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Abstract—All practical wireless communication systems are re-transmit erroneous or lost segments. UDP simply discard
prone to errors. At the symbol level such wireless errors ha® them silently. UDP-lite delivers erroneous packets to @ppl

a well-defined structure: when a receiver decodes a symbol {j5ns and allows applications to recover correct portiohs
erroneously, it is more likely that the decoded symbol is a gud th ket . tial check
“approximation” of the transmitted symbol than a randomly €Se packels using partial checksums.

chosen symbol among all possible transmitted symbols. Baken In all the above techniques, it is the job of the receiver
this property, we define approximate communication, a method to determine and discard erroneous bits within a packet, and

that exploits this error structure to natively provide unequal the transmitter has no a-priori knowledge of which bits (or
error protection to data bits. Unlike traditional (FEC-bas ed) bit positions) are likely to be in error. In this paper, we

mechanisms of unequal error protection that consumes addibnal o
network and spectrum resources to encode redundant data, th demonstrate an alternate possibility At-the PHY layer, there

approximate communication technique achieves this propdy at 1S @ sy_stematic structure tp wireless errors, and a Wi_reless
the PHY layer without consuming any additional network or transmitter can leverage this structure to ensure that aiart

spectrum resources (apart from a minimal signaling overhed).  pit positions are less likely to be in error than other bit
Approximate communication is particularly useful to media 1 gitions, If the transmitter is aware of relative importance

delivery applications that can benefit significantly from urequal oo . o
error protection of data bits. We show the usefulness of this of data bits, it can place more important data bits in more

method to such app“cations by designing and imp]ementingm pI’Otected pOSitionS and the less important data bits in less
end-to-end media delivery system, called Apex. Our Softwar important positions. In other words, a transmitter can ensu

Defined Radio (SDR)-based experiments reveal that Apex can an unequal error protection (UEP) of its data by simply plgci
improve video quality by 5 to 20 dB (PSNR) across a diverse set 414 pits in specific bit positions. Thus, unlike prior apoes

of wireless conditions, when compared to traditional appraches. . . .
We believe that mechanisms such as Apex can be a cornerstoneOf UEP that explicitly need to add redundant bits to higher

in designing future wireless media delivery systems underrgy  Priority data [24], [35], [15], this proposed approach wabul
error-prone channel condition. not require any redundant data bits to be transmitted teegehi

Index Terms—Algorithms, design, modulation coding, mea- UEP, ar_w! is avqilablpativelyfrom the wireless channel (apart
surement, performance evaluation. from minimal signaling overhead).

Further, adaptation of the relative degree of UEP available
different bit-positions can be done based on applicati@tdae
and ambient channel condition.

Any communication system, whether wired or wireless, is The relevant error structure across the wireless chanrel is
impacted by errors. Typically, a transmitter encodes appli consequence of the following phenomenon: When a wireless
tion data in a frame as a set of symbols, where each symkgimbol is decoded in error, this erroneous symbol is still
encodes one or more data bits. When errors happen, oneaggood “approximation” of the original transmitted symbol.
more of these symbols are incorrectly decoded at the racei®Ve will make this notion more precise in the next section.)
leading to loss in performance. Based on this approximation property, we design a wireless

Conventional design of networked systems have assunwmnmunication method to provide UEP that we calp-
that communication channels are error-prone and handte thproximate communicationApproximate communication can
in various ways. Often a checksum field is added to eaphovide significant performance gains to all applications i
data unit. A receiver verifies the received checksum againghich different data bits have different levels of priority
the expected checksum for the data bits to validate correcg., the |-, P-, and B-frame structure in MPEG-4-AVC [3]
reception. Higher layers deal with these errors in differeencoded video. In particular, we design and implement a
ways. specific approximate communication system called Apex (an

At the MAC layer, some protocols (such as 802.11) typicallfxpproximate communication system for mediakange) that
discard packets received with checksum errors. A newes cla®mmbines knowledge of relative bit priorities of the apation
of MAC-PHY mechanisms attempt to recover correct bitwith the structure of wireless errors and client feedback on
from packets with partial errors. Examples include parti@hannel conditions to achieve improved performance forimmed
packet recovery (PPR) [18], SOFT [36], ZipTx [21], andpplications.

Maranello [13]. Similarly, at the transport layer TCP would Apex requires a few, albeit marginal, modifications to the

I. INTRODUCTION



Received bits

Data bits

radio transmit-receive paths. These modifications inchufiev
additional buffers, multiplexers, and a little amount ofdad
tional addressing logic. The latencies due to such additior™
data processing is negligible. Through detailed expertmen riginal . Received
the WARP SDR platform [6] under various interference an(?image Tx symbols Rx symbols image
multi-path scenarios, we demonstrate how Apex can improve

the quality of video delivered over a wireless link, using gig. 1. High level overview of wireless communication. (SoMAC layer
mechanism that is complementary to existing approaches. operations, €.g., coding, scrambling, and interleavirgrait shown.)

Key contributions: We summarize the above discussion by
identifying the main contributions of our work: ensured that opportunities of natively providing UEP on the

. o . wireless channel was lost.
« Apex, an approximate communication system to improve . . .
In this work we explain how the wireless symbol error

applications:We show that wireless errors have a well- : . .
defined structure at the PHY layer. This structure aIIO\/\%ruCture can be leveraged to implement UEP in approximate

the wireless PHY layer to natively provide UEP to datgommunica_tion (Sections_ 1), how it can be _practically im-
bits, which form the foundation of approximate Commuplemented in Apex (Section V) to co-exist with the popular
nica;tion data randomization and protection techniques (convaiutio

Further, we show that by suitably adapting system parar%qdmg’ data scramplmg, and dgta interleaving) and how r_el
) icatyfnt parameters like modulation scheme and constellation
appings can be dynamically adapted (Section V) to improve

requirements Apex significantly improves performance ol litv of media deli q
applications that prioritize different data bits diffetign N qusl Il'y 0 r:l\e 'a deliverea. - &
. Design of modifications to transmit-receive paths of an YW believe that approximate communication can offer a use-

802.11 radio to support approximate communication iﬂJ| _d_esign alterngtive for_ wireless media delive_ry systend
Apex:Apex requires minor modifications to the transmitiacilitate greater interaction between characteristizseovable

receive paths of a wireless radio. We describe how 17 the PHY layer and expectations of the applications.

