D DCT (as opposed to the 2D
for many scenarios, which involve a single sender—recelvBr

pair that communicates over a relatively static channelsgho. cT “5?0' n .MI.DEG)’ allows SoftCast to remove redundant
characteristics vary slowly over time. information within a frame as well as across frames. Further

) . . . . since DCT is linear, errors on the channel do not lead to
Consider, however, a scenario involving video multicast t8. . . .
isproportionate errors in the video.

mobile receivers. This scenario invalidates the two assump
tions underlying the conventional design. The channel is 18) Error Protection: Traditional error protection codes
longer point-to-point: it is a broadcast channel where ea¢hay map values that are numerically far aparg, 2.5 and
receiver observes a different channel quality. The channel

Characterlstlcs are no |0nger easy to predlct at the Somee. 1Huffman is a variable Iength code and hence a bit error casecée
receiver to confuse symbol boundaries. Differential enggpdand motion

quality of the channel to each receiver can change quicklympensation encode frames with respect to other frameshence any
over time as the receiver moves [4,41]. With the conditionsror in a reference frame percolates to other correctlgived frames.

I. INTRODUCTION
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0.3, to adjacent codewords, say, 01001000 and 0100100k, linear transforms. Furthermore, past work on JSCC is
causing a single bit flip to produce a dramatic change mmainly theoretical and is not tested over an actual wireless
the rendered video. In contrast, SoftCast’s error pratecti channel.

is based on scaling the magnitude of the transmitted codedVe have implemented SoftCast and evaluated it in a
samples. Consider a channel that introduces an additige nojestbed of 20 GNURadio USRP nodes [13,39]. We compare
in the ranget0.1. If a value of2.5 is transmitted directly over SoftCast with two baselines: 1) MPEG-4 (i.e., H.264/AVC)
this channel, it results in a received value in the rajjge— over 802.11, and 2) layered video where the layers are
2.6]. However, if the transmitter scales the valu@times, encoded using the scalable video extension to H.264 (SVC)
the received signal varies betwe2h9 and25.1, and hence and transmitted using hierarchical modulation as in [21. W
when scaled down to the original range, the received valuedsaluate these schemes using the Peak Signal-to-Noise Rati
in the range2.51 — 2.49], and its best approximation given(PSNR), a standard metric of video quality [26,35]. We have
one decimal point i2.5, which is the correct value. SoftCastthe following findings:

has a built in optimization that identifies the proper salin
that minimizes video error subject to a given transmission
power.

o SoftCast delivers to each multicast receiver a video
quality that is proportional to its channel quality and
is competitive (within 1 dB) with the optimal quality

(3) Resilience to Packet LossCurrent video codecs employ the receiver could obtain if it were the only receiver in

differential encoding and motion compensation. These-tech ~ the multicast group.

niques create dependence between transmitted packets. As For multicast receivers of SNRs in the rarige25] dB,

a result, the loss of one packet may cause subsequent cor- SoftCast improves the average video quality by 5.5 dB

rectly received packets to become undecodable. In contrast ©Over the best performer of the two baselines.

SoftCast ensures that all packets contribute equally to the® Even with a single mobile receiver, SoftCast eliminates

quality of the decoded video. Specifically, SoftCast employ  Video glitches, whereas 14% of the frames in our mobil-

a Hadamard transform [2] to distribute the video informatio ity e€xperiments suffer glitches with the best performer

across packets such that each packet has approximately the Of the two baselines. _ _
same amount of information. « Finally, SoftCast tolerates an order of magnitude higher

packet loss rates than both baselines.
(4) Transmission over OFDM: Modern wireless tech-

nologies (802.11, WiMax, Digital TV, etc.) use an OFDM-
based physical layer (PHY). SoftCast is integrated withia t A. Graphical Comparison
existing PHY layer by making OFDM transmit SoftCast’s

encoded data as the | and Q components of the digital sign%IFlg' 1 graphically displays the characteristics of the dif-

fent video encoding and transmission schemes. This figure
SoftCast builds on prior work on video multicast ovepresents three graphs; each graph plots the video quality
channels with varying quality. The state of the art appreachat the receiver as a function of the channel quality. All
to this problem still use a separate design. These scheraes$ghemes use exactly the same transmission power and the
a layered approach in which the video is encoded into a lowame channel bandwidth over the same period of time, i.e.,
quality base layer (which all receivers must correctly dieco they are exposed to the same channel capacity and diffeence
to obtain any video at all) and a few higher-quality enhancé&re due only to how effectively they use that capacity. The
ment layers (which receivers with higher-quality channeleasurements are collected using GNURadio USRP nodes.
can decode to obtain higher-quality video). In the limit, afor more details on the experimental setup $&H!.
the number of layers becomes very large, a layered approactrig. 1(a) illustrates the realizable space of video queiti
would ideally deliver to each receiver a video quality prepo for conventional MPEG-based approaches. Each line reders t
tional to its channel quality. In practice, however, enogdi a particular choice of transmission bit rate, i.e., a patic
video into layers incurs an overhead that accumulates withoice of forward error correction code and a modulation
more layers [43]. Thus, practical layered schemes (such ggheme. The video codec encodes the video at the same rate
those proposed for Digital TV) use only two layers [8,12,21]as the channel transmission bit rate. Fig. 1(a) shows that
In contrast to a layered approach, a SoftCast sender predufss any selection of transmission bit rate (i.e., modulatio
a single video stream, with the video quality at each receivand FEC) the conventional design experiences a performance
determined by the significance of the bits that its channeliff, that is there is a critical SNR, below which the video
delivers without distortion. The quality of the video degdga is not watchable, and above that SNR the video quality does
smoothly at the granularity of the individual luminancesbit not improve with improvements in channel quality.
rather than at the much coarser granularity of the numberFig. 1(b) illustrates the video qualities obtained by st#te
of layers in the transmitted video. SoftCast also builds onthe art layered video coding. The video is encoded using the
growing literature in information theory tackles joint soa JSVM reference implementation for scalable video coding
and channel coding (JSCC) [28,33,38]. SoftCast’s design (SVC) [19]. The physical layer transmits the video using
motivated by the same philosophy but differs in its emphasigerarchical modulation over OFDM, an inner convolutional
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(a) Conventional Design (b) Layered SVC with Hierarchical Modulation (c) SoftCast

Fig. 1. Approaches to Wireless Video:Fig. (a) plots the space of video qualities obtained withdbeventional design which uses MPEG4 over 802.11.
Each line refers to a choice of transmission bit rate (i.eodutation and FEC). Fig. (a) shows that for any choice of &ieythe conventional design
experiences a performance cliff. Fig. (b) plots 2-layereaidn red and 3-layer video in blue. For reference, the dadined are the three equivalent
single-layer MPEG4 videos. The figure shows that layeredovichakes the cliffs milder but each new layer introduceshma and reduces the maximum
video quality. Fig. (c) shows SoftCast (in black) and siAglger MPEGA. It shows that SoftCast video quality fully Issawith channel quality.
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code and an outer Reed-Solomon code following the re¢t. WHY DOES THE CONVENTIONAL DESIGN NOT ALLOW
ommendations in [8]. The figure shows two solid lines, the ONE-SIZE-FITS-ALL VIDEO ?

