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Abstract— Traditional wireless broadcast protocols rely heavily
on the 802.11-based CSMA/CA model, which avoids interference
and collision by conservatively scheduling transmissions. While
CSMA/CA is amenable to multiple concurrent unicasts, it tends
to degrade broadcast performance, especially when there are a
large number of nodes and links are lossy. In this paper, we
propose a new, drastically different protocol calledChor us that
improves the efficiency and scalability of broadcast service with a : :
MAC layer that allows packet collisions.Chor us is built upon the S

observation that packets carrying the same data can _be effeotly (). sdué':'ii“'(‘gsMA/CA) (b). ChO;LlJ;“(EgMA/CR)
detected and decoded, even when they overlap in time and haVeFig. 1. Broadcast with traditional CSMA/CA in 802.11, in coanjgon with

comparable s_ignal_strength. It performs collision _resolution using chor us's CSMA/CR (CSMA with collision resolution). The shaded sag
symbol-level iterative decoding, and then combines the resolved genote the order of transmissions.

symbols to reconstruct the packet. Thiscollision-tolerant mecha-
nism significantly improves the transmission diversity and spatial suppose node D had already received the packet, while C
e I oS et poving an syt boctcat and € awal e retnsmission fom A and 5. especicly
is e>)</ploited 'fFl)thEer by Chorus’s MAC-layer cognitive sensigg In an c_)ptlmal scheduling protocol, A .and B are allo'vv'ed to
and scheduling scheme. We evaluat€hor us with symbol-level ~transmit the packet concurrently, oblivious of the cotiisiat
simulation, and validate its network-level performance via ns-2, D. However, this is not possible in CSMA/CA, as one of them
in comparison with a typical CSMA/CA broadcast protocol. will back off immediately upon sensing the other’s activity
In this paper, we introduce a new broadcast protocol, called
) g INTBOD_UCTION . Chorus, based on a MAC layer that adopts CSMA with
Network-wide broadcasting is a fundamental communicatigi|jision resolution (CSMA/CR)Chor us is built upon the key
primitive that serves as a building block for many other prgpsight thatpackets carrying the same data can be detected
tocols in multi-hop wireless networks, such as route dieopv and decoded, even when they overlap at the receiver with
and information dissemination. An efficient broadcast@rot comparable strengthWith Chor us, collision of the same
needs to deliver a packet (or a continuous stream of pack&igbkets from different relays can be effectively resolvede
from the source node to all other nodes in the network, Wijyantage of such a collision-tolerant protocol is obvicas
high packet-delivery ratio (PDR) and low latency. To impovshown in Fig. 1(b). With collision resolution, A and B can now
PDR when links are lossy, multiple relay nodes can forwadi agansmit packets immediately and independently afterivie
retransmit the packet, thereby creating retransmissieersity. them from the source. Node D exploi@hor us’s collision
To reduce latency and resource usage, however, the numbefegb|ytion to decode the two collided packets from A and B.
transmissions must be kept to minimum, since redundant fyerefore, only 2 time slots are required to deliver 1 packet
transmissions take up channel time, slowing down the packedyer the entire network, due to the improvegatial reuse
propagation to the edge of the network. Therefore, a delicgioreover, when links are unreliable, the two decoded packet
balance needs to be maintained between PDR and delay. from A and B creatéransmit diversityfor the common receiver
To date, efficient broadcast support, either theoreticalyan p without consuming any additional channel time.
sis [1]-[3] or practical protocol design [4], has mostlyised  gqth the spatial reuse and transmit diversity gaiiror us
on the CSMA/CA MAC-layer scheduling model. CSMA/CA5ye realized via its collision resolution scheme. Unlika- tr
has proven to be an effective distributed scheduling schemgiona) transmit diversity schemes such as beamformirg [5
especially via the 802.11 family of MAC standards. They,qrys does not require symbol time synchronization nor in-
limitation of CSMA/CA, however, has not been examinedianianeous channel state information. In reality, it fsdsible

carefully in broadcast protocols. While its fine-tuned segsi y, gynchronize the independent transmitters A and B at symbo
and scheduling scheme reduces collision, CSMA/CA inelyitalyg,e| [5], Chor us exploits the asynchrony between them to
loses transmission opportunities, lowering channel usaye identify collision-free symbols in the overlapping packett
spatial reuse. This problem is especially critical for m&®¢ hep, injtiates an iterative decoding process that sulstrelean
wide broadcast with latency constraints. and known symbols from collided ones, and obtains estimatio

_ Fig. 1(a) illustrates a typical scenario where CSMA/CAyt nknown symbols. The decoding succeeds as long as one
limits the broadcast efficiency. With CSMA/CA, at least #are acket has sufficient SNR, hence realizing the diversitgrel

time slots are necessary to deliver one packet from sourc ysmultiple transmitters.
to all other nodes. A and B cannot transmit concurrentlyneve At the MAC layer, Chor us adds acognitive sensing and
if they have to forward the same packet. In a lossy netWorgchedulingmodule to the 802.11 CSMA mechanism. Specifi-
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Such a cognitive MAC allow<Chor us to fully exploit the network level broadcas€hor us can achieve th®(r) latency
advantage of collision resolution, while maintaining friéi- bound, hence it has both theoretical and practical relezanc
ness to background traffic. In addition, the collision-tason The advent of high-performance software radios has been
capability enables anonymous broadcast at the network, layiaspiring wireless protocols beyond the CSMA/CA paradigm.
without any topology or neighborhood information. For instance, interference cancellation [8] can be used to

To quantify the effectiveness dthor us, we establish an resolve two collided packets with disparate strength. Tladm
analytical framework for its achievable SNR and bit errderachallenge in applying interference cancellation to midp
(BER), which takes into account the error-propagationatdfe wireless networks is that the transmitters need delicateepo
in iterative collision resolution. We further analyze istwork- control to ensure decodability. I6hor us, even two packets
level performance in terms of latency and throughput. Withwith similar strength can be effectively decoded, becawsh e
joint design of CSMA/CR and broadcasthor us achieves sees the other as a complement, rather than interfererelf th
©(r) latency ¢ is the network radius), which is asymptoticallyRSS of one packet is significantly lower than the other, such
lower than existing practical schemes. that it cannot be detected, th€@mor us automatically resorts