transmit-receive chains of present day 802.11 hardware
should be modified to implement approximate communi- || | NTUITION AND APPROACH EOR APPROXIMATE
cation. We demonstrate such modifications can co-exist COMMUNICATION
with other complementary mechanisms implemented in
the lower layers, such as a scrambler system, convolutionFigure 1 shows a high level (and somewhat simplified)
coding, data interleaving, data modulation, and PH$chematic of data transfer across a wireless link as it heppe
transmission rate selection. for common technologies today. Let us assume that the conten
« Implementation of the Apex-based video delivery systei®:eéncoded into a data bit sequence using a popular format,
We demonstrate that Apex can be practically implee.g., MPEG-4 [3]. After packetization, the transmitter bét
mented by building a prototype system using the WARRireless link maps these bits into symbols for transmission
Software Defined Radio (SDR) hardware and runnin@cross the wireless channel. In our example, each symbol
H.264 video streams through them over the air. represents a set of three data bits. The receiver attempts to
« Experimentation over range of scenariosle show that infer the transmitted symbols, but sometimes makes degodin
Apex can, indeed, provide significant performance gaigsrors. Hence, when the received symbols are mapped back
for media applications over a range of wireless comminto a bit sequence, bit errors might result (erroneousébits
nication scenarios. In different experiments, we variegymbols are shaded). An important thing to note is that when
the transmit power levels, the position of nodes, ar@lSymbol error occurs, not all its constituent bits are digtua
the degree of external interference to demonstrate tteerror. Symbol errors in common wireless technologies, e.
robustness of our schemes. Over various experimdh@se based on the popular I/Q modulation schemes, have a
scenarios, it provided a video quality improvement of 5¢ery well defined structure. When a receiver decodes a symbol
20 dB(measured in terms of PSNR). erroneously, it is more likely that the decoded symbol isadyo
“approximation” of the transmitted symbol, than a randomly
%hosen symbol among all possible symbols. In this section,
W explain this phenomenon through an example based on
8uadrature Amplitude Modulation (QAM).

The fact that wireless symbol errors of popular modul
tion schemes have a specific error structure has both b
analytically studied by researchers [23], [2], [38], [8]dan

experimentally demonstrated [30]. However, many popul In QAM, data elements are encoded into amplitude values

wireless communication standards, e.g., IEEE 802.11 jdens . . .
: of two sinusoidal waves that are 90 degrees out-of-phade wit
such a structure to be a nuisance. In fact, standards such

as IEEE 802.11 typically employ a set of randomizatioeaCh other. A QAM modulation scheme is usually represented

and data protection mechanisms, (convolution coding, deﬁ a I/Q constellation diagram, as shown in Figure 2. Each

scrambling, and data interleaving) to ensure that all appitin constellation point (or symbol) is mapped to the amplitutie o

bits are equally likely to be in error. These data randornorat | _ _ _ , ,
hani h b f oth d t H t Some of the different mechanisms manipulated in the papghtnaippear
mechanisms have a number of other advantages. Hence, th&if.r in meaning. Hence, for the sake of clarity, we define tise of our

wide adoption and specific placement in the protocol staekms and their meaning in Table I.



Term Meaning / Examples
Modulation scheme| 16-QAM, 64-QAM, etc.
Constellation map | Mapping from bit-sequence

ith interference

it
to symbols (Gray, Block, etc. 10-\9/ ...
Data bit Mapping of data bits to
placement bit positions in symbols
TABLE |

TABLE SUMMARIZING SOME TERMINOLOGY USED FOR DIFFERENT
MECHANISMS USED IN THE PAPER
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(a) 256 QAM (b) 64 QAM (c) 16 QAM

transmitted and decoded symbols.
Fig. 2. Quadrature Amplitude Modulation (QAM) consteltats. Further, if the noise conditions continue to increase is thi
manner, a reasonable communication system will adjust to a

the in-phased and the quadrature-phased signals, and cdﬂ"é{er rate modulation sche_me, SL?Ch as 16-QAM (F|gu_re 2(b)),
sponds to a certain bit sequence to be transmitted. In a Zg\gl'Ch separates constellation points further apart Tﬂnmva
QAM scheme (shown in Figure 2(a)), there are 256 distinfj€ system to revert back to the original scenario where
symbols. Each such symbol encodes a 8-bit sequence of ddfneous symbols are mostly the nearest neighbors of the
to be transmitted. In contrast, in a 64-QAM scheme, there érgnsmltted symbol.
64 distinct symbols, and each symbol encodes a 6-bit data
sequence (Figure 2(b)). When a transmitter wants to cof- UEP and approximate communication
municate a specific bit-sequence, it emits the correspgndin The wireless error structure demonstrated in Figure 3 leads
symbol. The goal of the receiver is to identify which symbalb a construction of UEP for data bits. This is achieved
was sent. by appropriately choosing a constellation map, i.e., thgp ma
Let us consider the case of a transmitter-receiver pdietween bit-sequences and symbols in a constellationatiagr
using 64-QAM and the transmitter emits a symbol, €8y  For the sake of simplicity, let us assume that when symbol
(Figure 2(b)). Depending on the conditions of the channearrors occur, the erroneous symbol is just one unit away from
there is a reasonable chance that the receiver will coyrecthe actual transmitted symbol. In the 64-QAM example in Fig-
decode this symbol. However, there is also some possibililye 2(b), this assumption implies that whéhis transmitted,
for the receiver to make an error in decoding this symbal. decoding error would result in the received symbol to be
It turns out that if an error does occur, such errors are magie among4, B, D, and E.
likely confined to the near neighborhood of the transmitted Now imagine if a constellation map was to map bit-
symbol C, i.e., the receiver is more likely to decode thisequences randomly to symbol positions. Then, when an error
symbol to be one of4, B, D, or E, which are the nearestoccurs, the likelihood of a correct value in any given bit
neighbors of” (indicated by the inner circle of Figure 2(b)), agosition is purely by chance. The probability of such an ¢ven
compared to a far away symbat,. In other words, within the is 0.5, i.e., the probability that a neighboring symbol Haes t
2-dimensional I/Q space, an erroneously decoded symbddtesame most significant bit (MSB) value as the MSB of the
to be a reasonable approximation of the transmitted symbactually transmitted symbol is 0.5, and the same is true for
As noise in the environment increases, the likelihood dfie least significant bit (LSB) and all other bit positions in
making incorrect decoding decisions to “faraway” symbolsetween. Such a constellation map does not help in achieving
can increase to some extent (as indicated by the largeecirolur desired goal in approximate communication.
in Figure 2(b)). However, likelihood of making errors withi  Fortunately, various common constellation maps, e.g., the
close proximity also increases, and continues to signifiganGray code (used in 802.11 ) map bit sequences to symbols
dominate such faraway errors. We illustrate this behavior a way that increases the resilience of certain bits, even
in Figure 3 in which 10 million 64-QAM symbols werewhen the symbols are in error. As an example, the Gray code
transmitted between a transmitter-receiver pair under tworrespondingto a 16-QAM constellation is shown in Figure 4
different conditions, ambient noise, and explicitly geated If we examine the MSB of the different symbols to the left
interference in the background. The Y-axis represents th&the Q-axis, we can observe that all of them have a value
probability that the transmitted symbol is decoded erroisgo of 0. Similarly, the MSB of different symbols to the right of
to be another symbol at a distance given in the X-axis. Tli@axis all have a value of 1. In such a case, if a decoding
logarithmic scale of the Y-axis demonstrates the dramatecror occurs for any symbol within the shaded region, there
decay in this probability with increasing distance betwten are no errors in the MSB (under our assumption that symbol



Traditional communication

0—(209 %10Q .llog .loog B-frame |-frame P-frame I-frame Wireless packets (exactly mapped from video frames)
X 1001][0o010][1101][0200] mpp-[P=1001][Y=0010][z=1101][x=0100]
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N ® L 7 ® ® P Approximate communication Wireless packets (combines bits from different
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Fig. 5. Wireless frames in approximate communication combbits from video frames of different
priority levels. Example uses 16-QAM and assumes that tleeM8Bs can be better protected than
Fig. 4. 16-QAM with Gray code the two LSBs. The data bit placement strategy maps I-bits &1 P- and B-bits to LSBs. Symbols
constellation map. MSBs and LSBs M,N,P,X,Y, and Z are as shown in Figure 4 that uses a Gray code constellatign (@aly
are underlined. subset of data bit placements shown.)

