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Abstract— 1t is well-known that wireless links are error-prone
and require retransmissions for recovering frames from errors
and losses. Network coding (NC) has been proposed for more ef-
ficient MAC-layer retransmissions in WLANs. However, existing
schemes employed the reception report mechanism, which is both
inefficient and expensive. Furthermore, they considered neither
fairness nor the effects of time-varying heterogeneous wireless
networks. These issues are critical for achieving full benefit
of network coding. Without addressing them, these schemes
may even impair system performance. In this paper, a novel
MAC-layer retransmission scheme, namely XOR Rescue(XORR)
is proposed. It estimates the reception status without extra
overheads and devises a new coding metric, which accommodates
the effects of the frames size and the channel condition. Finally,
XORR employs NC-aware fair opportunistic scheduling, which
is theoretically proven to be fair, i.e. not only the service time is
evenly allocated, but also it always improves the expected goodput
for every wireless station. It is further verified by theoretic anal-
yses, extensive simulations and testbed experiments. Qur results
show that XORR outperforms the non-coding fair opportunistic
scheduling and 802.11 by 25% and 40%, respectively.

I. INTRODUCTION

The proliferation of 802.11 wireless networking products
has encouraged the deployment of wireless local-area networks
(WLANSs). However, it is well-known that wireless networks
are error-prone due to fading, interference and collisions.
Recent measurement on IEEE 802.11-based WLANs has
revealed that wireless links suffer from moderate to severe
frame losses (20-60%) [2] [1].

Traditionally automatic repeat request (ARQ) is employed
at the MAC-layer in contemporary WLANs for recovering
corrupted frames. But ARQ-based retransmissions consume
a significant portion of channel capacity in lossy wireless
networks. Therefore, forward error coding (FEC) has been
exploited to enhance conventional ARQ schemes, e.g. Hybrid
ARQ [11], for recovering corrupted frames from partially
correct receptions.

Recently network coding (NC) was employed for improving
ARQ’s efficiency in wireless networks [7], [8] . The philoso-
phy of this NC-aided ARQ is illustrated in Fig. 1 (a). Assume
that in a wireless network, the access point (AP) transmits the
frame p; to the station u; and the frame p, to the station
ug, respectively. Both frames are lost. Due to the broadcast
nature of wireless media, w; could overhear p, while wuso
could overhear p;. In this case, instead of retransmitting these
two frames individually, the AP can use NC and retransmit
a coded frame, p1 ® ps. Both u; and wo can recover their
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Fig. 1.  (a) NC reduces the retransmissions in WLANs. (b) Example of
network coding in the multi-rate WLAN.

lost frames once they receive the coded frame correctly. Thus,
one retransmission can be saved. The potential coding gain
of the NC-aided ARQ has been demonstrated in ER [7] and
MU-ARQ [8].

However, the design in ER and MU-ARQ only focuses on
coding, but fails to solve the following challenges in practice:
e Overheads for reception information. To make the cod-
ing decision, the AP requires the knowledge of all frames
overheard by each station, which are not destined to it. In
previous work, this reception information is explicitly reported
to the AP by each station, per frame [8] or periodically [7]'.
Such reception reports result in significant overheads which
may overwhelm the coding benefit. Although overheads may
be amortized by choosing a longer report interval, it will
cause insufficient reception information at the AP. Hence, the
coding benefit may vanish due to less coding opportunities.
Our investigation in Sec. VI shows that it is difficult to make
a trade-off, as it depends on many dynamic parameters such
as the number of stations and wireless channel conditions.

o Heterogeneous and time-varying networks. Every NC
scheme defines a coding metric for measuring the potential
benefit of the candidate of coding-sets. ER and MU-ARQ
choose the coded frame which enables the most stations to
retrieve their frames. This coding metric, namely maximal
retrieval, may reduce retransmissions, but does not necessarily
improve the overall throughput unless the AP always transmits
to all stations at a common rate. In current WLANS, the AP
can adjust its transmission rate based on individual station’s
channel quality. Therefore, such a coding strategy may result
in suboptimal performance, since the coded frame must be
transmitted at the lowest transmission rate in the set of destined
stations. This is illustrated by the example in Fig. 1 (b). The