To verify the feasibility of Chor us’s collision resolution, to the capture effect to decode the strong packet.
we implement the iterative decoding and packet combination Chor us is partly inspired by the ZigZag protocol [9], which
a symbol-level simulator. To evaluathor us’s performance exploits the signal processing capability of software wadi
in large networks, we feed the above fine-grained analytidal solve the hidden terminal problem in WLANSs. ZigZag
and simulation results into the PHY layer of ns-2, implememxtracts symbols from collided packets by identifying el
the CSMA/CR MAC and broadcast protocol, and compaellisions of two hidden terminals. It treats each colligeatket
Chor us with a CSMA/CA based protocol. In a large set ohs a sum over two packets. The two original packets are
randomly-chosen topologie€hor us shows several-fold per- recovered from two known sums, similar to solving a linear
formance improvement in latency and PDR. The performansgstem of equations. In the PHY layeZhor us uses simi-
gain is relatively insensitive to network size, source ramel lar collision resolution mechanism as ZigZag, but it resslv
link quality, and is observed in both single- and multi-ssmur multiple packets from a single collision, given that the eis
broadcast scenarios. These properties are especiallgblalu are the same. In additio@hor us aims at improving broadcast
for information dissemination in large-scale wirelessnurks, efficiency in wireless mesh networks, where it exploits srait
and signify the importance of exploiting PHY-layer signatliversity and spatial reuse, using MAC layer cognitive sans
processing to improve application performance. and broadcast scheduling.

The remainder of this paper is organized as follows. In The feasibility of allowing concurrent transmissions teate
Sec. Il, we review existing work in contrast witBhor us. diversity has also been explored in communications. Con-
We introduce the collision resolution mechanism in Seg. llturrent cooperative communication [10], for example, ado
and then the cognitive sensing, scheduling and networkrlayo-located wireless nodes to transmit at the same time, thus
broadcast scheme in Sec. IV. In Sec. V, we defior us’s forming a virtual antenna array that increases signal gtheat
achievable SNR and BER, and analyze its asymptotic broaddd® common receiver. Beamforming protocols [5] synchreniz
performance. We evaluatéhor us’s performance via simula- the transmitters, such that their signals can combine eoitigr

tion in Sec. VI, and conclude the paper in Sec. VII. at the receiver. These techniques require strict frequgrnase,
and time synchronization at the symbol level, among disteith
Il. RELATED WORK transmitters. Such fined-grained synchronization remains

Efficient broadcast in multihop wireless networks has be@pen challenge [5], due to the limited time resolution at the
studied extensively, from both theoretical and practieabpec- wireless nodes, and the variation of the wireless channels.
tives. From the theoretical perspective, it is well-knoviratt
scheduling a minimum latency broadcast is NP-hard, eithar i IlI. COLLISION RESOLUTION IN CHORUS
general undirected graph [3] or in a unit disk graph (UDG) [1] In this section, we introduce the physical-layer collision
Without the minimum latency constraint, analytical sadas resolution inChor us. For clarity, we start with a simple case
demonstrated the feasibility of scheduling with time coaxfily of two-packet collision, focusing on how to detect, decode,
Q(rlogn) [6] in a distributed anonymous broadcast, an¢t and combine the collided packets to achieve the diversiity. ga
O(logr) [2] in centralized broadcast with known topology,Then, we deal with the general case of resolving more than
wherer andn denote the network radius and number of nodesvo packets’ collision. Note that we have adopted a similar
More recent work has improved the efficiency, and adopt®HY layer in a separate paper [11] which presents a more
more realistic models such as the interference graph [7]. comprehensive introduction to the implementation of sail

Practical broadcast protocols have mostly adopted thel@02resolution in software radios. Its objective is to realizenn
CSMA/CA and extended it to multi-hop networks. A mairorthogonal cooperative communications without tight $yoe
mechanism is to prune the topology, leaving only a backbong&ation among relays.
that covers the entire topology. The double-coverage lmasd _ .

[4], for example, reduces redundant transmissions by tefec A+ Detecting Collided Packets

nodes that cover more neighbors, while ensuring each node ign Chor us, a transmitter attaches a known random sequence
covered at least twice, such that retransmission can beieeghl to the beginning of each packet as a preamble. The receiver
to improve delivery ratio. The fundamental difference etw then uses anatched filterto detect the exact arrival time of
Chorus and such existing protocols lies in its MAC layetthis preamble. A matched filter is an optimal linear cor@iat
scheduling protocol. With a joint design of CSMA/CR andhat maximizes the SNR when correlating unknown signall wit
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strong noise. It operates continuously, so that those gskssm Fig. 3.  Collision resolution: the Fig. 4. The broadcast packet format

overlapping with other packets can still be identified. Th8Ult-packet collision case. in Chorus.

number of preambles detected in a run indicates the numipeiyinning, hence obtaining a different estimation of thekpa

of overlapping packets at the receiver. Chorus then performs the following packet combination to
The peak output grows linearly with the number of bits in thignprove the decoding probability.

preamble, and with the RSS of the packet [12]. Therefore, the

detection threshold is also a linear function of these tvotdis C+ USiNg Packet Combination to Improve Diversity

[9]. In has been observed that using a 32-bit pseudo-randon$ince P1 and P2 may have different strengths, their decoding

preamble, the collision detection probability is highearth confidence also differs. Decoding confidence is indicated by

98% under practical wireless settings [9]. Hence, the pbéamthe magnitude of the decision symbol. The farther away it is

introduces negligible overhead to the packet. from the decoding threshold (which is 0 in BPSK), the higher

. . . probability it can produce the correct bit, since this isieglent

B. lterative Collision Resolution to a higher SNR. Combining two decision symbols carrying
Since a packet usually consists of thousands of symbols, the same bitsg.g, A and A’ in Fig. 2) can increase the

probability of two collided packets being aligned perfgdd decoding confidence. This is because the useful information

close to zero. In practice, the higher-layer operationsatst s enhanced, while the noise within the two symbols is not

mitters introduce further randomness, resulting in assobus  combined coherently.