red line encodes the video into two layers while the blue Togay's approach to compression and error protection
line encodes the video into three layers. For reference, tBgding prevents existing wireless design from providing-on
figure also shows in dashed lines the single layer MPEG4,efits-all video.

videos that span the range of channel SNRs spanned bygh o . . -
layers in the layered video. The figure shows that layer 833 Compression:Video pixels are highly correlated within

video transforms the performance cliff of the conventiondt fra‘”f‘e- F_urther, V|d_eo frames are correlated in time. MPEG
%xplons this correlation by operating on sequences ofestcc

design to a few milder cliffs. Layering however causes extr : .
overhead [43] and thus increases the size of the video. vl video frames called GoPs (Group of Pictures). MPEG

partcuar b e bugt, e video codc has o redze (711552 5 00 e s 2L P perion e
quality of the layered video in comparison with the singl P

layer video to ensure that the videos have the same si cgn:;alllmbelz(.);rkhslso;ssd%ne_ bgllsap&?rl])élng :nf.'Q'nmet?;'orgzl EST
and can be streamed at the same bit rate. As a result, 8T components toX apg;e d’ reciZiL:)n I'Zrlhg convenl:iolngl
enhancement layer of the 3-layer video has a lower quali P P '

than the corresponding layer in 2-layer video, which has Oafe Zli?sn;r:]gr;ot:ﬁa:;:::fhgrl;atrglzecdo,:?a;(:/tatl,liiesseajeieccéufsr;ﬁes
lower quality than the corresponding single layer video. Huffman dp Second. MPEG rfprm int rcf1r m m 9
Fig. 1(c) illustrates the video qualities obtained wit utiman code. >econd, pertorms inter-frame co

SoftCast. The figure shows that SoftCast's video quality gressmn to eliminate redundant information across frames

proportional to the channel quality and stays competitiite w In a GoP. In partlcular,_|t USes (_jlfferentlal encoding, whic
the envelope of all of MPEG curves compares a frame against a prior reference frame and only

o encodes the differences. It also uses motion compensation t

B. Contributions predict the movement of a particular block across time. tsin

This paper makes the following contributions. this combination MPEG achieves good compression ratios.
« It presents SoftCast, a novel design for wireless videblowever, it is this combination that prevents one-sizedits

where the sender need not know the wireless channdleo:

quality or adapt to it. Still, the sender can broadcast « Quantization is performed by the source, and coarsens

a video stream that each receiver decodes to a video the resolution of the video to match a desired bitrate,

whose quality is commensurate with its channel quality. and hence fixes the quality of the video, even if the

This happens without receiver feedback, bit rate adap- receiver channel could support a higher bitrate.

tion, or video code rate adaptation. « Huffman coding and differential encoding fail sharply in
« Unlike existing video approaches where some packets the presence of bit errors and packet losses. Specifically,
are more important than others, in SoftCast all packets a Huffman code is variable length, and a few bit flips
are equally important for the reconstruction of the video, can cause the receiver to confuse symbol boundaries,
which significantly increases resilience to packet loss. making the whole frame unrecoverable. Differential
The paper presents an implementation and an empirical encoding and motion compensation create dependencies
evaluation of SoftCast in a 20-node testbed of software between different packets in a coded video, and hence
radios. It shows that the protocol significantly improves  the loss of some packets can prevent the decoding of
robustness to mobility and packet loss and provides a correctly received video packets.
better quality video multicast. Note that layered and scalable video coding (SVC) also use
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Fig. 2. Wireless broadcast delivers more signal bits to low noise oeivers. The figure shows the transmitted sample in red, the receigatbles in
blue, and noise in black. The source transmits the signapkam (a). A nearby receiver experiences less noise and stamate the transmitted sample
up to the small square, i.e., up to 4 bits. A far receiver seeremoise and hence knows only the quadrant of the transhsteple, i.e., it knows only
2 bits of the transmitted sample.

guantization, variable-length coding, differential editly the numerical properties of the original pixels. The PHY
and motion compensation, and hence are also highly semsitmaps these bits back to pairs of real values, i.e., complex
to wireless errors. samples, which have no numerical relation to the original

(a) Error Protection: Error protection is typically done PiX€l values. As a result, small channel errors, e.g., eriror

at the physical layer (PHY) by picking a bitrate, i.e., ghe .Iegst 5|'gn|f|can.t bit of the signal sample, can causeslarg
combination of modulation and forward error correctingléviations in the pixel values. o
code, that ensures the receiver can decode the vast majorit)? contrast, SoftCast introduces a clean-slate joint video
of the packets correctly. The packet decoding probabilit?/H,Y architecture. SoftCast both compresses the video, Ilkg
drops sharply when the bitrate chosen is higher than c&pvideo codec would do, and encodeg the signal to protect it
be supported by the channel SNR [31], and hence the pHfem channel errors and packet loss, like a PHY layer would

layer is constrained to pick a low modulation and code rafiP- The key characteristic of the SoftCast encoder is that it
that works well across time and receivers. uses only linear codes for both compression and error and

loss protection. This ensures that the final coded samples
are linearly related to the original pixels. The output o th

[1l. SOFTCAST OVERVIEW . , : :
SoftCast's desian h the intrinsic ch teiofi encoder is then delivered to the driver over a special socket
oftCast's design harnesses the intrinsic charactexiefic "o o cmitted directly over OFDM.

both wireless broadcast and video. The wireless physical
layer (PHY) transmits complex numbers that represent mod-
ulated signal samples, as shown in Fig. 2(a). Because of the )
broadcast nature of the wireless medium, multiple recsiver SoftCast's encoder both compresses the video and encodes
hear the transmitted signal samples, but with differensaoilit for error and loss protection.
levels. For example, in Fig. 2, the receiver with low noise .
can distinguish which of the 16 small squares the originé' Video Compression
sample belongs to, and hence can correctly decode the $80oth MPEG and SoftCast exploit spatial and temporal
most significant bits of the transmitted sample. The receiveorrelation in a GoP to compact information. Unlike MPEG,
with higher noise can distinguish only the quadrant of theowever, SoftCast takes a unified approach to intra and-inter
transmitted signal sample, and hence can decode only the tfi@ne compression, i.e., it uses the same method to compress
most significant bits of the transmitted sample. Thus, wsel information across space and time. Specifically, SoftCast
broadcast naturally delivers to each receiver a number #gats the pixel values in a GoP as a 3-dimensional matrix. It
signal bits that match its SNR. takes a 3-dimensional DCT transform of this matrix. The
Video is watchable at different qualities. Further, a vide®CT transforms the data to its frequency representation.
codec encodes video at different qualities by changing tffénce frames are correlated, their frequency representati
quantization level [11], that is by discarding the least- sigs highly compact.
nificant bits. Thus, to scale video quality with the wireless Fig. 3 shows a GoP of 4 frames, before and after taking a
channel's quality, all we need to do is to map the leastD DCT transform. The grey level after the 3D DCT reflects
significant bits in the video to the least significant bitshie t the magnitude of the DCT component in that location. The
transmitted samples. Hence, SoftCast’s design is based ofig&re shows two important properties of 3D DCT:
simple principle: ensure that the transmitted signal sespl (1) Most DCT components have a zero (black) value, i.e.,