I'A reception report records the frames which are not destined to the station
itself, while the ACK is a message to acknowledge receipt of a frame destined
to itself.



station w already overheard the frames po and ps, while the
transmission rate between the AP and u; is 11Mbps. Similarly,
the reception status and transmission rates of the other stations
are also shown in Fig. 1 (b). With maximal retrieval, a coded
frame, p; @ p2 P ps, is transmitted firstly at the rate of 1Mbps,
and p4 is transmitted alone at the rate of 1Mbps. However,
a better solution is transmitting a coded frame, p; @ po, at
11Mbps and another coded frame, ps & py, at 1Mbps. This
reduces the transmission time by 45%.

e Frame scheduling. A single shared queue is used for
buffering frames in IEEE 802.11. More specifically, each node
maintains a single first-in-first-out (FIFO) transmission queue
and all frames targeted for different destinations are buffered in
a common FIFO queue. ER [7] inherits this single shared FIFO
queue from 802.11 and further defers the retransmissions until
a pre-defined threshold is reached for achieving more coding
opportunities. However, the single FIFO queue causes head-of-
line (HOL) blocking. Furthermore, deferring retransmissions
in the FIFO queue causes frame-reordering which has an
adverse impact on TCP.

A novel NC-aided retransmission scheme, namely XOR
Rescue (XORR), is proposed in this paper. It is designed
for addressing the aforementioned challenges by taking into
account not only network coding but also its integration with
the link characteristics and MAC layer:

1) The AP in XORR probabilistically estimates reception
status based on the Bayesian-learning estimation technique.
Therefore extra signaling overheads incurred by sending re-
ception reports are completely eliminated.

2) A new coding metric, namely expected goodput, is used
in XORR. Expected goodput is defined as the achievable
system goodput by transmitting a certain frame. It naturally
accommodates the heterogeneities in wireless networks, such
as transmission rate, link reliability and frame size.

3) The problems of HOL blocking and frame reordering can
be solved easily by using a per-station queue for each station.
Only one frame is scheduled for each station till the frame is
acknowledged (ACKed). However, the station which overhears
fewer frames will have less possibility to have its frames
coded at the AP. This may lead to starvation of a station
experiencing a bad channel for prolonged periods of time.
Therefore, an NC scheduler should have per-station queues
and also consider fairness for avoiding those problems. To the
best of our knowledge, this paper is the first work on the NC-
aware fair scheduling in WLANS.

XORR is evaluated by theoretical analyses, extensive sim-
ulations as well as experiments on a prototype system. It is
proved theoretically that XORR guarantees temporal fairness
and always improves the goodput for every station. Our
simulation results show that XORR can significantly reduce
the number of retransmissions by 10-60% in various situations
including heterogeneous and time varying channels. XORR
outperforms ER by 10—25%, the non-coding fair opportunistic
scheduler by 20 — 25%, and the existing IEEE 802.11 network
by 30 — 40%, respectively. Furthermore, our XORR prototype
is deployed on a real five-station wireless test-bed with pretty

reliable links (loss rate < 20%). Our experiments show that
XORR improves goodput by 10.7% for UDP traffic and by
15.7% for TCP traffic, compared to the IEEE 802.11 network.

The rest of this paper is organized as follows. Related
work is reviewed in Sec II. We present an overview and
theoretical analysis of XORR. in Sec. III and IV, respectively.
The design of XORR is presented in Sec V. Our simulations
and experimental studies are presented in Sec. VI and VII,
respectively. Finally, we conclude our paper in Sec. VIIIL.

II. RELATED WORK

Recently, network coding has been found as an innovative
means to enhance network performance by mixing information
at intermediate nodes [3], [5], [6]. In particular, COPE [5]
developed a practical network coding scheme for unicast in
multi-hop wireless networks. It utilized network coding for
initial transmissions only, but relied on MAC-layer ARQ for
recovering losses. By contrast, XORR uses network coding
for MAC-layer retransmissions in single-hop WLANSs, which
is complementary to the existing work.