arrival time. We identify the natural offset between the two |n Sec. V, we show that weighted summing over correspond-

packets by detecting their preambles. Within the offsetorgg ing symbols can improve the decoding probability, when two

no collision occurs. We first decode the clean symbols thereversions of the same packets are received sequentiallputith

and then iteratively subtract such known symbols from thgllision. Such a weighted combination harvests full traits

collided ones, thereby obtaining the desired symbol. diversity,i.e., the SNR of the combined packet is the sum SNR
For instance, in Fig. 2, two packets (head packet P1 apflthe two independently received packets.

tail packet P2) from different transmitters collide. We ffirs For those iteratively decoded packets, we only use seectiv

decode the two clean symbolé and B in P1. SymbolC is  combination,i.e., assigning weight 1 to the packet with the

corrupted as it collides withl’ in P2, resulting in a combined highest SNR, and 0 to all other packets. This is because a

symbol S. To recoverC, note that symbolsl’ and A carry the weighted combination over two iteratively decoded packets

same bit, but the analog forms are different because of @angioes not improve SNR. In fact, the iterative collision resioin

distortion. Therefore, we need to reconstruct an imagelof in Chorus can cause error propagation, due to the correlage

by emulating the channel distortion over the correspondiing tween consecutively decoded symbols. For example, in Fif. 2

that is already known viad. The channel distortion effeCtS,symbolA produces an erroneous bit, then the error propagates

including amplitude attenuation, phase shift, frequenifged, to A’, which affects subsequent symbols suclCagortunately,

and timing offset, can be accurately estimated using stdndguch error propagation stops if the actual bits Af and C

communication techniques, as demonstrated in realisperex are the same. In this case, after subtracting the error irnage

imental work [9]. A’, we obtain a strengthened symbol that indicates the correct
After reconstruction, we subtract the emulatdt from S, bit of C. Error propagation also stops when symidblhas a

obtaining a decision symbol far'. Then, the decision symbol much higher strength thad’. Based on these two intuitions,

is normalized using the channel estimation for P1, and @rsliave bound Chorus’ BER, proving that the probability of error

decides if the bit inC' is 0 or 1. For BPSK, the slicer outputs Opropagation decays exponentially with the error lengtlc(S8.

if the normalized decision symbol has negative real pad, an

otherwise. The decoded bit i is then used to reconstru€t ) . )

and decodéb. This process iterates until the end of the pack&: Multi-packet Collision Resolution

is reached. The iteration for other collided symbols prdsee Since Chorus allows concurrent transmissions, multiple ve

similarly. The estimation, reconstruction and cancedlatfor sions of a packet can collide, especially when the network

higher-order modulation schemes, such as M-PSK (M=4, Ig&as high density. The resolution of multi-packet collisiisn

16, 64), can be realized in a similar way, except that theasigrcomplicated by the fact that intermediate packets no longer

constellation is mapped to different complex numbers [930A have clean symbols at the beginning or end. Fig. 3 illusrate

note that the above procedure has linear complexity withe®ts a typical scenario.

to packet length, which is similar to ZigZag [9] and intedece Denote the earliest and latest packetshaad packetand

cancellation [8]. tail packet respectively. To decode the head packet, Chorus
Beside the iterative decoding in the forward directiorproceeds in a way similar to the two-packet case, except that

Chorus can also work backward, starting from the cleait needs to subtract multiple reconstructed symbols, oliolyl

symbols in P2 i(e, symbol Y’ and Z’), until reaching its the one from the tail and those from the intermediate packets
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Fig. 5. The MAC layer control flow irChor us. seq’ denotes the sequence R3 If the channel is busy, but a preamble cannot be
number of the packet on the air. detected, or the header field of the packet on the air cannot

Similarly, another version can be obtained by decoding dfile tbe decoded, or a different packet is on the air, then start the
packet, but in reverse order, starting from its end backvtard backoff procedure according to the 802.11.

the beginning. To obtain additional versions from interfatel  R1 is typical of all CSMA protocols. R2 is unique to the
packetsChor us performs simple hard decoding. It tracks th&€ SMA/CR-based scheme thor us. It enforces the principle
packet symbol-by-symbol, treating all others as noiseu-Intbehind Chor us, i.e, overlapping packets carrying the same
itively, the results have reasonable confidence only whén thiata may not cause collisions. Instead, by collision re&miy
packet has much higher strength than others. The achievablese packets offer transmit diversity to the receiver.rétuze,
decoding confidence will be rigorously characterized in.$&c a sender node, such as node B in Fig. 1, can transmit its pgndin
packet if it has the same identify as the one on thead,(the

IV. COGNITIVE SENSING AND BROADCAST SCHDULING . " .
, . . ) . _one that A is transmitting). In contrast, CSMA/CA transerigt
Chor us’s physical layer collision resolution must be intei411 and back off whenever the channel is busy.

grated with the MAC layer, in order to redueeresolvable  p3 ongyres friendliness to alien traffic, and is relevant for
collisions occurring when packets with different data collidey, t.source broadcast and co-existence with CSMA/CA Base
In addition, Chor us’s network layer must ensure br_oadca nicast traffic. To prevent unresolvable collisions betwdé-
packets can reach the network edge. Next we detail both e, packetsChor us starts the normal 802.11 backoff if
MAC and network layer support for broadcast. it senses that the channel is occupied by such alien traffic.
A. MAC Layer Cognitive Sensing and Scheduling To reduce interference to co-existing traffic, it also bdfko
Chor us’s MAC layer maintains the carrier sensing angonservatively if the identity of the packet on the air caripe
backoff in the 802.11-based CSMA protocol, but adopts cog-eCOded' . . .
nitive sensing that exploits the collision-resolution adiage, _1he advantages of cognitive sensing and scheduling come
while avoiding unresolvable collisions. The principle afjge &t the expense of additional overhead. In 802.11b, the rsgnsi
nitive sensing is to decode the identity of the packet on tiig"€ slot is 20.s, equivalent to the channel time of 20 bits
air, and accordingly, make the transmission decision. Te tH" the broadcast mode. In contraslior us needs to sense

end, Chor us needs to add a new header field into the 802.2Ver the entire preamble and the header (80 bits in total,
packet. as indicated in Fig. 4). However, this overhead is neglaibl

1) Chorus packet formatFig. 4 illustrates the broadcastcompared to the packet length. We will formalize the cost of
packet format inChor us. First, a known random sequence ighe header overhead using both asymptotic analysis (Sec. V)
attached to facilitate packet detection and offset idewtiipn and simulation experiments (Sec. V).