errors do not exceed 1 unit). For the remaining symbols, wéth data 0100 and 0010, a P-frame with data 1101, and B-
expect an error probability of either 1/4 or 1/3 for the MSBframe with data 1001. In traditional communication systems
depending on its position in the constellation. If the likebd the 4-bit sequences of each frame gets placed together in a
of transmitting each symbol is identical, then the probigbil single wireless frame, e.g., the first I-frame is mapped & th
of error in the MSB, given a symbol error has occurred, is 1/@irst wireless frame (consisting of a single symbg). The key
For the LSB, on the other hand, the probability of making adifference in approximate communication is that data bfts o
error, given a symbol error has occurred, is 1/3. This givesfferent priority levels will be placed together and comdxl
rise to an intriguing possibility. If an application idefigs into a single symbol, such that the most protected bit passti
different priority levels for its various data bits, thersiead of are occupied by the higher priority data bits (say, | bitsid a
performing data bit placement (mapping these data bitstto tie least protected bit positions are occupied by the lower
positions in symbols) in an agnostic manner, we can achigwaority data bits (say, P and B bits). For example, the first
the desired impact of differential data protection by pigdhe two bits of the first I-frame, i.e., 01, are mapped to MSBs of
higher priority data bits to the MSB positions of symbolsganthe first symbol of a wireless frame, while the second two bits
the lower priority data bits to the LSB (and other) positionsof the same I-frame, i.e., 00, are mapped to the MSBs of the
Note that such differential protection of data values isymbol of the next framé. The bits of P- and B-frames are
possible by simply placing the data bits to appropriate hilaced into the LSB positions of different symbols. Overall
positions, and without adding any form of redundancy intthis means the I-frame bits will be better protected than the
the system. In a way, such data protection is available @lgtiv P- and B-frame bits.
through the wireless channel, and can be better exploited bywhen symbols are decoded (possibly in error), the receiver
applications, without imposing any overheads. This is in-cosimply passes them along to the higher layers, even if irrerro
trast to the traditional FEC-based methods for providingfPUEWhen the different application bits are extracted out obéhe
that require communication of additional bits that redurija erroneous symbols, the highest priority bits are mostyikel
encode more important data. be correct and are of great value to the application. Lower
Also, while we explained the phenomenon of differentigiriority ones maybe in error and will be suitably handled.
error resilience of bit positions with the example of QAMThe key observation is that the higher priority bits are sthu
modulation the same would hold for other modulation schemssccessfully extracted out of the symbols, even if in error,
such as Phase Shift Keying(PSK), Pulse Position Modulatitirough this mechanism, without requiring re-transmissio
(PPM), Frequency Shift Keying (FSK) etc. as well. This differential protection is in contrast to the traditad
Based on the above intuition, we build an approximagommunication method used in 802.11a/b/g, where I-frame
communication system that can provide differential pridec bits occupy both MSB and LSB positions of a symbol, the
to different data bits of an application. We use streaming same as P- and B-frame bits, and there is no difference in the
MPEG-4 encoded video as an example of such an applicatitgvel of protection for bits of different video frames.
Such a video stream consists of frames with different leg&ls
importance, e.g., I-frames are more important than P-feame [1. VALIDATION
which in turn are more important than B-frames. To validate that our approach of approximate commu-
Akin to regular communication systems, the applicatiopication is, indeed, possible, we need to identify one or
creates and continuously sends data bits correspondingniére constellation maps that provide unequal error priotect
different frames (I, P, and B) down the network protocol ktacamong different bit positionsacross a range of wireless
Bits from each video frame will be packetized in smaller
chunks at the network and MAC Iayers, and then will be 2In our actual implementation', Fhe I-, P-, and B-frar_'n_e bitsulgofirst go
handed into the digital component of the PHY layer. This nolion coder, and ihe ineieaver for added resiberbefore. being
shown in Figure 5, with four video frames — two I|-framesnapped to the symbols.



-, . . ; Modulation schemeq 16 and 64 QAM
conditions — different transmit power levels, differengrdes Encoding schemes | Gray, Block

of interference at the receiver, and with and without PHYelay [Frequency 54 GHz

cqnvolut_ional code§gch confirmation of une_qua! protection Cor?volutior&f):ll codes Gﬁq?af;tokgg@?gagg(;ﬁ)

will provide further evidence that our approximation praye (E‘;’;Sz” d;f: 2 Zss Kb (et 72t 1)

holds true for a range of common scenarios, where approaches

such as Apex can be quite worthwhile. PROPERTIES OF CTGF?II_I\I/?PIII_EMENTED SYSTEM
Given a constellation diagram df points, each symbol

will represent a bit-sequence of lendibg, (k) bits. Overall, WARP

there are no more thar different constellation maps possible, radio t----------------

although some of them can be identical due to rotation arBaptop ¥

reflection based symmetries. Each constellation map i$ylike ‘

to protect individual bit positions differently. The abopmp- &= HHEEEE 0] s, [
erty can be leveraged by altering the constellation mamduri Transmitter |nh?rférer Receiver

an ongoing transmission, based on the channel conditiahs an

the relative priority of the application data-bits. Fig. 6. Setup for communication between the two WARP SDRosdThe

. . . relative position, transmit power levels, and degree okml interference
In this section, we present results for two constellatioRyried during different experiments.

maps, each of which offer varying amount of error protection
for different bit positions. B. Experiment configurations
Both are, therefore, suited for approximate communication \ne yse the following experiment parameters.