IV. SOFTCAST S ENCODER

are linearly related to the original pixel values. have no information. This is because frames tend to be
The above principle cannot be achieved within the conven-  smooth [42], and hence the high spatial frequencies tend
tional wireless design. In the conventional design, thewid to be zero. Further, most of the structure in a video stays

codec and the PHY are oblivious to each other. The codec constant across multiple frames [11], and hence most
maps real-value video pixels to bit sequences, which lack of the higher temporal frequencies tend to be zero. This



(a) 4-frame GoP (b) 3D DCT of GoP (c) Discarding Zero-Valued @unks

Fig. 3. 3D DCT of a 4-frame GoP.The figure shows (a) a 4-frame GoP, (b) its 3D DCT, where eashephas a constant temporal frequency, and the
values within a plane represent spatial frequencies attémaporal frequency, (c) the non-zero DCT components in @ahe grouped into chunks. The
figure shows that most DCT components are zero (black dotshance can be discarded. Further, the non-zero DCT comisoasn clustered together.

means that one can discard all of these zero-valued D@dnstrained? It will then have to judiciously select nomneze

components without affecting the quality of the video.chunks so that the transmitted stream can fit in the available
(2) Non-zero DCT components are spatially clustered. Thisandwidth, and still be reconstructed with the highestityal

is because spatially nearby DCT components represeuftCast selects the transmitted chunks so as to minimee th

nearby spatial frequencies, and natural images exhib&construction error at the decoder:

smooth variation across spatial frequencies. This means err — Z (Z (z:[1] — &:[5])?), (1)

that one can express the locations of the retained P

DCT components with little information by r_efe_”_ingwherexi[j] is the original value for thg*” DCT component
to clusters of DCT components rather than individugl, ipe jt» chunk, andz;[j] is the corresponding estimate
components. at the decoder. When a chunk is discarded, the decoder
SoftCast exploits these two properties to efficiently comestimates all DCT components in that chunk as zero. Hence,
press the data by transmitting only the non-zero DCT cornthe error from discarding a chunk is merely the sum of the
ponents. This compression is very efficient and has no impacuares of the DCT components of that chunk. Thus, to
on the energy in a frame. However, it requires the encoderinimize the error, SoftCast sorts the chunks in decreasing
to send a large amount of metadata to the decoder to infonrder of their energy (the sum of the squares of the DCT
it of the locations of the discarded DCT components. components), and picks as many chunks as possible to fill
To reduce the metadata, SoftCast groups nearby spatié bandwidth.
DCT components intacchunks as shown in Fig. 3c. The Note that bandwidth is a property of the source, (e.g., a
default chunk in our implementation is 44x30x1 pixels802.11 channel has a bandwidth of 20 MHz) independent
(where 44 x 30 is chosen based on the SIF video forma®f receiver, whereas SNR is a property of the receiver and
where each frame i852 x 240 pixels). Note that SoftCast its channel. As a result, discarding non-zero chunks to fit
does not group temporal DCT components because typicallye source bandwidth does not prevent each receiver from
only a few structures in a frame move with time, and hendgetting a video quality commensurate with its SNR.
most temporal components are zero, as in Fig. 3c. SoftCasffwo points are worth noting about the used compression.
then makes one decision for all DCT components in a . SoftCast can capture correlations across frames while
chunk, either retaining or discarding them. The clustering avoiding motion compensation and differential encod-
property of DCT components allows SoftCast to make one ing. It does this because it performs a 3D DCT, as
decision per chunk without compromising the compression compared to the 2-D DCT performed by MPEG. The
it can achieve. As before, the SoftCast encoder still needs t  ability of the 3D DCT to compact energy across time is
inform the decoder of the locations of the non-zero chunks, apparent from Fig. 3b where the values of the temporal
but this overhead is significantly smaller since each chunk DCT components die quickly (i.e., in Figs. 3b, the
represents many DCT components (the default is 1320 com- planes in the back are mostly black).
ponents/chunk). SoftCast sends this location informasisn  « The main computation performed by SoftCast’'s com-
a bitmap. Again, due to clustering, the bitmap has long runs  pression is the 3D DCT, which i©(K log(K)), where
of consecutive retained chunks, and hence can be efficiently K is the number of pixels in a GoP. A variety of
compressed using run-length encoding. efficient DCT implementations exist both in hardware
The previous discussion assumed that the source has and software [10,29].
enough bandwidth to transmit all the non-zero chunks overe. Finally, it is possible to replace 3D DCT with other
the wireless medium. What if the source is bandwidth 3D decorrelation transforms, such as 3D Wavelets [48].



We have experimented with both 3D DCT and 3DC. Resilience to Packet Loss

Wavelets and found them to be comparable, with 3D Next we assign the coded DCT values to packets. How-

DCT showing better clustering of non-zero componentgyer, as we do so, we want to maximize SoftCast’s resilience

to packet loss. Current video design is fragile to packet

B. Error Protection loss because it employs differential encoding and motion
Traditional error protection codes transform the reaffOMPensation. These schemes create dependence between

valued video data to bit sequences. This process destreys RRCkets. and Ihence_thz IOSSkOf onebpacket cand caugebsl,ublse-
numerical properties of the original video data and pre‘yen‘i‘uent correctly received packets to become undecodable. In

us from achieving our design goal of having the transmitte%ontraSt’ SﬁtCastsspproach ensures t?at aILpaCkeflqu
digital samples scale linearly with the the pixel valuesugh 'MmPortant. Hence, there are no special packets whose loss

SoftCast develops a novel approach to error protection tHAUSES disproportionate V‘def? dis_,tortion. )

is aligned with its design goal. SoftCast’s approach is thase A naive approach to packetlzayon would assign chunks to
on scaling the magnitude of the DCT components in %ackets. The pr.obler.n, hov_vever, is that_chunks are not equal.
frame. Scaling the magnitude of a transmitted signal p»sm/idCh“nks differ widely in their energy (which is the sum of the

resilience to channel noise. To see how, consider a chanﬁgPhares of the DCT components infthe ggunk). Chunks with
that introduces an additive noise in the range1. If a value '9N€r ENergy are more Important for video reconstruction,

of 2.5 is transmitted directly over this channel, (e.g., as th@s ewdkent from equation 1. H(la(nce, as§|gn|ng chunks dyrecrtll
I or Q of a digital sample), it results in a received value if0 packets causes some packets to be more important than

the range[2.4 — 2.6]. However, if the transmitter scales the®"S: o _
value by 10z, the received signal varies betwe2h9 and SoftCast addresses this issue by transforming the chunks

95.1, and hence when scaled down to the original rang@,to equal-energyslices Each SoftCast slice is a linear
the received value is in the range.51 — 2.49], and its combination of all chunks. SoftCast produces these slices

best approximation given one decimal point2$, which oY Multiplying the chunks with the Hadamard matrix, which
is the correct value. However, since the hardware has!S; typically used in communication systems to redistribute

fixed power budget, scaling up and therefore expending maraeray [2,25]. The Hadamard matrix is an orthogonal trans-

power on some signal samples translates to expending I&84N composed entirely of +1s and -1s. Multiplying by this
power on other samples. SoftCast's optimization finds t atrix creates a new representation where the energy of each

optimal scaling factors that balance this tension. ¢ \l;\;]k is smeared _acro?_s all slic?esi( N h lice h
Again, we operate over chunks, i.e., instead of finding e can now assign slices to packets. Note that, a slice has

different scaling factor for each DCT component, we fin e same size as a chunk, and depending on the chosen chunk
! gize, a slice might fit within a packet, or require multiple

a single optimal scaling factor for all the DCT component X .
in each chunk. To do so, we model the valuegj] within packets. Regardless, the resulting packets will have equal
' and hence offer better packet loss protection.