It has been demonstrated in [4] that NC should be jointly
considered with scheduling for maximizing the network ca-
pacity. However, Ref. [4] mainly focused on characterizing
the capacity region of joint NC and scheduling, but no prac-
tical algorithms were presented. Furthermore, due to omitting
opportunistic listening [4], its scheduler is not suitable for NC-
aided retransmissions in WLANs. XORR presents not only a
primary design of an NC-aware fair opportunistic scheduling
for retransmissions in WLANS, but also a practical heuristic
algorithm for efficient coding selection.

Two pieces of work most related to XORR are ER [7] and
MU-ARQ [8]. MU-ARQ presented a theoretic performance
analysis on an ideal model, where the AP has full knowledge
of all frame receptions, while each station stores all received
frames. MU-ARQ characterized the bounds of capacity im-
provement in such a system only in theory. XORR is designed
with more practical guidelines. Our goal is not only to improve
network throughput, but also to maintain fairness among all
stations. Beside theoretical analysis, we also implemented
XORR and tested it in a real environment.

ER provided a practical design to use NC for reduc-
ing retransmissions. But its design focused only on coding,
without considering multi-rate support and time-varying link
characteristics in WLANSs. It also employed periodic recep-
tion reports, which cause significant signaling overheads. In
contrast, XORR completely eliminates signaling overheads
by probabilistically estimating reception status. Furthermore
XORR overcomes frame reordering and HOL blocking, which
was seen in ER. Consequently XORR works well in multi-
rate wireless networks and guarantees to always improve the
performance of every station.

A work was recently proposed about the reliability gain
of NC for reliable multicast in multi-hop wireless networks
[12]. Ref. [12] presents an analysis on the expected number
of transmissions using ARQ, FEC and NC, with tree-based
reliable multicast, and shows NC reduces the need of transmis-
sion. XORR focuses on improving the performance of single-
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Fig. 2. XORR Architecture.

hop wireless networks with NC-based ARQ. XORR shows
significant performance improvement even for unicast traffic.

ITII. OVERVIEW

Consider a WLAN, where there is a wireless AP and a set of
N stations, i.e., U = {uy,us,--- ,un} which are associated
with the AP. Stations only communicates with the AP directly.
Let r; and v; denote the transmission rate and the link
reliability of between the AP and the station u;, respectively.
Assume that all wireless links are mutually independent, i.e.,
the variables r;,7;,(1 < ¢ < N) are independent. Due to
the broadcast nature of the wireless medium, when the AP
transmits a frame to a station w;, another station wu;(j # 7)
may overhear the frame with a probability of ;.

(b) AP (sender) side: The system architecture of XORR is
shown in Fig. 2. The AP maintains a queue for each station.
For preventing frame reordering, only the HOL frames of the
stations are the candidates for scheduling selection. Let p;
denote the HOL frame of the station w,. For the purpose of
scheduling, the AP classifies all frames into two groups: if
this HOL frame p; has never been transmitted before, then
p; belongs to TxGroup and is called an original frame;
Otherwise, it belongs to RetxGroup.

For making coding decisions, the AP estimates the reception
status of all stations. This information is used by the coding
metric calculator for evaluating the coding benefits of all pos-
sible coding-sets. Based on the coding metric calculation, the
scheduler selects either one frame or multiple frames, which
achieve the best performance under the fairness constraint. If
multiple frames are selected, these frames are encoded using
the XOR operation. These XORed frames are called coded
frames, while un-XORed frames are called native frames.

(c) Station (receiver) side: When a station u; overhears
a native frame p;(j # i), it stores p; into its native frame
pool and may use it for decoding other coded frames. When a
coded frame p, (g denotes the set of frames that are encoded.)
is received, u; tries to decode any native frame immediately.
A station can successfully decode a native frame from p, only
if it has all other frames in its local frame pool. If the station
u; successfully decodes a frame destined to itself, i.e., p;,
it should transmit an acknowledgment (ACK) to the AP for
confirming the reception. Upon receiving the ACK, the AP
removes p; from the queue. If the decoded frame is for other
stations, i.e. p;(j # 4), it is stored in the local frame pool. If
the coded frame fails to be decoded, it is discarded.