We note that our contribution is not in designing thesgargware and software: We implemented our system on the
constellation maps, but in identifying suitable ones and igaRp SDR radio platform [6]. In our implementation we used
exploiting them to implement approximate communication fqne \WARP boards as RF front-end to transmit the packets over
media appllcat|0n§. We first brlefl_y describe _the _schemed;, 3%r and carried out the digital layer PHY signal processing
then evaluate their error protection properties in the tést yciivities in the connected laptop. The laptops also acted a
this section. the traffic source and sink. The setup for our experiments is
depicted in Figure 6. We summarize various aspects of our
implementation in Table II.
A. Example constellation maps Frequency and phase synchronization between the sending an
receiving side was achieved using a 11 symbol barker se-
We evaluate the following two constellation maps for usguence sent as a preamble along the packet. We experimented
in approximate communication. by varying the transmit power levels of the transmitter,ingd
Gray code: In Gray code [12], symbols that are immediatexternal source of interference and by changing the logatio
neighbors either along the I-axis or the Q-axis of the I/Qf the nodes. The receiver sensitivity of WARP hardware in
space differ in exactly one bit position; the rest of the bitsur implementation is -70 dBm for 64-QAM and at lower
are identical between the two neighbors. An example of RSSI values ¢ -70 dBm)? it becomes difficult to derive any
Gray code is shown in Figure 4, for a 16-QAM system. Grayeaningful results. Hence, for all of transmit power vaoias,
codes can be constructed for any QAM scheme in a systematie report on RSSI values that varied between -30 and -70
manner based on the above observation. Gray code is widdBm.
used in many popular communication systems, including Metrics: In this section, we are interested in the relative bit
802.11 a/g/n and 802.16 based systems. error rates (BERs) experienced by different bit positiofis o
Block code: In block code [23], the constellation points@ Symbol. Hence, we compare the two constellation maps by
on the same side of the | (Q) axis have the same value ffamining the BERs of the MSBs, MIDs, and LSBs across
the first (second) bit position. Hence, all points in a give@ | different conditions. In certain plots, we repdBER gain
quadrant have the same value for the first two bit positions. FVhich is the ratio of the BER of Block code to that of Gray
each of these quadrants, the symbols are partitioned into f§ode, for specific bit positions. BER gain can, thus, be a
sub-quadrants, and the same process is repeated to agsigAtnber greater than 1.
values for the next two bit positions. The process is regeatexperiment parameters: In each experiment we sent 10 mil-
iteratively for the remaining positions. lion randomly generated symbols. For each symbol received,
Both of these schemes can be implemented on differéh® decode its value using both maps, and calculate the error
QAM based modulation schemes. While we have implementEjes for different bit positions. . .
and experimented with different QAM schemes in our SDR A typical 802.11 PHY layer (optionally) applies convolutio
radio platform, for sake of uniform comparison, in this seet c0de (& PHY layer FEC) to further protect the data-bits. In
we focus on the 64-QAM scheme. In 64-QAM, each Symb&rder to evaluate the effept of such_ PHY Iay_er convc_>|ut|on
encodes 6-bit sequences, and in diverse experiments we €S, we have also experimented with (and without) differe

serve how the different schemes differentially protecttthe 3 _
We calculate the RSSI values by reading the MAX2829 ADC oautpu

most significan.t bi.t.S (MSBS)' the two middle bits (MID)’ anc#egister value and mapping it to corresponding RSSI valoenfthe Data-
the two least significant bis (LSBS). sheet [7].
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convolution codes (rates include 1/2, 2/3, and 3/4) as \@elF.
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results show that unequal error protection property hotite b~ § 103 §

with and without convolution codes. In this paper, we showé’ %’

the error resilience of different bit positions in presemfe g 10° e

PHY layer convolution coding only for a convolution code of @ 105 B

rate 1/2. Gray Block Gray Block
Encoding Scheme Encoding Scheme

C. Experimental results (@) No PHY convolution codes. (b) With PHY convolution code,

Rated /2.

We describe our experiments and associated observations
below. 10

With and without PHY convolution codes: We plot the er- § 104 § 104
ror rate at the MSBs, MIDs, and LSBs for the two constellation & 8
maps at an intermediate transmit power level (RSSI -55 dBm)f 10° § 10°
in Figure 7, both with and without PHY convolution codes & 106 @ 16°
(rates1/2, 2/3 and 3/4). Each constellation map provides Gray Block Gray Block
different levels of protection to these bit positions. Inttbo Encoding Scheme Encoding Scheme

cases, Block provides the greatest error protection to théc) With PHY convolution code(d) With PHY convolution code,
MSBs at the cost of lower protection to the LSBs. The useRa€2/3: Rate3/4.
of ConYOIUtlon codes clearly reduce the. BERs suitably IIEI . 7. BER of various bit positions when using Gray, and Rldata coding
proportion to the degree of redundancy introduced by eagdhemes. The overall uncoded BER of during the experimest avder of
code, but the effect of unequal error protection exists both—2 for both schemes. 10 million QAM-64 symbols were transrditte
with and without use of convolution codes. Hence, in the rest
of this paper, we focus on results with PHY convolution codes
applied.

Ambient noise, varied transmit power levels, with PHY The previous section validates that unequal error pratecti
convolution codes:We present the performance of the Grajor different bit positions is consistently possible acragry
and Block constellation maps for an entire range of receiveld/erse wireless channel conditions. In this section, we de
power (varied by changing the transmit power levels as well acribe our specific approximate communication scheme that
the separation between nodes and their locations), wheg usian leverage these specific constellation maps to imprave th
convolution codes in Figure 8. Instead of the BER, we plgterformance of media applications in a natural way.
the BER gain.With decreasing RSSI, symbol errors increase. In particular, we focus on video streams in which content is
As a consequence, the BER of Block shrink in comparisgrartitioned into multiple classes, and each class has erdiit
to BER of Gray for MSBs, i.e., Block protects MSBs eveitevels of importance in correct decoding of the stream. This
better compared to Gray as RSSI decreases. For the ranges afommonly observed in all MPEG-based video streams in
operating parameters the relatively greater protectiad®Bs which a “Group of Pictures” (GOP) consist of a sequence of
using Block changes from a factor of 2 (at -30 dBm) to a factdy, P-, and B-frames that have been coded together.
15(at -70 dBm). The increased protection of MSBs comes atThe application (or an application helper) provides a senpl
a cost of decreased protection for MIDs and LSBs in Blockestimate of the relative priority value of these differeiatal
Varied external interference: We next examine the behaviorbits and passes it down the stack. There are many effective
of different encoding schemes in presence of an explicitu ways to compute priority of data bits to an application [22],
of external interference (Figure 9). We had used a lapt@®2], and in this paper we use a relatively simple one based on
sending WiFi traffic as the source of interference. As a nearldecoding dependencies. More specifically, in Apex thtie
WiFi source, would back-off on sensing transmissions froof any data unit is proportional to the number of data bytes,
our system, we had to place our interfering source with sortteat require; for successful decoding at the receiver. In our
care. To turn the WARP radio and the interfering laptop intcase, we use frames within a GOP as a data unit. Hence,
a hidden nodes for each other. For this, we reduced the sigakilbytes of a given frame type in a GOP has the same value,
strength on the laptop and placed it at a far by location suataking it easy to perform the computation once for each GOP.
that the achieved throughput for both systems at their lsigh®y design, I-frame data is necessary to decode the highest
data-rates(manually fixed) was same regardless of whdther tumber of dependent frames, and hence they have the highest
other node was working on not. We then increased the powaiority. B-frames have no other dependent except theraselv
on the laptop to a level such that it started interfering witho they have the least priority. P-frame has a priority which
the Warp node(confirmed by increased errors when the lapispintermediate of the two other frame types. The relative
was transmitting). priorities of the three frame types can change betweerrdiite

We show the BER gain in the plot. The external interferé8OPs. As mentioned before, better ways of defining the value
injects regular 802.11 traffic into the wireless medium, akhi of different bytes are, indeed, possible, we choose to use ou
causes significant symbol errors in the data transmitted smple approach, as it is sufficient to illustrate the perfance
tween WARP nodes. Across all levels of interference Bloalkf approximate communication.
provides significantly higher protection of MSBs than Gray. We also note, that our approach generalizes to any other