each chunki as random variables from some distributiorf ¢ 9% i . .
D;. We remove the mean from each chunk to get zero-meanThe packets are delivered directly to the PHY (via a raw

distributions and send the means as metadata. Given eCket)' which interprets their data_directly as t_he d!gita
mean, the amount of information in each chunk is capturest'.)gnal samples to be sent on the medium, as describpd in

by its variance. We compute the variance of each chunk, Metadata
i, and define an optimization problem that finds the per-
chunk scaling factors such that GoP reconstruction error
minimized. In the appendix, we show:

Lemma 4.1:Let z;[j],j = 1...N, be random variables
drawn from a distributiorD; with zero mean, and variance

Ai- legn ,a number of such dlstrlpytlons; 1...C, ‘_"‘tOtaI, factors, i.e.g;’s, from this information. As for the Hadamard
transmission poweP, and an additive white Gaussian NOIS€, 4 DCT matrices they are well known and do not need to
channel, the linear encoder that minimizes the mean SQUYE transmitted. The bitmap of chunks is compressed using

reconstruction error Is: run length encoding as described§iiv-A, and all metadata

._In addition to the video data above, the encoder sends a
dFhall amount of metadata to assist the decoder in inverting
the received signal. Specifically, the encoder sends theamea
and the variance of each chunk, and a bitmap that indicates
the discarded chunks. The decoder can compute the scaling

ui[j] = gixi[j], where is further compressed using Huffman coding. The total
P metadata in our implementation after adding a Reed-Solomon
gi = A <, / 7> . code is 0.014 bits/pixel, i.e., its overhead is insignifican
iV The metadata has to be delivered correctly to all receivers.

Note that there is only one scaling factgy for every To protect the metadata from channel errors, we send it
distributionD;, i.e., one scaling factor per chunk. The outputising BPSK modulation and half rate convolutional code,
of the encoder is a series of coded valueg;], as defined
above. Further, the encoder is linear since DCT is linear an|
our error protection code performs linear scaling.

¢Hadamard multiplication has an additional benefit whictoisvhiten the
nal reducing the peak to average power ratio (PAPR).



which are the modulation and FEC code corresponding to thiewhere the rows consist of thé" packet from each slic2.
lowest 802.11 bit rate. To ensure that the probability ofigs For the rest of our exposition, therefore, we will assume tha
metadata because of packet loss is very low, we spread #ech packet contains a full slice.
metadata across all packets in a GoP. Thus, each of SofCastThe receiver knows the received values, and can
packets starts with a standard 802.11 header followed bgnstruct the encoding matriX from the metadata. It then
the metadata then the coded video data. (Note that differerdeds to compute its best estimate of the original DCT
OFDM symbols in a packet can use different modulatiooomponentsX . The linear solution to this problem is widely
and FEC code. Hence, we can send the metadata and ithewn as the Linear Least Square Estimator (LLSE) [22].
SoftCast video data in the same packet.) To further protethe LLSE provides a high-quality estimate of the DCT
the metadata we encode it with a Reed-Solomon code tlmimponents by leveraging knowledge of the statistics of the
can tolerate a loss rate up to 50%. The code uses a symb@T components, as well as the statistics of the channel
size of one byte, a block size of 1024, and a redundanngpise as follows:
factor_of 50%. Thus, even with 50% packet erasure, we Xpnse = ACT(CA,CT + %)71Y, (4)
can still recover the metadata fully correctly. This is ahhig
redundancy code but since the metadata is very small, We'€re-
can afford a code that doubles its size. e Xrrsg refers to the LLSE estimate of the DCT com-
) ponents.

E. The Encoder: A Matrix View « CT is the transpose of the encoder maifix

We can compactly represent the encoding process of a X is a diagonal matrix where th&" diagonal element is
GoP as matrix operations. Specifically, we representthe DCT  set to the channel noise power experienced by the packet
components in a GoP as a mattk where each row is a carrying thei' row of Y. The PHY has an estimate of
chunk. We can also represent the final output of the encoder the noise power in each packet, and can expose it to the
as a matrixY” where each row is a slice. The encoding higher layer.

process can then be represented as o A, is a diagonal matrix whose diagonal elements are
Y = HGX (2) the variances)\;, of the individual chunks. Note that
- X 3) the \;’s are transmitted as metadata by the encoder.

Consider how the LLSE estimator changes with SNR. At
bigh SNR (i.e., small noise, the entries ¥ approach 0),
é’q. 4 becomes:

where G is a diagonal matrix with the scaling factars,as
the entries along the diagonal, H is the Hadamard matri
andC = HG is simply the encoding matrix.
Xrse ~ C7Y )
V. SOFTCAST S VIDEO DECODER Thus, at high SNR, the LLSE estimator simply inverts the
At the receiver, and as will be described§¥l, for each encoder computation. This is because at high SNR we can

received packet, the PHY returns the list of coded DC¥Ust the measurements and do not need to leverage the

values in that packet (and the metadata). The end resulSfaUstics, A, of the DCT components. In contrast, at low
SNR, when the noise power is high, one cannot fully trust the

that for each valuey;[j] that we sent, we receive a value T - i
measurements and hence it is better to re-adjust the estimat

9il7] = vi[4] + nilj], wheren;[j] is random noise from the : o :
channel. It is common to assume the noise is additive, Whﬁézcordmg to the statistics of the DCT components in a chunk.

and Gaussian. While this is not exact, it works reasonably Once the decoder has obtained the DCT components in
well in practice. a GoP, it can reconstruct the original frames by taking the

The goal of the SoftCast receiver is to decode the receivityerse of the 3D DCT.
GoP in a manner that minimizes the reconstruction errors. VXe

can write the received GoP values as
vV = OX4+N We note that, in contrast to conventional 802.11, where

. . ) ) . a packet is lost if it has any bit errors, SoftCast accepts all
whereY is the matrix of received values§; is the encoding packets. Thus, packet loss occurs only when the hardware

matrix from Eq. 2,X"is the matrix of DCT components, andyjis to detect the presence of a packet, e.g., in a hidden
N is a matrix where each entry is white Gaussian channgl, inal scenario.

noise. . . Still, what if a receiver experiences packet loss? When
Without loss of generality, we can assume that the slice 5 et is lost, SoftCast can match it to a slice using the

size is small enough that a slice fits within a packet, anghq ,ence numbers of received packets. Hence the loss of a
hence each row itY” is contained in a single packet. pracket corresponds to the absence of a row iefineY.;

the slice size is larger than the packet size, then each slggy after removing the®” row, and similarlyC,; and N,.;
consists of more than one packet, sdy, packets. The ' ! !

deCOde_r simply needs to repeat its algorittintimes. In 3Since matrix multiplication occurs column by column, we a&tom-
the i*" iteration ¢ = 1. .. K), the decoder constructs a newpose our matrix” into strips which we operate on independently.