(Sec. llI-A). Second, &horus headeffield is added, which
informs the receiver of the packet’s identity, includingeth
broadcast source’s ID and the packet's sequence number. ABroadcast inChor us is anonymous and decentralized. The

16-bit CRC (Cyclic Redundancy Check) [12] is included iource and relays do not need any topology information or
this header. In case of CRC failure, this packet is discaetedneighbor identity. Following the SRC procedure in Fig. & th

it conveys wrong identity information. source node compose<Chor us packet, and transmits it like a

When the headers of two packets colli@or us proceeds normal 802.11 broadcast packény neighbor who overhears
with the iterative decoding, assuming they have the sariids packet will provide best-effort service by forwardig
identity. After the decoding, it performs CRC over the headence following the FORWARD procedure. Receivers with
of each packet to ensure they are identical. If not, a degodifverlapped packets perform collision resolution beforetios
failure occurs, and both packets will be discarded. A dempdiuing with the packet relaying. After each successful reoept
failure also happens when the CRC over the payload fails. a receiver flushes those pending packets with obsolete 1$eq, i

2) Scheduling of Sensing and Transmissiondfith the order to prevent unresolvable collisions between packéts w
collision-resolution capability, each transmitter calSSEND different sequence numbers. Intuitively, multiple vensiocof
procedure to perform cognitive sensing, as shown in Fig.&packet proceed in parallel like a wavefront, which stops at
Transmitters make scheduling decision following thre@sul the network edge. In case of continuous broadcast, the esourc

R1 Forward a packet immediately if the channel is idle. node can control its rate to prevent congestion, and perform

R2 If the channel is busy, and the packet in the air is exactigtransmission to improve PDR. These further optimizatiare
one of the packets in the transmit queue, then start tratisquit left to the application and will not be used in our evaluation
the pending packet. When multiple broadcast sessions are running concurrently,

B. Scheduling Network-wide Broadcast



their packets are identified through the source-id field ia th
header part. Each relay maintains a transmit queue stdming t
packets to be forwarded. When the channel is idle, it directly
transmits the head-of-line packet. Otherwise, it follove t
MAC layer cognitive scheduling protocol, which maximizes Fig. 7. The error propagation process as a Markov chain.

the spatial reuse opportunity by scheduling the same pscket ) ) .
while avoiding collision with other broadcast sessionsteNo Similarly, if the clean symbols in P2 are decoded first
that the co-existence with unicast traffic is a special case ackward-direction decoding), then we can obt&n Taking
multi-source broadcast. In effect, the latter case regquinere the maximum of these two yields = max{t, £2}.
conservative scheduling because of more severe intederen Whenm packets collide, the head and tail packets have clean
and therefore it will be used as a benchmark for validatirgymbols, and the achievable SNRs &teand £, respectively,

Chor us’s friendliness to alien traffic. following a similar line of reasoning as above. Sindeor us
performs hard decoding over intermediate packets, theeachi
V. PERFORMANCEANALYSIS able SNR for an intermediate packet is the same as treating

In this section, we first characterize the performance 6fher packets as noiseg, %Ni €{2,....m—1}
collision resolution and packet combination @nor us. We The result follows directly after taking the maximum SNR of
then analyze its asymptotic delay and throughput perfoo@anall packets. O
in comparison with the traditional CSMA/CA schemes. The The above SNR bounds can be transformed to the BER
analytical results serve as guidelines for selecting theigde bound that is directly related to the decoding performance
parameters, such as packet-combining weights and maximiR]: BER = Q(\/2AWD—12 = Q(v2A). where theQ-
source rate. _ _ function Q(y) = —t= [ e~ dz. Q(y) — 0 exponentially
~ Unless noted otherwise, we use the following set of NOW@heny < 1 andy — —oo, which also holds fory > 1 and
tions: L for the packet length#’ thg offset betV\_/een two coll[dedy . o0. This implies that BER decreases exponentially with
packets,D the data ratel” the signal bandwidthlV' the noise 1o achievable SNR.
power, andé? the noise variance. Multiple collided packets
are indexed according to their arrival time, ang denotes B. Effects of Error Propagation

the SNR of packet. We maintain consistent settings to the TP
g . The above SNR and BER bounds are simplified in that
802.11b broadcast mode. Specifically, all links adopt théps/ they ignore the error propagation along sequentially-dedo

basic access mode using BPSK [13] (assumihg= 1Mbps, : ; e
" e symbols. Fortunately, the following analysis verifies thia¢
W = IMHz). No MAC-layer retransmission, ACK, RTS/CTSerror propagation has negligible effect in common cases.

or other control packets are involved. We set up a Markov chain model that relates error propaga-
A. Achievable SNR and BER tion to the SNR of each packet, and the offset between cdllide
L . ._packets. Again, we start with the two-packet collision scen

We begin with an elementary scenario where two Versiofjs i 5 and analyze the iterative decoding of the head packe
of a packet (denoted as P1 and P2) from different transmsittes; Ag shown in Fig. 7, we defirgtatesaccording to the error

cgll|de.|Th|§fscengr|o 'ﬁ analtigfousht.ohthg tV"O'.userm‘r‘p“rﬁﬂ'opagation lengthi.e., the number of consecutive errors in
channel In information theory [14], which adopts |,nter € a run. The state transition can be classified into two cases:
cancellation as the optimal decoder. Howe@ror us'’s appli- égaa