IV. DESIGN& | MPLEMENTATION OF APEX
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Fig. 9. Variation in BER gain at various bit positions of Blorelative to Gray in presence of an external interferer.\@trtion coding at rate 1/2, 2/3 and
3/4. The horizontal line corresponds to the case where hithnses offer equal error protection for a given bit position

media encoding, where the content is structured in lay@i, anost protected, while the B-frame bits will be least pratelct
there is different levels of priority (value) for each layer  Note that the above greedy approach does not require that the
The MAC-PHY layer of Apex is provided with a few differ- number of protection levels available in different bit gimsis
ent constellation maps. In our case, we use two alternativesbe equal to the number of desired priority levels in appiaat
Block and Gray. Based on the application-specified value @@ta, and it just provides a relative ordering in the level of
different data units, the MAC and PHY layers of Apex make@rotection for these bits.
two simple decisions: (i) given a constellation map, how to Also, the above approach ensures that we do not need a
place application data bits to bit positions for the deslesgls fixed ratio of |-, P- and B- frame data. As the excess data bits
of protection, and (ii) which specific constellation map seu belonging to one priority level can be sent by using all bit
We discuss how each of these components is implementedpwgitions in a symbol.
making small changes to an 802.11-style PHY-MAC subsys-Choosing a constellation map:As Section Il shows,
tem, while retaining all its features. constellation maps differ in the level of protection avhiéa
Placing application data bits to bit positions: Each at different bit positions. Hence, the choice of a constielfa
constellation map provides varying degree of protection fonap depends on the relativgility of protecting different
different bit positions of a symbol. However, once a consteipplication bits differently.
lation map has been chosen, there is only one optimal wayln order to evaluate the utility of a constellation map,
to place application data bits to various protection levels we need to estimate the BERs at different bit positions for
maximize value of protected data -gfeedily. Given = data different constellation maps. For this, we add a small numbe
bits across all priority levels, angh bits per symbol, the total of well-known pilot symbols into each wireless frame (1 pilo
number of symbols available is/m. We start by placing byte for every 100 bytes). The receiver will decode these
the highest priority bits to the most protected bit posisionsymbols with the different constellation maps in consitlera
of each of these symbols. We move over to the next protected., Gray and Block. Since the pilot symbols are known,
bit positions, if we exhaust the most protected bit posg@tionthe receiver can estimate the BERs for different positions
Once we complete assigning all highest priority bits, we enowand provide this as a feedback in the 802.11-style ACK
to bits at the next priority level. We continue until we exbku frame. Note that such BER computation occurs at transnmissio
all bits. Unlike a traditional communication system, wherspeeds, as such computation already occurs for wirelesgefra
each wireless frame carries data bits from a single videecoding and ACK generation. We use a single byte to carry
frame, in approximate communication, each typical wirelessach BER value of the MSBs, MIDs, and LSBs of 64-QAM,
frame carries data bits from an I-frame, a P-frame, and &or a total overhead of 6 additional bytes for both schemes in
B-frame. The I-frame bits within the wireless frame will bethe ACK frame. (16-QAM and 256-QAM has two and four



protection levels respectively, and the overheads in th& AC 2-bit o o Interspersed
constellation Priority-level size fields pilot symbols

fram_e are_4 E_ind 8 bytes reSpeCtiVElyi) map selector in octets (4 X 1 byte) (1 byte/100 bytes)
With this information, the transmitter can calculate the //
utility, «(&), of a constellation map¢, as follows. Letw;

be thevalue associated with application data units at tiie | | | | ‘ ‘ ‘ ‘ ‘
priority level. Letp; indicate the protection level of thgth

significant bit position group. and let;; be the number of “PLCP hdr (72 bits)™>
application data units with priority level be allocated to bit BPSK rate indicated by signal
positions with protection level (using the greedy approach).  rate=12 symbols (same as 802.11a)

Then,u(&) = Y, v .. p;zij, wherev; is presented as an _ o
. Lo . Fig. 11. Modifications to PHY PLCP header and payload for Apex
input from the application, and is computed once for eac

video stream GOPz;; is obtained from our bit mapping .
strategy, and can also be computed per constellation m

once for each video stream GOP, apg is received as , - e
feedback in the ACK frame. We pick the constellation map th e transmitted data). We limit ourselves to four priorityels
or application data currently. We add a one-byte field in the

maximizes this value. We illustrate the benefits of SWitghiancp header f h level.f L of f ddit
constellation maps as part of our evaluation in Section V. eader for each level, for a total of four additionabisyt

This computation itself is quite fast. Hence, in principiee | 1S limits the maximum payload size to 2048 bytes. _
constellation map can be changed for every frame. HoweverNOte that only the two-bit constellation map selector is
in our implementation the decoding process for the differeRlaced in the early part of the PLCP header to be _transmnted
constellation maps happen, not in the FPGA of the WAR@ the base data rate, e.g., 802.11a uses BPSK with 1/2 PHY
radios, but in the associated laptops. This adds latenciescPnvolution codes, and using a pre-defined constellatiop ma
the process such that our constellation map usually chan§@ay). The four priority level size fields are in the latterp

at a rate of once every ten packets or more. Our evaluatighth® PLCP header can be transmitted at higher data rates

illustrates the performance advantages of this dynamiiceholike the rest of the frame. Hence, although the PLCP header
inspite of this latency. The actual gains of this componant [ncreases from 40 bits to 72 bits, only two of these additiona
a real system is, therefore, likely to be even better. bits need to be transmitted at the _base rate. Flna_lly, we add
Interaction with choice of modulation scheme and PHY the pilot symbols through the data field for BER estimation of
rate of transmission: Approximate communication has aQifferent bit p_ositi_ons with different constellation map&his
direct interaction with the choice of data modulation schent$ Presented in Figure 11.
and the PHY layer transmission rate of data units. In general Modifications to the digital component of the PHY layer
any good rate and modulation selection scheme will ensuiweline: We describe modifications needed to a standard
that the approximation property of symbol errors hold. Im oi$02.11 PHY layer pipeline to implement all features in Apex,
work, we implement a rate selection scheme that is based &l present it pictorially in Figure 10. All components ire th
the SoftRate algorithm [34], which is known to be fairly agil Picture are from the 802.11a reference pipeline and theeshad
and accurate. Each change in the rate triggers an immed#@éts of the picture indicate locations where some changes a
re-evaluation of the specific constellation map, althougg tneeded.
constellation map might sometimes change at an even fastein the transmitter, data is available to the PHY pipeline
rate, if necessary due to change in channel conditions. \Wemultiple queues, one for each priority level present. Our
anticipate that the performance of the system can be imgrowgystem allows for four priority levels and in the figure we
even further if the rate selection decision is combined wigh show only three queues populated with data (corresponding
constellation map selection. In this paper we do not exploie |, P, and B frame data). In a regular 802.11a pipeline, all
this joint problem further, and relegate it as part of ounfat data coming into the controller will be a single queue and for
work. a regular sized Ethernet-style frame, may have a maximum
Apart from this data bit mapping process, the rest of thgayload of 1500 bytes. In our case, we expect the total bytes
MAC layer in Apex works as per IEEE 802.11 protocol. Ireorresponding to a single wireless frame, still to be 1500
particular, it makes the system’s external properties detaly bytes, but this data may consist of a different number ofbyte
compatible and compliant to the IEEE 802.11 standard. from |, P, and B queues. Each of these |, P, and B fragments
Modifications to PHY PLCP header and payload: A Wwill pass through the scrambler and the convolution encoder
few modifications need to be made to the PHY layer PLGRdependentlyike in a regular 802.11 pipeline, and arrive at
header. First, we added a two-bit constellation map salectbe interleaver. Note that, at the interleaver, the scrathahd
within the PLCP header, to inform the receiver which encgdirthe convolutionally encoded data are still separated aaogr
scheme is used in the wireless frame. This limits the numbertbeir priority levels, and are placed in separate queues.
constellation map alternatives to four, which we believewsti In the interleaver, the bits will be placed into bit positon
be sufficient for most applications. We also added inforamati based on the greedy algorithm. Each bit-sequence, thus gen-
on how the data of different priority levels are placed interated, will correspond to a symbol and will likely consi$t o
various bit positions using our greedy approach. This can bis collected from the three different queues. Like a regul
simply expressed by indicating the number of bytes (expbss802.11 interleaver, we will allow interleaving of bit vakie