Decoding in the Presence of Packet Loss
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Fig. 4. Mapping coded video to I/Q components of transmittigghal. For VideoCast
example, to transmit the bit sequence 1010, the traditi®d¥ maps it to
the complex number corresponding to the point labeled 101@ontrast,

SoftCast's PHY treats pairs of coded values as the real andiirary parts Fig. 5. Block diagram of our PHY implementation. The top drahows
of a complex number. the transmitter side the bottom graph shows the receiver.

<

Viterbi
Decoder
T
| Deinterleaver |

as the encoder matrix and the noise vector after removig@ftCast simply transmits in each of the OFDM data bins,
the i*" row. Effectively: as illustrated in Fig 4a. Such a design can be integrated
Y., = C; X + N.,i. (6) into the existing 802.11 PHY simply by adding an option
to allow the data to bypass FEC and QAM, and use raw
. OFDM. Streaming media applications can choose the raw
_ T , T o)y . o L .
Xirse = 8aCli(CuidaCli + Dainiy) ™ Yo (") oFpm option, while file transfer applications continue to
Note that we remove a row and a column frat Eq. 7 yse standard OFDM.
gives the best approximation df when a single packet
is lost. The same approach extends to any number of lost VII. | MPLEMENTATION
packets_. Thus, SoftCast’s approxmatlon_degrades grigdual We use the GNURadio codebase [13] to build a prototype
as receivers lose more packets, and, unlike MPEG, there are o )
. . of SoftCast and an evaluation infrastructure to compare it
no special packets whose loss prevents decoding. . o
against two baselines:
V]. SOFTCAST'S PHY LAYER « MPEG4 (|.9., H.264) over an _802.1_1 PHY. _
N ) o Layered video where the video is coded using the
Traditionally, the PHY layer takes a stream of bits and  gca)1able video extension (SVC) of H.264/AVC [19] and
codes them for error protection. It then modulates the bits 5 transmitted over hierarchical modulation [8]. This
to produce real-value digital samples that are transmitted approach has been proposed in [18] to extend Digital
on the channel. For example, 16-QAM modulation takes  Tv/ to mobile handheld devices.

sequences of 4 bits and maps each such sequence to a ) ] ]
complex number as shown in Fig. 4a. The real and imaginahf¢ Physical Layer. Since both baselines and SoftCast

parts of these complex numbers produce the real-valued | a#¢f OFDM, we Dbuilt a shared physical layer that allows
Q components of the transmitted sigfal. the execution to branch depending on the evaluated video

In contrast to existing wireless design, SoftCast's codé¢heme. Our PHY implementation leverages the OFDM im-
outputs real values that are already coded for error piiotect Plementation in the GNU Radio codebase, with minor mod-
Thus, we can directly map pairs of SoftCast coded values ffifations that better approximate OFDM as used in 802.11.
the | and Q digital signal components, as shown in Fig® 4bSPecifically, we have augmented the GNU Radio OFDM

To integrate this design into the existing 802.11 pHgodebase to incorporate pilot subcarriers and phase tigcki
layer, we leverage the fact that OFDM separates chaniépich are standard components in OFDM receivers [15].
estimation and tracking from data transmission [15]. As We also developed software modules that perform 802.11
result, it allows us to change how the data is coded arferieaving, convolutional coding, and Viterbi decoding
modulated without affecting the OFDM behavior. Specif- Fig- 5 shows a block diagram of the implemented PHY
ically, OFDM divides the 802.11 spectrum into many inJayer..On the transmit side, the PHY passes SoftCast’s pack-
dependent subcarriers, some of which are called pilots afitf directly to OFDM, whereas MPEG4 and SVC-encoded
used for channel tracking, and the others are left for da@gckets are subject to convolutional coding and mtelrleav-
transmission. SoftCast does not modify the pilots or tH89, Where the code rate depends on the chosen bit rate.
802.11 header symbols, and hence does not affect traditiof° EG4 packets are then passed to the QAM modulator while
OFDM functions of synchronization, carrier frequency effs SVC-HM packets are passed to the hierarchical modulation

(CFO) estimation, channel estimation, and phase trackifgdule. The last step involves OFDM transmission and is
common to all schemes. On the receive side, the signal
“The PHY performs the usual FFT/IFFT and normalization djgema on  is passed to the OFDM module which performs carrier
the 1/Q values, but these preserve linearity. o frequency offset (CFO) estimation and correction, channel
An alternative way to think about SoftCast is that it is faigimilar to . . d : d oh Ki Th .
the modulation in 802.11 which uses 4QAM, 16QAM, or 64QAMcept  €Stimation and correction, and phase tracking. The receive
that SoftCast uses a very dense 64K QAM. then inverts the execution branches at the transmitter.

The LLSE decoder becomes:
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(a) SoftCast vs. Conventional Design

Video Coding. We implemented SoftCast in Python (with

SciPy). For the baselines, we used reference implementatio i rleendrsu gLz o

. . . —layer: + + /
available online. Specifically, we generate MPEG-4 streams oo “opsk 2 /
using the H.264/AVC [17,34] codec provided in open source ol T ITE -

~ — — 16QAM 3/4
64QAM 1/2
L - - —64Q0AM 273

FFmpeg software and the x264 codec library [9,45]. We gen-
erate the SVC stream using the JSVM implementation [19],
which allows us to control the number of layers. Also for

Video PSNR [dB]
0
&

MPEG4 and SVC-HM we add an outer Reed-Solomon code B I |
for error protection with the same parameters as used for s
digital TV [8]. All the schemes: MPEG4, SVC-HM, and /
SoftCast use a GoP of 16 frames. 20, o

Receiver SNR [dB]

VIIl. EVALUATION ENVIRONMENT (b) SVC-HM vs. Conventional Design
' Fig. 7. Basic benchmark. The figure shows average video quality as
Testbed: We run our experiments in the 20-node GNURadie function of channel quality. The bars show differenceswben the
; ; ; ximum and minimum quality, which are large around cliffirfie. The
testbed ShOWIt] in Fig. 6. Each node is a laptop ConneCted{gg graph compares SoftCast (black line) against the cdiovert design
a USRP2 radio board [39]. We use the RFX2400 daughte- MpPEG4 over 802.11 (dashed lines) for different choices862.11
boards which operate in the 2.4 GHz range. modulation and FEC code rate. The bottom graph comparesethyédeo
Modulation. The conventional design represented bffed and blue lines) against the conventional design.
MPEG4 over 802.11 uses the standard modulation and FEG, ..« 7 is the number of bits used to encode pixel lu-
.e., BPSK, QPSK, 16QAM, 64QAM and 1/2, 2/3, and 3/4,inance, typically 8 bits. A PSNR below 20 dB refers to
FEC code rates. The hierarchical modulation scheme u video quality, and differences of 1 dB or higher are
QPSK for the base layer and 16QAM for the enhanceme\l)itsible [35]
layer as recommended in [21]. It is allowed to control how to '
divide transmission power between the layers to achieve thest Videos:We use standard reference videos in the SIF for-
best performance [21]. The three layer video uses QPSKragt (352 x 240 pixels, 30 fps) from the Xiph [47] collection.
each level of the QAM hierarchy and also controls powesince codec performance varies from one video to another,
allocation between layers. SoftCast is transmitted directwe create one monochrome 480-frame test video by splicing
over OFDM. The OFDM parameters are selected to matdhsecond from each of 16 popular reference videddyo,
those of 802.11a/g. bus, coastguard, crew, flower, football, foreman, harbour,
The Wireless Environment. The carrier frequency is husky, ice, news, soccer, stefan, tempete, tennis, witerfa
2.4 GHz Wh'Ch. Is the same as_thafc of 802.11b/g. .Th8ther Parameters: The packet length is 14 OFDM symbols
channel bandwidth after decimation is 1.25 MHz. Since . .
. . ar_250 bytes when using 16QAM with 1/2 FEC rate. The
the USRP radios operate in the same frequency band as = . "~ . ; .
. . . . transmission power is 100mW. The channel bandwidth is
802.11 WLANS, there is unavoidable interference. To limi . : .
.25 MHz. Note that all experiments in this paper use the

the impact of interference, we run our experiments at night;