. > ] . i) the probability that an independent decoding error ogcu
cation scenario is unique in that P1 and P2 carry the same d nsition from state O to state 1), which equals the BER of
Ideally, they should complement, or at least do not interfef,, ’

) LI . ; i an symbols in P1 (denoted &%), and (ii) the probability
with each other. This intuition is formalized in the follavg P, that error propagation stopise., the next bit is correct even

set of theorems. o . when the current bit is erroneous. The probability of caritig
Theorem 1.Without packet combination, the achievable SNR @fror propagation id — P,.. The maximum error propagation
Chor us’s collision resolution in the two-packet collision casgength starting from a clean symbol & = L%J, since

is A = max{R, #}. When decodingn overlapped packets, the distance between any two consecutively-decoded sgmbol
the achievable SNR @hor us’s collision resolution isA = equalsF.

max{ %, %7 Loy ie{2,...,m—1}. Obviously, this Markov chain is aperiodic and irreducible,

i

Proof. The proof follows fromChor us’s iterative decoding. @nd thus, the steady state distribution exists. ketbe the
We represent symbols in the complex form. Suppose at tiri€ady-state probability of staiethen we have the following

t, symbol 5,(t) = a1ei® 21 (t) in P1 collides withs,(t) = balance equations:

aze’%2x4(t) in P2. Letv denote the receiver noise, then the m =m0 Pe

received symbok(t) = 351(t) + 52(t) + v. If we decode P1 m=mi—1 (1= Pp)i=2,3,--+,G.
first (forward-direction decoding), themy(t) = x1(t — F). ZZ.G:O m = L.

In addition, the channel amplitude, and phasef, can be  golving for the steady state, we have:
estimated via correlation, which can achieve high accueeni/

Gyp-1\—1
introduces negligible noise [9]. Therefore, we can obtain a mo=(1+Pe- (1= (1= P)?)P.") 1)
decision symbol forr, (t) as:3(t) — 52(t) = a1e?%1 21 (t) + v. =m0 Pe- (1= Ppe) "i=1,2,---,G (2)
The resulting SNR level is@‘“;;;' = %, which equals the  We proceed to derive the probabiliti,. that error propa-

SNR whens; (t) is decoded independently. gation stops. BPSK symbols can be represented as real values



x 10~

N

subject to channel attenuation, since decoding only deppend
the in-phase part of the received symbol. Back to the example,
§§
N

=
3]

in Fig. 2, suppose symbdl' carries bit “0” (mapped to -1 in oo
BPSK), and the channel attenuation ogeis X,, then symbol .°°
C is represented as X.. Suppose symball’ carries bit “1”  *
(mapped to 1 in BPSK) with channel attenuatidh., then s
the collided symbolS = — X, + X, + v, wherev is the ; -
additive white Gaussion noise. In this cas#or us should W) 4 s e 2 roropagacontengn C
subtract X,, from S. However, if the estimation of symbol

A is incorrect, it will propagate taC via A’. Specifically, Fig. 8. Head packet$,.: the prob- Fig. 9. Steady state distribution of
Chor us erroneously subtracts X, resulting in a decision ability that error stops propagating toerror length.yy = 10,7 = 7. I =
valueY, = — X, +2X, +v. Similarly, whenA’ carries bit «0” "¢ nextbit g1+ Error length O'is not shown.

but Chor us estimates it as “1" via4, the resulting decision propagation probability decays exponentially with the cerr
value isY, = — X, —2X, +v. A symmetric argument applies|ength (also shown in Fig. 9). This is consistent with the
to the case when symbdl' carries bit “1". Therefore, the empirical observation in [9]. The above reasoning can be
probability that collision resolution outputs a correct ist straightforwardly extended to multi-packet collisionaksion,

Pye = 0.5P{Y! < 0} + 0.5P{Y. < 0} where the probability that error stops propagating is alesec

_ to or larger than 0.5, because previous erroneous bit may
=05P{w <2Xy + X .} +05P{w < X, —2Xy} (3 e b
{w } {w P e strengthen the current bit with probability 0.5.

steady state probability
o
w0 =

o

[N

The first term in Eq. (3) can be bounded as:

Plw < 2Xp + X} =1 P{w > 2Xu + X.} C. Optimal Packet Combi!"nation Weight _

>1 - 6%(2X. + X,)~2 (Chebyshev Inequality When_ two or more versions of the same packet are received
o sequentially without any collision, no error propagati@turs.

=1-(2V2%+v2m) " Intuitively, this happens when a small packet size is usecrE

Both +; and +, are in normal scale, corresponding tgropagation is also negligible when the two packets have a
practical log scale values ranging from 6dB and above [9]arge offsetF’ close to packet length. In such cases, we can
Therefore, in the above equation, it is reasonable to assuh@vest the transmit diversity via weighted combinatiorthef

~v1 > 1,72 > 1. ConsequentlyP{w < 2X, + X.} =~ 1. symbols in the received versions. The optimal weight isveeri
For the second term in Eq. (3), a closed-form estimation cas follows.
be obtained: Theorem 2. Without error propagation, the optimal combina-

m

I Plw < Xo—2Xy} =1 — 1 /°° e’%du tion weight of packetis ;. The resulting SNR equajs,” , ;.
Xc—2X,/

5V The proof is similar to the maximum ratio combining in
e 22 U multi-user communications [14], and is omitted due to space
=1- Ner /\/ﬁ—wﬁe =dz (note: z = ) constraint. It should be noted that Theorem 2 does not hold
when combining two or more iteratively-decoded packet$ wit
=1-Q(2m —2v2%) a small offsetF’, where error propagation occurs. In a high
In practice, since the two packets are from two differefNR region, the error propagation effect dominates the bit
transmitters, the difference betwegnand-y, is larger than 1, errors caused by noise, so the performance of the weighted
even in dB scale. Given the exponential decaying of@{e) combination can be worse thaselective combinatigni.e.,
function (Sec.V-A), a practical estimationlis= 1 if v; > v, assigning weight 1 to the packet with the highest SNR, and
andT ~ 0 if 71 < vs. 0 to all other packets. This intuition will be further justifi via
Combining the analysis of the two terms in Eq. (3), we haveur simulation experiments.