multiples of eight bytes) in each level (the greedy altioni
for placing data bits to bit positions can be used to partitio
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Fig. 10. Changes to basic 802.11 layers for approximate agmuation in Apex. |, P, B labels are for illustration purposnly indicating three arbitrary
priority layers. Shaded parts are modifications made.

across different OFDM sub-carriers (if multiple OFDM subthe bits read by the merge logic. It informs the read corgroll
carriers are used). But unlike a regular interleaver, weanly to load more bytes whenever bits stored in the register are
limit interleaving of bits within a single sub-carrier tothin about to be exhausted. The read controller coordinates the
the bit positions allocated to data from the same priorigss! timing of reads to ensure that at most one read operation per
Finally, based on the application data value and the BERock cycle on the packet buffer. This is because the SRAM on
feedback from the receiver, one of the data constellatiopsmaour platform does not support multiple simultaneous retds.
will be selected. The bit-sequences will be mapped to ti@ve implemented the entire system mentioned above, except
corresponding symbol values using a simple table lookdi@r the dynamic constellation switching, which is left asuite
process as in a regular pipeline, and handed over the RF fronerk.

end. Overhead: We characterize the overhead of the modified
A similar, but reverse process would occur in the receiAC and PHY in terms ofatencyandhardware cosbelow.
chain. The extra latency incurred by our implementation is 9 clock

As part of our implementation, we have modifigte cycles which is negligible¢ 0.225usec) compared to the RTT
WARP OFDM Reference Design vl4thich is a FPGA delay(98usec for 16QAM modulation). The latency comes
based implementation of WiFi like wireless PHY layer. Th&Oom the necessity to preload bytes for each shift register
implemented PHY runs on a Xilinx Virtex-1l Pro FPGA whichbefore the merging process starts. Note that the merge logic
has a PowerPC processor, 3&Mbit on-chip SRAM and IS implemented as a combinational logic with no extra delay.
programmable slices. We implemented the application, upie overhead in terms of added hardware components is also
and IP layer of the video application on the desktop whil@inimal because different types of framgtzarethe same main
built the MAC layer on the PowerPC processor and the PHatapath at the PHY layer. Moreover, only a few functional
layer in programmable slices on the FPGA. blocks are adde_d to the original design, the majority of Wwhic

In the PHY layer, a read controller is introduced to generafé® Small combinational logics. o
read signals for the packet buffer. The reading is performed CO-existence with legacy devicesto co-exist with legacy
a way to ensure, that bytes from different types of framé§vices, we envision the use of one reserved bit in the
are loaded in analternate fashion. Each loaded byte isService field of the PLCP header to distinguish between Apex

passed through the unmodified scrambler, FEC encoder &¥nmunication and traditional communication. As the Apex
interleaver. After the interleaver, a 3-byte shift regisie SYStem uses the same retransmission mechanism and cha_nnel
introduced for each type of frames to store the interleav&g@ntention protocol specified in IEEE 802.11 standard. This
bytes of the corresponding type. After the shift registers, guarantees fairness to Ie.gacy devices in c_hannel _utdlzan
added a logic component to merge bits from different shiff fact, the spectrum savings from Apex will benefit all the
registers, e.g., 2 bits from each register for 64QAM and 1 gevices sharing the medium.
2 bits for 16QAM. The merge logic retrieves different number
of bits from each type of frames and performs merging based
on the placement field in the header. The merge logic passes
the merged bit sequences to the QAM mapper. Finally, thewe now evaluate the performance benefits offered by Apex
QAM mapper maps bit sequences to QAM symbols based pn detail. In addition, we also show that the advantages
the constellation indicated by the header. Finally, theegated of approximate communication are complementary to some
QAM symbols are sent to the analog frontend for transmissiaglternate mechanisms of adding unequal error protectign, e
As some miscellaneous details, the frame register discaagplication-layer FECs, and data re-transmissions.

V. EVALUATION
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Fig. 12. PSNR differences between traditional and appratentommuni-
cation with rate adaptation at a representative wirelesira@ment (Claire
video).

We describe the new aspects of our experimental configura-

tion vis-a-vis Section Il for evaluating performance ofled evaluation, we adopt the practice of trace-driven analgsis

streaming in Apex. We use the same WARP SDR platforny, ¢ommonly applied in evaluating rate adaptation algerih
with the signal processing functions implemented in Iaptonith PHY layer processing needs [34]
connected to these radios. '

A. Experiment configurations

) _ ) ) Symbols carrying application data are sent at differergsrat
Video content: We use Claire and Foreman video clipsy, g ccession. We iteratively send small packets of 200sbyte

encoded to MPEG-4 format usingmpegtool. The rate of . 5y the different rates for building the trace. Also, weere

encoded video is 384 kbps, frame rate is 30 frames P@h the BER is monotonically increasing with increasingada

second and each of its GOP consists of 30 frames. We indli'ﬁ?e for a iteration (discarding samples for which thisesia

a buffering of 1 second to collect all the frames in @ GOBjag not hold) signifying a coherent channel [34]. At the

The video is looped multlple_ times to get a playba_\ck lengthceiver we calculate the achieved throughput by different
of 500 seconds. Each experiment is repeated 20 times unlgsg, ates and and only those symbols that correspond to the
otherwise stated. We use .E.vaIV|d tool [_4] tq stream.the videQ,ia selected by the rate adaptation algorithm are coresider

The tool has begn _mod|f|_ed to F’“?V'de information abo%te part of the media flow. As the selected rate varies over, time
frame-type and priority, while streaming. the symbols selected to be part of the flow at different time

instants are picked accordingly. The actual performancbef

Metrics: We have compared the quality of the receivefheia delivery process can then be evaluated by identifying
video both visually and using a widely used metric — pegsg pehaviors due to errors in an off-line manner.
signal to noise ratio (PSNR). The PSNR of a video is well

correlated with the perceived quality of video experienbgd _

the user. The relationship between user perception exatéss B Experimental results

Mean Opinion Score (MOS)and the PSNR range were detailedn this section, we show how Apex helps improve the media

in [25], [17] and are summarized in Table Ill. quality under different interference scenarios, how thinga
Schemes comparedWe compare the performance of arof Apex are significant when compared to FEC-based or re-

approximate communication (Apex) and a traditional contransmission based data recovery schemes, and descrilee som

munication(Trad.) system (which is unaware of the relatiygarameter selections made in the system.