. o . same transmission power and the same channel bandwidth.
We repeat each experiment five times and interleave runs :
us, the compared schemes are given the same chan-
the three compared schemes.

nel capacit§ and differences in their throughput and their

Metric: We compare the schemes using the Peak Signalreaming quality are due only to how effectively they use
to-Noise Ratio (PSNR). It is a standard metric for videghat capacity.

quality [35] and is defined as a function of the mean squared
error (MSE) between all pixels of the decoded video and the

original as follows: 6Shannon capacity i€ = W log(1+ %) whereW is the bandwidth,

2L 1 P is the power,H is the channel function, and/ is the noise power per
PSNR = 10 IOglo M—SE [dB], Hz.
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IX. RESULTS [ I Receiver 1
| [ Receiver 2 _
We empirically evaluate SoftCast and compare it against: H“ [ Receiver 3
1) the conventional design, which uses MPEG4 over 802.11 %40*
and 2) SVC-HM, a state of the art layered video design % 3
that employs the scalable video extension of H.264 and a g _|
hierarchical modulation PHY layer [21,36]. >
25
A_ Benchmark Results 0 conventional 2-layer 3-layer VideoCast

. o . . . Fig. 8. Multicast to three receivers. The figure shows that layering

We first revisit the result igl-A, which we reproduce in provides service differentiation between receivers aoseg to single layer
Fig. 7 for convenience. MPEGA4. But layering incurs overhead at the PHY and the coatet,hence
extra layers reduce the maximum achievable video qualitycdntrast,

Method:In this experiment, we pick a node randomly in OuoftCast provides service differentiation while achievia higher overall

testbed, and make it broadcast the video using the conveigeo quality.

tional design, SoftCast, and SVC-HM. We run MPEG4 over _.
802.11 for all 802.11 choices of modulation and FEC code Fig. 7b shows that a layered approach based on SVC-HM

rates. We also run SVC-HM for the case of 2-layer and f—Xh'p'ts m||d_er qln‘fs thgn_the conventional Qe5|gn and can
. . . rovide quality differentiation. However, layering recésche
layer video. During the video broadcast, all nodes othem th . . . . .
. . overall performance in comparison with conventional sngl
the sender act as receivefs-or each receiver, we compute

the average SNR of its channel and the PSNR of its receivla% e\:igﬂeF;i%jetaﬁg:g If?:;(;sp%\ﬁ g‘ ienagibo';hbaghsr:dH:i;:g
video. To plot the video PSNR as a function of channel SNR, : y 9. /0, 1lay

we divide the SNR range into bins of 0.5 dB each, and ta%eeds a higher SNR than the single layer approach to achieve

. g same PSNR. This is because in hierarchical modulation,
the average PSNR across all receivers whose channel S (R higher laver is noise for the lower lavers. Similarl
falls in the same bin. This produces one point in Fig. 7./ery g Y YErs. Y

We use this procedure to produce points for all lines in t at any fixed SNR, the quality of the layered video is lower
figure. We reppeat the eporiment t?y randomly picking t::te%an the quality of the single layer video at that SNR. This is
video source from the nodes in the testbed. because layering imposes additional constraints on theacod

and reduces its compression efficiency [43].
Results:Fig. 7 shows that for any choice of 802.11 mod-

ulation and FEC code rate, there exists a critical SNB Multicast
below which the conventional design degrades sharply, and
above it the video quality does not improve with channéMethod.We pick a single sender and three multicast receivers
quality. In contrast, SoftCast's PSNR scales smoothly withhom the set of nodes in our testbed. The receivers’ SNRs
the channel SNR. Further, SoftCast's PSNR matches thee 11 dB, 17 dB, and 22 dB. In the conventional design, the
envelope of the conventional design curves at each SNR. Témurce uses the modulation scheme and FEC that correspond
combination of these two observations means that SoftCast12 Mb/s 802.11 bit rate (i.e., QPSK with 1/2 FEC code
can significantly improve video performance for mobile aneate) as this is the highest bit rate supported by all three
multicast receivers while maintaining the efficiency of thenulticast receivers. In 2-layer SVC-HM, the source trarismi
existing design for the case of a single static receiver.  the base layer using QPSK and the enhancement layer using
It is worth noting that this does not imply that SoftCasti6 QAM, and protects both with a half rate FEC code. In 3-
outperforms MPEG4. MPEG4 is a compression scheme tHayer SVC-HM, the source transmits each layer using QPSK,
compresses video effectively, whereas SoftCast is a wirend uses a half rate FEC code.

less video transmission architecture. The inefficacy of thgagts: Fig. 8 shows the PSNR of the three multicast

MPEG4-over-802.11 lines in Fig. 7a stems from the fact thakcejvers. The figure shows that, in the conventional design
the conventional design separates video coding from changgs video PSNR for all receivers is limited by the receiver

coding. The video codec (MPEG and its variants) assum@sn the worse channel. In contrast, 2-layer and 3-layer

an error-free lossless channel with a specific transmissief/c.ym provide different performance to the receivers.
bit rate, and given these assumptions, it effectively comyoyever, layered video has to make a trade-off: The more
presses the video. However, the problem is that in scenarigg ayers the more performance differentiation but thééig
with multiple or mobile receivers, the wireless PHY cannofye gyerhead and the worse the overall video PSNR. SoftCast
present an error-free lossless channel to all receiversaintyges not incur a layering overhead and hence can provide

all imes without reducing everyone to a conservative Ga0igach receiver with a video quality that scales with its clehnn
of modulation and FEC and hence a low bit rate and Guality, while maintaining a higher overall PSNR.

corresponding low video quality. . .
P g d y Method: Next, we focus on how the diversity of channel

"We decode the received video packets offline because the &htJr SNR in a multicast group affects video quality. We create 40
Viterbi decoder can not keep up with packet reception rate. different multicast groups by picking a random sender and
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the average PSNR across receivers in a multicast group asctofu of the
SNR range in the group. The figure shows that the conventidesign and
SVC-HM provide a significantly lower average video qualifyan SoftCast ‘ ‘ ‘ ‘
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different subsets of receivers in the testbed. Each thtiC%ig' 10. Mobility. The figure compares the video quality of the conventional
’ esign and SoftCast under mobility. The conventional de@gallowed to

group is parametrized by its SNR span, i.e., the range of igapt its bitrate and video code rate. The top graph showSKiR of the
receivers’ SNRs. We keep the average SNR of all multicasteived packets, the middle graph shows the transmissiaate chosen

by SoftRate and used in the conventional design. The bottaphgplots the
groups at 15 £1) dB. We vary the range of the SNRs er frame PSNR. The figure shows that even with rate adaptationobile

in the group from 0-20 dB by picking the nodes in thé)eceiver still suffers significant glitches with the contienal design. In
multicast group. Each multicast group has up to 15 receiversntrast, SoftCast can eliminate these glitches.