0.5 < Py, <1, and P, transits fast from 0.5 to 1 whef, <« .
~2. This trend is also illustrated in Fig. 8. D. Asymptotic Delay and Throughput

Back to Eq. (1), we have, < (1+ P,)~! ~ 1— P,. my ap- We now analyzeChor us’s network-level performance, in-
proximates this upper-bound as— 1’ i_e_, the offset between Clud|ng |atency and throughput. To be consistent with B‘mt

the two packets approaches the packet size. Furthermdites in@Symptotic analysis [1], [2], [6], we assume perfect reicept
common cas& > 1, we have: within the transmission range if no collision occurs. The
11 1 network radius isr, i.e., it spansr hops from the source to
mo > (1+ Pe_PbC ) =20 +_ ?Pe)_ _> 1 B 2P _ (4)_ the receiver farthest away. Lét denote the size o€hor us
Therefore, the bit error probability. in iterative decoding is preamble plusChor us header, then we have the following
bounded as: asymptotic performance bound regarding broadcast latendy
P.<P/=1-m <2P, (5) throughput.
In practice, P, is typically below10~%; the packet length is Theorem 3.The worst-case latency and throughpuCbior us
around 1KB. HenceP! has similar effect on packet error rates T(Lgh) and 3(25;1)’ respectively.
(PER) asP., even when it approaches the upper bound. ThiZoof The network can be divided intorings centered around
meansthe effects of error propagation on PER is negligiblethe source node. A trivial lower-bound on the Iatency%,
which will be further verified in our bit-level simulation. i.e, all nodes within the same ring transmit concurrently after
Combining the bounds fo?,. and P. with Eq. (2), we the previous ring, and the packet is repeated exactiynes.
conclude thatwhile resolving a given collision, the error However, this is only achievable when the cognitive sensing

1
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. . . . Fig. 11. Symbol-level simulation of iterative decoding. Thexis shows the
function is disabled. The worst-case scenario happens WHR of the head packet. As an example illustration, the SNRetail packet
cognitive sensing induces the longest delay between attjace set to 3dB lower than that of the head packet-collision indicates the

rings, as shown in Fig. 10. Specifically, at most a half of thHcoding performance when only the head packet presents.

nodes within each ring is transmitting while others withif® t petween 0 and 15 dB. For each SNR value, we simdlate0*

same ring are transmitting. This induces latency equal € tBollisions, each consisting of three copies of a randomly-

duration of theChor us preamble and header, which equi)s  generated packet of length 1024B. The results triviallgesitto

In addition, the latency can be repeated at mo$imes over general cases with an arbitrary number of packets and \@ryin

the network, resulting in the worst-case latemdyf;". size. We focus on the head and tail packets since these two
In continuous broadcast, packets of different sequences$ madopt iterative decoding while others use hard-decoding.

not collide as the collision cannot be resolved. To preveshs  Fig. 11 jllustrates the BER and PER 6hor us'’s iterative

collisions, nodes within two hops cannot send differenkpé& decoding algorithm. We observe close performance between

concurrently. Therefore, a new packet can be sent from thgor us’s collision resolution and the case without any colli-

source only after the previous packets have propagatedsit Igjon. This implies that the BER and PER degradation caused

three hops away, which takes timi*t". As a result, the py error propagation is negligible under practical setting

amount of data transmitted within a unit time isi‘, which " The SNR-weighted combination of decoded packets reduces

is equivalent to the broadcast throughputGhior us. O BER atthe low SNR region. However, at the high SNR region,
From Theorem 3, we see that the asymptotic latency ibfresults in lower performance than selective combinati@n

Chor us Satisfies% < 0o@) < Ll;r’ﬂ_ Under a unit disk assigning weight 1 to the packet with higher SNR, and O to

graph modelChor us’s latency can be close to the trivial lowerthe other. This is because as SNR increases, the error propa-

bound %, sinceh < L. This is in sharp contrast with thegation effect dominates the additional diversity from vieegl

Q(rlogn) latency for anonymous broadcast using CSMA/cA&ombination. An additional observation is that our analyi

[6]. error propagation (Sec. V) matches well with the symboglev
Theorem 3 also reveals that the maximum supportable sousé@ulation. Therefore, it can be used as the packet receptio

rate (or maximum throughput) @hor us is insensitive to the model in network-level simulation a€hor us.

network size. As a worst-case bound, it can be used to controAn additional observation from Fig. 11 is the impact of

the source rate in continuous broadcast, in order to pretient SNR onChor us’s performance. Inaccurate channel estimation

collision between consecutive packets and avoid congestio reduces the SNR, thus increasing BER. Our previous analysis
assumed accurate channel estimation during the iterative d
V1. EXPERIMENTAL EVALUATION coding. This is becauséhor us detects and decodes collided
We quantitatively evaluate the performance@for us in packets with relatively high SNR, while treating undetbta
two Steps_ First, we use Symbo|-|eve| simulation to Verif?aCketS as noise. In addition, channel estimation is qsuall
the effectiveness of its collision-resolution scheme. mhee realized via adaptive filtering [9], thus the noise added iEm
introduce the implementation @hor us based on the 802.11blower than ambient noise and interference.
module in ns-2, and evaluate its broadcast performancege-a
scale networks. The simulation experiments further jygiifir

Fig. 10. The worst-case latency scenaricOmor us broadcast.