protection levels of the different bit positions), when ot Apex vs traditional — a representative scenario:We

are allowed to transmit the same amount of application dataesent the relative performance for traditional mediavdey

The traditional scheme as well as Apex use the partial paclkeid the Apex scheme with dynamic rate and constellation map

recovery method, as proposed in [18]. adaptation enabled for the same channel conditions as above
We compare the relative volume of re-transmissions needad-igure 12. The average uncoded BER for this scenario was

for the Apex and traditional systems to achieve similar PSNR.1 x 10~2 (corresponds to a coded BER 6f10~?), which

We also measure the additive gains of Apex in presenceisfnormal operating condition for 802.11 based radios). The

application layer FEC. average PSNR improvement due to Apex across a set of 20
Apex is complementary to other data protection mechanismms was about 16 dB. The better performance of Apex stems

that can be implemented at the different layers, e.g., MA@-om the fact that a throughput optimal data delivery can be

layer mechanisms (ZipTx and MRD), PHY-MAC mechanismiirther improved upon by the importance-aware mapping of

(PPR and SOFT). It was challenging for us to implement all afata bits to bit positions within symbols.

these schemes within the experimental WARP SDR platform.We next illustrate how the dynamic adaptation of constel-

In Section VI present an intuitive explanation of why othelation map is useful to improving the performance of Apex.

schemes, PPR, SOFT, MRD, and ZipTx, are also expected tdmpact of constellation map selection:The best choice of

provide gains that are complementary to Apex. constellation map depends both on the channel conditions (
Trace-based evaluation for dynamic rate adaptation values) and the differential value of application hit yalues).

scenarios:In our SDR platform (WARP radios) a high latencychannel conditions. We demonstrate this in turn.

is associated with processing RF samples from a received wir - Dependence on application datBor the same representa-

less frame and sending feedback to the transmitter for efiici tive scenario as in Figure 12, we show the relative perfooaan

rate adaptation. To avoid this latency related inaccuracy of traditional and Apex for two different video clips, Claiand
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Video Trad. | Apex (Gray) Apex (Block)
Claire 21.8 295 37.8
Foreman| 21.0 34.5 31.0 50 1
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TABLE SHOWING THEPSNRFOR THE TWO VIDEO CLIPS IN THE x
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Fig. 14. PSNR for traditional and approximate communicatiader varying
external interference (Claire video). X-axis marks both imposed (802.11)
interference load on the channel and the correspondinggeemcoded BER.

0 2 4 _ 6 _ 8 10 12 14 16 to increasing interference, the relative gains of Apex over
Time(in seconds) traditional communication increases (Figure 14). At thghler

Fig. 13. Dynamic switching of data encoding scheme compbtskd on 'nterfer.e.nce levels, the_ PSNR in Ap_ex IS abQUt 1.8 times that
the utility of each encoding alternative (Block and Gray). of traditional communication. The higher gains of Apex can

be attributed to informed placement of application bits ite b

Foreman, in Table IV, but with statically chosen constadiat positions of sympols. o
maps for the entire duration of the clip. Apex outperforms COmplementarity to application-level FEC: We show
the traditional system in all cases. But the relative amouthiat gains of Apex communication are complementary to
of improvement depends on the specific constellation mapplication-level FECs through evaluation of traditiomaid
selection. Due to the distribution of bytes between I-, R a approximate communication, both with and without such FEC.
B-frames in these clips, the relative value of differentadat’Ve used a Reed-Solomon RS(255,233) code for application-
bits are different in these two schemes. As a consequen@y®’ FEC, where the amount of coding was determined
Gray code leads to a better average PSNR performance hgsed on ambient chgnnel conditions as suggested in related
the Foreman video than Block code, while the reverse §forts [9], [21]. In Figure 15, we show the performance
true for the Claire video. By dynamically selecting the mo&omparison for a scenario where traditional communication
appropriate constellation map, Apex would be able to deliv@chieved the highest possible PSNR. The plot shows that Apex
the best performance among various alternatives. achleyes better performance than tra(_jmo_nal commuimicati

- Dependence on channel conditioge next illustrate how both in presence and absence of appllcatlon-laye_r FECs, and
the dynamic adaptation of the constellation map occurs € 9ap in PSNR between the two approaches is somewhat
practice, also due to changing channel conditions (Fig8je 1Similar in both cases.
The figure shows how the dynamic choice of the data encodingcomparison with a MAC layer scheme:Consider a MAC-
scheme ensures that the best encoding scheme is picked aay®r variant of Apex as follows. Given an optimal PHY rate
quality of the channel changes. In particular, our alganith discovered by a rate adaptation algorithm, in this variaat w
decides to switch constellation maps around time 1.8, 3@ssume that I-frames are sent at a rate which is one lower (to
and 10.9 seconds, soon after the PSNR quality using thedtect it better from errors), and the P- and B-frames amé se
constellation map falls below the other alternative. Wep al€it some higher rate (reflecting their lower priority). A retig
show the performance of traditional communication system proposed work for video streaming [29] uses a similar MAC-
the figure for the sake of completeness. We find that Apégyer rate adaptation strategy, albeit in context of matttc
performs better than traditional communication at all sme communication. To show that the PHY layer implementation

Currently, our feedback latencies are significantly high@f Apex is the most efficient version of this idea, we compared
since the decoding operation with different encoding sasemApex to this variant of MAC layer rate adaptation. In our
are performed in the associated laptop, incurring higmlateexperiments, we found that Apex outperformed this MAC
cies, although they are adequate to provide performaneos galayer variant by at least 4 dB or more in different experinsent
A future version of the system will implement the feedbacRrimarily owing to the fact that the former was able to ackiev
process in an FPGA, leading to a more agile response dlitferential data prioritization at a finer granularity.
potential performance gain. We next augmented the MAC layer scheme even further by

With external interference: We next experimented by allowing it to send an increasing number of re-transmission
changing the level of external interference generated byuatil it was able to match the PSNR of Apex (without any re-
third (laptop-based) node in the vicinity, as described imansmissions). We found that the number of symbols reduire
Section Ill. As expected, both schemes suffer with incregsiby the MAC layer scheme 585 x that of Apex, to achieve the
interference. However as the channel condition worsens, cdame PSNR performance (when the uncoded BERAvas
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09 | ‘x,/—x‘" T K Pilot _ Error in estimating BER
' A e symbols | in MSBs in MIDs in LSBs
08 ] Tin25 | 0.05(0.03)] 0.05(0.03)| 0.04 (0.02)
0.7 ¢ 1in 50 0.06 (0.04)| 0.05 (0.04)| 0.05 (0.03)
n 0.6 ¢ 1in 100 | 0.08 (0.06)| 0.07 (0.05)| 0.06 (0.05)
o  05¢r 1in 150 | 0.12 (0.08)| 0.11 (0.13)| 0.09 (0.07)
© 0.4} 1in 200 | 0.14 (0.11)| 0.16 (0.07)| 0.10 (0.08)
ol - ] TABLE V
L i -4 |
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Fig. 18. Difference in MOS score calculated using PESQ, betwtraditional
and approximate communication in presence of interference

with increasing interference the gap in performance batwee
Apex and traditional communication increases.