with multicast groups with zero SNR range having only one _
receiver. For each group, we run each of the three compar&§ then apply the same noise pattern to each of the three

schemes. The transmission parameters for each scheme (€0 transmission schemes to emulate its transmission on
modulation and FEC rate) is such that provides the highest §i€ channel. This allows us to compare the performance of
rate and average video quality without starving any receivi’® three schemes under the same conditions. Fig. 6 shows
in the group. Finally, SVC-HM is allowed to pick for eachth® path followed during the mobility experiments.

group whether to use one |ayer, two |ayerS, or three |aye|’s_ We allow the conventional deSign to adapt its transmission

ResultsEig. 9 plots the average PSNR in a multicast roubit rate and video code rate. To adapt the bit rate we use
9. 9P 9 . 9roUB ftRate [41], which is particularly designed for mobile
as a function of the range of its receiver SNRs. It shows th

. . channels. To adapt the video code rate, we allow MPEG4
SoftCast delivers a PSNR gain of up to 5.5 dB over both ti‘{e switch the video coding rate at GoP boundaries to match

conventional design and SVC-HM. One may be surprls%ﬁe transmission bit rate used by SoftRate. Adapting the

that the PSNR improvement from layering is small. Looking N
. . deo faster than every GoP is difficult because frames
back, Fig. 8b shows that layered video does not necessatrl g
: . . i’ a GoP are coded with respect to each other. We also
improve the average PSNR in a multicast group. It rather : . .
low the conventional design to retransmit lost packets

. . a

changes the set of rgallzable P.SNRS from the case of asm\%‘i?h the maximum retransmission count set to 11. We do
layer where all receivers obtain the same PSNR to a more : . )
. . . not adapt the bit rate or video code rate of layered video.
diverse PSNR set, where receivers with better channels can .
obtain higher video PSNRs Is is because a layered approach should naturally work
B ' without adaptation. Specifically, when the channel is bad,

C. Mobility the hierarchical modulation at the PHY should still decode
Next, we study video glitches experienced by a singlée lower layer, and the video codec should also continue
mobile receiver. Since a video PSNR below 20 dB is nd® decode the base layer. Finally, SoftCast is not allowed to
watchable [26], we identify glitches as frames whose PSN&dapt its bit rate or its video code rate nor is it allowed to

is below 20 dB. retransmit lost packets.

Method:Performance under mobility is sensitive to the exad®esults:Fig. 10 shows the results of our experiment. The

movement patterns. Since it is not possible to repeat thet extop graph shows the SNR in the individual packets in the
movements across experiments with different schemes, wmbility trace. Fig 10b shows the transmission bit rates
follow a trace-driven approach like the one used in [41pbicked by SoftRate and used in the conventional design.
Specifically, we perform the mobility experiment with non+ig 10c shows the per-frame PSNR for the conventional
video packets. We then subtract the received soft values fralesign and SoftCast. The results for SVC-HM are not plotted
the transmitted soft values to extract the noise patterrhen tbecause SVC-HM failed to decode almost all frames (80%
channel. This noise pattern contains all necessary informaf GoP were not decodable). This is because layering alone,
tion to describe the distortion that occurred on the channahd particularly hierarchical modulation at the PHY, could

including fading, interference, the effect of movement, et not handle the high variability of the mobile channel. Recal
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Fig. 11. Resilience to packet lossThe figure shows that both SVC-HM Fig. 12. SoftCast Microbenchmark The figure plots the contributions of
and the conventional MPEG-based design suffer dramatiealla packet SoftCast's components to its video quality. The figure shthas the use of
loss rate as low as 0.5%. In contrast, SoftCast’s is onlylyndffected even LLSE is particularly important at low SNRs where as errortgction via
when the loss rate is as high as 10%. For reference, the fignanessthe power scaling is important at high SNRs.
performance of SoftCast if it did not use the Hadamard matixnsure
that all packets carry equal amount of information. packet within a GoP can render the entire GoP undecodable.
S . . In contrast, SoftCast’s performance degrades only gradual
that in hierarchical modulation, the enhancement layees ar ' . . .
. . . ) Y as packet loss increases, and is only mildly affected even
effectively noise during the decoding of the base layer, . 0 !
: . ; . I?t a loss rate as high as 10%. The figure also shows that
making the base layer highly fragile to SNR dips. As a resu 2 U . }
: II—Iadamard multiplication significantly improves SoftCast
the PHY is not able to protect the base layer from losses. In

. . ..resilience to packet loss. Interestingly, SoftCast is more
contrast s.,mgle layer video reacted better to S.NR. Vartab'“resilient than MPEG4 even in the absence of Hadamard
because its PHY can adapt to use BPSK which is the morﬁtultiplication
robust among the various modulation schemes. :

Fig 10c shows that, with mobility, the conventional wire-
less design based on MPEG-4 experiences significant glitche * "€ use of a 3D DCT ensures that all SoftCast packets
in video quality. These glitches happen when a drop in the nclude information about all pixels in a GoP, hence
transmission bit rate causes significant packet losses such the loss of a single packet does not create patches in a
that even if the packets are recovered with retransmissions frame, but rather distributes errors smoothly across the
they might still prevent timely decoding of the video frames ~ €ntire GoP. _

In comparison, SoftCast's performance is stable even in thes SOftCast packets are not coded relative to each other as
presence of mobility. This is mainly due to SoftCast being S the case for differential encoding or motion compen-
highly robust to packet loss due to that it avoids Huffman ~ Sation. Hence the loss of one packet does not prevent
and differential encoding and it spreads the video infoiomat the decoding of other received packets.

across all packets. The results in Fig 10c show that, in this® All SoftCast packets have equal energy as a result
mobile experiment, 14% of the frames transmitted using the ©f Hadamard multiplication, and hence the decoding

conventional design suffer from glitches. SoftCast howeve ~9uality degrades gracefully as packet losses increase.
has eliminated all such glitches. The LLSE decoder, in particular, leverages this property

to decode the GoP even in the presence of packet loss.