B. Network-Level Performance

previous analysis. We now evaluate the broadcast performanceChbr us.
o ) We implement the cognitive sensing and broadcast schepulin
A. Collision-Resolution Performance protocols based on the 802.11b module in ns-2. We adopt the

We implement a symbol-level simulator in Matlab. Theollision-resolution module as the PHY-layer packet réioep
symbols are represented as complex numbers, whose magnitmddel. This module computes the SNR for a given collision
depends on the packet's SNR. We assume the receiver ngiadtern, following the analysis in Sec. V. The resultant SEIR
profile is AWGN, which is a typical approximation to the noiseghen compared with the SNR threshold to determine whether
profile after receiver filtering and frequency compensafjn the reception succeeds. We do not consider error propagatio
Given two or more collided packets, the simulator resolfes tsince it has negligible effect on PER, as shown in our previou
collision using Chor us’s iterative decoding algorithm. The analysis and simulation. We only use the selective comioinat
simulated receiver adopts a simple zero-forcing slicerctvhi when multi-packet collision occurs.
outputs a “0” bit if the decision symbol’s real part is negafi We use a typical CSMA/CA-based protocoDouble-
and “1” otherwise. The signal bandwidth is set to 1IMHz an@overage BroadcagDCB) [4] as a performance benchmark. In
data rate 1Mbps. The noise power densitylts™'! W/Hz. order to reduce the latency caused by redundant transmsssio
We vary the received signal power to simulate the SNR ranB€B prunes the network topology, such that only those nodes
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with the potential to deliver packets to many downstream 1
receivers will be selected. It further improves PDR by emgur 08
that each receiver is covered at least twice by other selecte &

forwarders. DCB has been compared with a number of other'}_,jo-6
CSMA/CA-based broadcast protocols and demonstrated SUpes o4

T,

H,

-© - Chorus

Average delay
[=2]

rior performance. < 4

We have implemented DCB based on the ns-2 802.11b ©°2 2
MAC, following the specification of Algorithm 5 in [4]. Since 0 0bo-6-06-0-0-0-6
it requires a strict definition of neighborhood, DCB assumes Source rate (oacketsscond) . Source rate (oacketsysecond)

a transmission range exists, within which all nodes receiv&. 14. Sensitivity to source rate, which indicates the mmaxh supportable
packets from the transmitter with the same probability. Troughput of a broadcast protocol.
improve accuracy while satisfying this requirement, we usggacket loss rate for average links in the network. As shown
the following channel model. We define transmission range jat Fig. 12, the PDR of bothChorus and DCB decreases
a distance where reception succeeds withedge reception with loss rate. HoweverChor us is much less sensitive to
probability e. Within this range, the RSS follows the log-the link condition, owing to the diversity provided by csltn
normal distribution [15], with mean 4 and std 5 (dB). Thigsesolution. Ase varies,Chor us’s latency remains around 0.1
channel model represents a middle ground between the UR&cond, while DCB’s latency varies from 0.12 to 0.3. More
and the log-normal shadowing model. Whenis close to importantly,Chor us keeps more than 90% PDR under all link
1, it approaches the UDG model. Asapproaches O, it is conditions, while DCB’s average PDR drops from 90% to 20%
equivalent to a shadowing model. For a given topologye asas ¢ decreases. Note that DCB’s latency may drop as the link
decreases, the average link quality decreases. From theobymquality decreases. This is at the expense of severe passasio
level simulation in Fig. 11, we observe a sharp decreasg indicated by the decrease of PDR.
of PER beyond certain SNR. Therefore, it is reasonable t02) Network size:Sensitivity to network size indicates the
assume a SNR threshold exists, above which packets cangi@flability of the broadcast protocol. To quantify scdigpi
be received. Given the edge reception probabiignd noise of Chor us, we keep the average network density to 6 while
power, the SNR threshold is calculated by inverting the loghcreasing the total number of nodes in the network. The
normal function [15]. network radius grows accordingly. Fig. 13 plots the resglti

All experiments are repeated on 30 randomly-generatkgdency and PDRChor us demonstrates negligible loss of PDR
topologies with node degree ranging from 2 to 9. We measuis the networks size grows. In addition, its latency is 75#glo
PDR according to the fraction of nodes that successfullgivec than that of DCB. Consistent with the asymptotic analysss, i
a packet, and latency the duration between its release aa@ncy increases with the network size. However, the drowt
the last successful reception. Both the PDR and latency asge or sensitivity to network size is much lower than DCB.
averaged over 1000 packets for each topology, and evaluated) Source rate: It is well-known that in end-to-end uni-
with respect to: link quality (indicated by), network size, cast or broadcast, the throughput drops when the source rate
source rate and packet size. The typical settings are: 8OUk too high and the network becomes congested. Therefore,
rate 1 pkt/s (packets/second), packet size 1KB, edge liecepthe maximum supportable source rate reflects the maximum
probability e = 0.5, network size (number of nodes) 100 withthroughput of a broadcast protocol. In Fig. 14, we vary the
average node density 6. Unless noted otherwise, we isdlate fate at which the source node generates broadcast packets,
effect of each factor by varying it while fixing others to theand track the resulting latency and PDR. B&hor us and
typical values. DCB's PDR decreases abruptly beyond certain margins, which

Our experimental results on DCB are consistent with [4] atr@ughly indicate their supportable throughput. The suide
high link quality, low source rate, small packet size and lsmahroughput ofChor us is around 20 pkts/second, in contrast to
network size. However, in the general case, DCB’s perfomaani pkt/second in DCB. In addition, DCB’ latency increasesiro
degrades fast. In contrasthor us demonstrates significant0.1 second to 10 seconds as the source rate increases from 1
advantages in all cases. We report the detailed experimetutsl0 pkts/second, whil€hor us maintains around 0.1 second
below. latency across this range.

1) Link quality: We vary the link quality by tuning the 4) Packet size:Fig. 15 shows how packet size affects the
edge reception probability. A higher e value implies a lower broadcast performance when coupled with variation of sourc
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Fig. 15. Impact of packet sizes, which range from 64 to 204&dyt  Fig. 16. Total broadcast throughput and average PDR wheripieuttources
transmit different data, for lossy (edge reception proligbid = 0.1, average
link quality ¢ = 0.51) and non-lossyd = 0.5, ¢ = 0.83) networks.