10-3). As the channel condition became more error-prone, theParameter selection — number of pilot symbols needed:
gains of Apex increased even further. This result prompt&'® Of the parameters for the Apex system is the number

us to study how Apex compares to various re-transmissigh Pilot symbols used per frame (1 in 100). We made this
strategies next. choice through a sequence of experiments, where we vaged th

Apex vs re-transmission strategies:One other way to number of pilot sympols in a 1500 byte p_ackets a_nd ob_gerved
compute the gains of Apex is to compute how much rdhe accuracy of predlc'ur_lg the BERs in dn‘fergnt bit posiso
transmission traffic it can save. To characterize this, we @reaterthe number of pilot symbols, greater is the overbéad

the traditional system to re-transmit each lost symbol ipiglt € Scheme, but higher is the likelihood of accurate esianat
times. We bound the re-transmission limit of the traditiond 20!€ V Shows this variation, where error is definedAstual
system to upto 7 re-transmission attempts (as is commonBf R - Estimated BER)/Actual BERo balange the trade off ,
802.11 system). In Figure 16, we show the PSNR of the whgtween overheads and accuracy, we d_eC|ded to use 1 pilot
schemes (Apex with no re-transmissions, and tradition#i Wisymbol for every 100 syr_nbol_s of data, i.e., an overhead of
1, 2, or 3 re-transmissions). At the limit of 3 re-transnossi, 170 due to Apex BER estimation process.
the traditional scheme achieved the same PSNR as Apex. It
is more instructive to see the relative bandwidth consumed VI. RELATED WORK
by Apex with no re-transmissions, when compared to tradi- We partition prior related efforts into the following cate-
tional with 3 re-transmission limit for this wireless sceina gories.
Figure 17 shows the increased volume of traffic (including PHY-MAC approaches: In recent years, a growing number
re-transmissions) for traditional communication, conaglto  of efforts have designed and studied wireless communitatio
the number of transmissions in Apex. Note that both schemeghniques that utilize mechanisms at the PHY and MAC
now achieve the same PSNR for the video, but as the chanlaglers to recover more bits out of erroneous packets, e.g.,
deteriorates from time to time, the bandwidth requirements PPR [18], ZipTx [21], SOFT [36], and Maranello [13]. While
traditional communication sharply increases. these schemes apply generally to all data, the transmitters
Audio on Apex: We have characterized the performance such schemes do not exploit the unique approximation
improvements offered by Apex for audio as well. For thiproperties of wireless errors. In contrast, transmitterdpex
we generated a compressed encoding of an audio clip uslegrn about and utilize the structure in wireless symbabrsrr
WavPack [5]. The WavPack tool generates two output filel improve the performance of media delivery applications.
one corresponding to the audio frequencies which are im-SoftCast [17] is a recently proposed, related scheme that
portant for human perception(the frequencies in the middlmproves wireless media delivery performance in multicast
of the auditory range) and another with information abowettings by using properties of wireless errors in a manner
frequencies not perceived properly (frequencies at tingérof  similar to Apex. SoftCast represents data values in a “raw”
auditory range) by human ears. We map the bits correspondmgnerical (analog) format and maps them directly to wire-
to the first set on more error resilient bit positions whilee t less symbols with specific transmit power levels. However,
bits corresponding to the second set to more error prone thiere are three main differences between the two schemes:
positions. In Figure 18, we present the CDF of improveme(i} SoftCast requires that media content be represented and
in MOS score that Apex offers over traditional communicatiotransmitted in the raw numerical format, different from wha
as the amount of interference is varied. We find that Apex caused in popular standards, e.g., H.264. Media repregente
improve the Mean Opinion score calculated using Perceptualthese popular formats have to be converted into the Soft-
Evaluation of Speech Quality(PESQ) of the received aud@ast format (through a computationally-intensive progéss
by 0.5-1 unit (on a scale of 0-5) in presence of interferencachieve its performance gains. In contrast, Apex does not
Research has shown that a MOS reduction of only 0.1 astempt to define any new media representation format and
noticeable by the human ear [26]. In particular, we find thatan utilize any media format, including the one suggested by
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Fig. 17. Saved retransmissions in Apex. Y-axis
shows the normalized number of bytes transmit-
ted by traditional communication (3 retransmis-
sions) with respect to Apex.
SoftCast. (ii) SoftCast uses a static data representationat have explored the existence of differential error properti
that is agnostic of wireless channel conditions. In Apex, oat bit positions for individual constellation maps. Our wor
mappings between bit sequences to symbols, and betweegments such theoretical findings with design of consimta
data bits to bit positions are dynamically altered based omap switching, data bit placement strategies, and radio RF
channel conditions. (iii) SoftCast is designed specificéhr pipeline modifications, and evaluates various nuancesigftro
multicast traffic in which no receiver feedback is assumegractical implementation on real wireless hardware aneéexp
In contrast, Apex focuses on unicast traffic, where immediamentation, and for real media applications.
MAC layer acknowledgments are used to dynamically fine- Finally, other recent work [8], [38] highlight benefits of
tune the mappings of bit-sequences to symbols, and data kitploiting differential error resilience of bit positiofar video
to bit positions for improved performance. Such dynamigelivery in unicast and broadcast settings based on nuaberic
adjustments are precluded in SoftCast. Hence, SoftCast amtulations. In particular, authors in [38] propose somalmo
Apex are applicable to video delivery in vastly differentfications to DVB-H [1] standard to leverage differentiat@ar
scenarios. resilience for terrestrial broadcast of video. In contrégiex
Network-layer approaches: Some recent research effortsgxplores the notion of approximate communication through a
e.g., MIXIT, have shown knowledge of correct or incorredull system implementation and extensive experimentation
symbol decoding from the PHY layer can be leveraged in
multi-hop wireless settings, to better recover data on oppo VIl. CONCLUSIONS AND FUTURE WORK
tunistic end-to-end paths [19]. Approaches such as MIXIT oyr efforts in this paper has focused on demonstrating
operate on a network-wide scale by leveraging diversitpsgr that approximate communication is, indeed, a promising.ide
multiple nodes. However, such a scheme also discards sgmiour results on the WARP SDR platform shows that our

received in error, unlike our approach. Further, our Schmeapproximatte co.rgmunicaltion( syst_em,fprovideSS 3i§ntificggtdig
- ; ; provement in video quality (ranging from a 0

designed for a single wireless .hop. in different scenarios). However, this is a small first step i

Transport-layer approaches: Transport layer protocols realizing the full capability of this system. We believe sthi

such as UDPIlite [20], have been designed to allow applinatiowork leaves open a few optimization problems that should lea
to accept corrupted data values to recover some content frighfurther performance gains. For example, a joint consitoc

them. Several notable efforts [31] have shown that und® data modulation schemes and constellation map selection
¢ ; work diti hiah lat this Edd might lead to further performance gains. In particularcsin
certain network conditions (e.g., high latency), this our goal is unequal protection of bit positions, modulation

a better media streaming performance. Again, such schersgfemes in which constellation points are unequally spaced

complement our approach. might be useful to explore.
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