SoftCast’s resilience to packet loss comes from:

D. Resilience to Packet Loss

] ) E. Microbenchmark
Method: We pick a random pair of nodes from the testbed

and transmit video between them. We generate packet los
by making an interferer transmit at constant intervals. ByS Performance.

controlling the interferer’'s transmission rate we can oant Method: We pick a sender receiver pair at random. We
the packet loss rate. We compare four schemes: the coary the SNR by varying the transmission power at the
ventional design based on MPEG4, 2-layer SVC-HM, fullsender. For each SNR we make the sender transmit the video
fledged SoftCast, and SoftCast after disabling the Hadamawith SoftCast, SoftCast with linear scaling disabled, and
multiplication. We repeat the experiment for differentnisa SoftCast with both linear scaling and LLSE disabled. We
mission rates of the interferer. repeat the experiments multiple times and report the aeerag

Results: Fig. 11 reports the video PSNR at the receivep€rformance for each SNR value.

across all compared schemes as a function of the packasultsThe figure shows that SoftCast's approach to er-
loss rate. The figure has a log scale. It shows that in botbr protection based on linear scaling and LLSE decoding
baselines the quality of video drops sharply even when tlwentributes significantly to its resilience. Specificalipear
packet loss rate is less than 0.5%. This is because both #ualing is important at high SNRs since it amplifies fine
MPEG4 and SVC codecs introduce dependencies betwederage details and protects them from being lost to noise.
packets due to Huffman encoding, differential encoding and contrast, the LLSE decoder is important at low SNRs
motion compensation, as a result of which the loss of a singléhen receiver measurements are noisy and cannot be trusted,

Ve examine the contribution of SoftCast’'s components to



because it allows the decoder to leverage its knowledge \dfleo coding at the source, and instead allows the receiver t
the statistics of the DCT components. extract a video quality that matches its instantaneousraian
Our work also builds on past work in information the-
i ) ) _ory on rate distortion and joint source and channel coding
~Recent years have witnessed much interest in makingscc) [5]. This past work however mainly focuses on theo-
video quality scale with channel quality [3,24,27,44]. Theetical bounds [28,33]. Also the proposed codecs are tiipica
general approach so far has been to divide the video streggh-jinear [38] and significantly harder to implement than
into a base layer that is necessary for decoding the videb, agyficast.
an enhancement layer that improves its quality [6,12,16,36 Finally, SoftCast leverages a rich literature in signal and
Proposals in this area differ mainly in how they generatg,age processing, including decorrelation transformé s
the two layers and the code they use to protect themp pcT [30], the least square estimator [22], the Hadamard
For example, some proposals consider the | frames as fgnsform [2], and optimal linear transforms [23]. SoftCas
base layer and the P and B frames as the enhancemggis these tools in a novel PHY-video architecture to delive

layer [49]. More recent approaches create a base layer BYjigeo quality that scales smoothly with channel quality.
guantizing the video to a coarse representation, which is

refined by the enhancement layers [12,36]. Given video XI. CONCLUDING REMARKS
layers of different importance, one has many choices for-l-hiS paper presents SoftCast, a clean-slate design for

prot.ecting tr:lem untlequally;.] So?e prrc])posals putl more Fﬁ%eless video. SoftCast enables a video source to broadcas
coﬁmg ont Ie base layer t aqt € en ant':emen:] ayers [h6]a§ ingle stream that each receiver decodes into a videdyjuali
Others employ embedded diversity coding, where a highy, 1, mengurate with its instantaneous channel qualityhBurt

rate code a_IIOV\_’S the e_nhancement Iayer_to hgrness 9986ftcast requires no receiver feedback, bitrate adaptadio
channel realizations, while the embedded high-diversitjec video code rate adaptation

provides guarantees that at least the base layer is receive%oftCast also has limitations. Specifically, SoftCast re-

relie}bly [1.7.12]. Hierarchicallmodulation and super’qa uires a compression scheme that is linear. Consider for
codmg are examples of this approach [5’2,1]' MOt'Vategxample a white ball moving on a black background. MPEG
by this prior work, SoftCast takes scala_ble video one Stec%n encode each frame by simply sending the shift of the
further; |t_d|sposes of the coarse granularity of layersawof o center, which is more efficient than using a linear
of; clontéjnuoulflylsca}lablledde5|gn|. d digital TV. Anal transform like 3D DCT to compress the video. Such videos
elated work also includes analog and digital TV. Analog, o er are atypical and if they arise they can be transtnitte
teIewspn_aIso Imea_rly transforms the 'L_"T“”ance valuss fusing standard video coding. For videos of natural scenes,
transmission. And, in fact, analog telev'ls,lon glso shahes Uiinear transforms like DCT and Wavelets are highly effeetiv
property that the quality of th.e transmitted video degrad?ﬁ; compressing the video information [30,46]. Furthermore
s;noothly as thﬁ _cha;]nnel quality gl_egradﬁs. A k?y aldvantagleé gains of SoftCast arise mainly from its robustness to
ot our approach IS that our encoding SCNemMe also 1eVerages, e errors and packet loss. In contrast, existing neati
the_powerful digital computation capabilities (which bewa video codecs are highly sensitive to errors. Hence, the
ayallable subsequent .to the development of gnalog t(ale}ékdsting design has to pay the cost of heavy PHY layer
sion) tq enc:de the video bOtg fpr compression a?f.d.e"SFror protection codes (e.g., 802.11 typically uses 1/2 rat
protection. Hence, we can o tam transrmssmn etliciengye codes, which halves the throughput available for data).
comparable to standard digital video coding schemes s believe that a better tradeoff can be reached if the

aSDMEtEIGfV Iso deals with vid lticast 1321, The f PHY is allowed to leverage the intrinsic resilience of video
gita also deals with video multicast [32]. The OCUSsignals to deal with errors on the channel. In general, the

n dl!?'t?l TI\I/ hovyever |sthontﬁnsur|ng a ’T"”'Th“T Vldr(?otradeoff:s between the gains from efficient but error-sesesit
quaily to all recelvers rather than on ensuring that eae rSompression and the cost of error correction codes and packe
ceiver obtains the best video quality supported by its ckann

o L retransmission at the lower layers are important research
Further, the variability in channel quality is lower becaus

i . i . topics for the future of mobile and broadcast video.
there is neither mobility nor interference. In fact, progiss
for extending Digital TV to mobile handheld devices argue REFERENCES
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APPENDIX

PROOF OFLEMMA 4.1

We want to determine the set of optimal linear scaling factimr each chunk
that minimizes the expected reconstruction error (contpate mean square error),
while within the total power constraint, as inspired by [28]ote that, since the
DCT transform is orthogonal, the reconstruction error afrdhi (z;[1 ... N], where
N is the number of DCT components in a chunk) is directly propoal to the
reconstruction error in the video frame.

Let us model the channel as one with additive white noise.sTHar each
gixi[j], and the receiver receives
9il7] = wilj] + n, whereg; is the linear scaling factor for this chunk, andis a
random variable with zero-mean and specific variarcdthe same for all chunks).
Subsequently, the receiver decodes

Yi n
silt = E —opy 4 2
gi gi
The expected mean square error is:

err = B |30 (@l - @il | = N3

i

E[n? o?
=N —
g7 Z g7
Clearly, the best scaling factor would be infinite, if not the power constraint. Let
\; = E[z?] be the power of chunk (z;[1...N]), u; = E[y2] be its power
after applying the scaling factor, an@ the total power budget. We can drdg in
the minimand since it is merely a constant factor, and folyr@write the problem as

follows.
Y
T M

> ui <P oand p; >0

i

minerr =

®)

subject to:

We can solve this optimization using the technique of Lageamultipliers. The

Lagrangian is
)\,.
b=t 3w (S )
7 M i

Differentiating separately by:; and~ and setting ta, yields:

Vi = S Vao/p
o >\i0’2_P Vi
A T SV,

o JE_|__ P
-‘h‘ﬁ VAV

The optimal scaling factor for each chunk is therefore siheh the resulting power of

the row is proportional to thequare rootof its original power. Some readers might
find it more intuitive that the optimal solution should comiglly equalize the resulting

power, i.e.u; = P/k; but substituting this in (8) shows otherwise.