rate. When source rate is low (1 pkt/s), the network is lesgsilience without any retransmission. More importantth
congested, thu€hor us’s spatial reuse advantage is less obvits collision-tolerant MAC Chor us significantly simplifies the
ous. Owing to the diversity gain, however, it maintains a PDRSMA scheduling and improves its spatial reuse. Our theoret
higher than 95%, in contrast with 80% when running DCBcal analysis and symbol-level simulation show tithior us’s
In addition, its latency is 60% lower than DCB for all packeiterative decoding algorithm can effectively resolve isidins
sizes. When source rate is high (10 pkt@por us's PDR and Wwith negligible error propagation effect. We also estdbls
latency remains the same. In contrast, DCB suffers from gpsh@symptotic latency bound o®(r) when usingChor us for
degradation of performance—its latency increases from®.2kroadcast, where is the network radius. Our network-level
4 seconds as packet size grows from 64B to 1024B. Again, tieisperiments further show th&hor us outperforms a typical
is due to its limited supportable throughput. For largerkets, CSMA/CA-based broadcast protocol by a significant margin, i
the source injects more data into the network per unit timégrms of latency, reliability, throughput, and scalabiliThese
which causes congestion. In addition, the cost of losing of@atures make&hor us suitable especially for fast information
packet increases, resulting in higher latency and lower PDRdissemination in large-scale networks, such as wirelesshme
As indicated in Sec. V, the worst-case delay @forus networks.
is affected by its packet overhead. The experiment resnlts i
Fig. 15 show thatChor us is relatively insensitive to packet , _ o
overhead, in contrast to the analysis. This is because thst wolHl ﬁatfn""c”yd?ﬁds'RZ’SL“QS‘S%";”}%’ and A “ﬂi%%rks?ﬂ'”ﬁéﬂf%"fai‘gﬁt
case in Fig. 10 rarely occurs in a random network, and the MmobiHoc 2003.
overhead is negligible compared with packet length. [2] S.-H.Huang, P.-J. Wan, X. Jia, H. Du, and W. Shang, “Minmuatency
5) Multiple broadcast sessiondie proceed to evaluate the mg%dégs,\zsz%%%q““”g in Wireless Ad Hoc Networks,"Hroc. of IEEE
case where multiple broadcast sessions co-exist, eack-corp] s. Huang, P. J. Wan, J. Deng, and Y. Han, “Broadcast Sdimeglin
sponding to one randomly selected source node in a 50-node 'nteflfire,\f:gs gonalgonmemﬂEEE Trans. on Mobile Computingol. 7,
topology. We set = 0.1 and e = 0.5 to represent a I(_)ssy [4] \r}\?. Lou and J. WLI, “Toward Broadcast Reliability in Mobikd Hoc
and non-lossy network, respectively. The former case iseclo Networks with Double Coverage,JEEE Trans. on Mobile Computing
to a real world mesh network [16] in which most links have _ vol. 6, no. 2, 2007. o
intermediate reception rate. We focus on two metrics: aera ] ?;aw;’n‘:}:”égh%miEgr?vér;'ahjén“g":gg?]"g' Sggeﬁf\érggglfﬁgglgggfﬁ
PDR among all sessions, and broadcast throughput, which munications Magazinevol. 47, no. 2, 2009.
equals the total amount of data delivered to all nodes withiff] B. S. Chlebus, Gasieniec L., A. Gibbons, A. Pelc, and Witéty
unit time, summed over all the sessions. Fig. 16 plots these A%&?Q?X‘ﬁtgyﬁrgggﬁﬁfmgE',?Sé"rzi‘er'%"l"gnoﬁtﬁﬂ']g ?‘Seqt‘”[g&fd fanoc. of
metrics as a function of traffic load (the number of sessidns) [7] R. Mahjourian, F. Chen, R. Tiwari, M. Thai, H. Zhai, and Fang, “An
a lossy networkChor us achieves 3x higher throughput than Approximation Algorithm for Conflict-Aware Broadcast Schuidg in

P : s Wireless Ad Hoc Networks,” irProc. of ACM MobiCom2008.
0, ,
DCB, and maintains a PDR above 60%, which indicates th%] D. Halperin, T. Anderson, and D. Wetherall, “Taking théng Out of

friendliness among different traffic. The performance gaiar Carrier Sense: Interference Cancellation for Wireless ANh Proc. of
DCB is less in a non-lossy network, whe@hor us benefits ACM MobiCom 2008.

; : : : ] S. Gollakota and D. Katabi, “ZigZag Decoding: Combatingddten
more from spatial reuse than diversity gain. Also note tha[t9 Terminals in Wireless Networks.” iRroc. of ACM SIGCOMM2008.

although throughput increases when the traffic load is higho] A. Scaglione and Y.-W. Hong, “Opportunistic Large Aysa Cooperative
the cost is lower PDR, implying that most traffic is confined to ~ Transmission in Wireless Multihop Ad Hoc Networks to Reactr Fa

. Distances,”IEEE Trans. on Signal Processingol. 51, no. 8, 2003.
around the source nodes, espemally for the DCB prOtOCOI' [11] X. Zhang and K. G. Shin, “DAC: Distributed Asynchrono@soperation

for Wireless Relay Networks,” ifProc. of IEEE INFOCOM 2010.
VII. CONCLUSION [12] B. Sklar, Digital Communications: Fundamentals and Applications
. . . . Prentice Hall, 2001.
In this paper, we provide theoretical and practical rgi3] IEEE Standard, “802.7M: Wireless LAN Medium Access Control

sults that demonstrate the feasibility and advantage of[ﬁ] (MAC) and Physical Layer (PHY) Specifications ,’ 2007.

- . . D. Tse and P. Viswanath,Fundamentals of Wireless Communication
collision-resolution protocol for wireless broadcast. We Cambridge Um\,e'rs\ﬁy pressuzooa ' unical

troduce Chor us, which allows forwarders with the same[15] J. Camp, J. Robinson, C. Steger, and E. Knightly, “Measwent Driven

outgoing packets to transmit at roughly the same time, aenl th Eg?/'lomggygfzgogwo'ﬂer Urban Mesh Access Network,” Hinoc. of
employs physical-layer iterative decoding to resolveisiohs [16] J. Bicket, D. Aguayo, S. Biswas, and R. Morris, “Arctitere and

at the receiver. By decoding multiple versions of a packet at Evaluation of an Unplanned 802.11b Mesh Network,”Aroc. of ACM
once, Chor us achieves transmit diversity and improves loss MobiCom 2005.
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