IV. UNDERSTAND CODING GAIN
Before delving into the detailed design, this section provides

some insights into the expected performance gain of XORR
and the factors affecting it. Note that for simplicity a simple
static model is considered in this section, where all stations
in the network have the same transmission rate r as well as
the same link reliability -, all frames have the same size and
all N stations are always backlogged. In Sec. V, we will
further prove that XORR can always outperform the non-
coding scheme in the dynamic and heterogeneous wireless
scenario.

Assume that the AP has the perfect knowledge on reception
status. The AP starts to recover lost frames when the number
of frames in RxGroup reaches a threshold, which is denoted
by 6,5 < N. Otherwise, the AP transmits original frames. Let
K denote the expected coding size (i.e. the number of native
frames XORed in a coded frame). An upper and a lower bound
on the expected coding-set size, K, is presented in Lemma 12.

Lemma 1: The expected coding-set size K satisfies,
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As shown in Lemma 1, a larger retransmission threshold
0 results in a larger coding-set size K. In other words, a
better scheduler can opportunistically defer retransmissions for
providing more coding opportunities, so that it can potentially
encode more frames into one retransmission. However, the
threshold 4 is restricted by the number of backlogged stations
N,i.e. § < N. Therefore, if there are more backlogged stations
in the network, the threshold can be adjusted to a higher value
for more coding opportunities.

The coding gain is defined as the ratio of the goodput
achieved by XORR to that by the non-NC approaches. Theo-
rem 2 characterizes the coding gain of XORR with the coding-
set size K.

Theorem 2: The coding gain of XORR is B = ﬁ

Theorem 2 shows that a better coding gain is achieved with
a larger coding-set size. Thus, there is no coding gain (B = 1)
when no coded frame is transmitted (' = 1). Combining with
Lemma 1, the coding gain is affected by the link reliability ~,
the threshold § and the number of stations V.

In order to investigate the impact of the number of stations,
we let § = N. In other words, we can always get the maximal
coding gain under certain number of stations. Table I gives
some numerical results of the lower and upper bounds of
XORR’s coding gain with respect to different numbers of
stations N in the network. It shows that with a moderate
number of N, XORR can effectively reduce retransmissions
and thus improve the system performance.

V. XORR DESIGN
A. Reception estimation

The AP maintains a score-table ) that has N x [N entries.
Each entry y; ; represents the probability that u; has the HOL

20wing to the space limitation, please refer to our report [15] for the proofs
of all lemmas and theorems.



N =10 N =100 N — oo
~ Lower [ Upper | Lower | Upper | Lower [ Upper
0.8 1.15 1.19 1.18 1.23 1.21 1.23
0.6 1.26 1.39 1.35 1.52 1.45 1.55
0.4 1.29 1.54 1.47 1.88 1.73 2.60
0.2 1.14 1.58 1.59 2.15 2.09 2.78
TABLE I

NUMERICAL RESULTS OF CODING GAIN.
native frame p; destined to station u;. The reception table )
is updated once a frame is sent (either a native frame p; or a
coded frame p,) or an ACK is received.

Initially, the table contains all zeros. When a native frame
p; is transmitted, then the probability that u; does not have
p; after the transmission is the joint probability of two events:
u; has no p; before the transmission and u; does not receive
this transmission. Thus, we have

1 _

Y — (1 —yf A=), i # . (1)

When a coded frame p, is transmitted, the estimation of y; ;
depends on if the station is in the set g or not. If the station u;
is not in the set, i.e., u;, 7 € g, it may decode a native frame
pj in g, if possible. Then, the probability that u; (¢ € g) does
not have p; after the transmission is the joint probability of
two events: u; does not have p; before the transmission and
u,; fails to decode p;. Therefore, we have

- I v

q€g\{sj}

The term in the square-bracket represents the probability that
u; fails to decode p;, which might be caused by either
reception failure (the first part) or an insufficient number of
native frames received for decoding the coded frame (the
second part).

There are two cases if the station uy, that are in the set, i.e.,
ug, k € g. If the AP receives an ACK from wuy, it means that
uy, has successfully decoded its frame py, from p,. This implies
that uj, must have all other native frame p,, ¢ € ¢\ {k}. Thus,
the AP will update yy, 4 as

ylh=1Yq € g\ {k}

If uy, fails to acknowledge, the reason may be either that uy
fails to receive the transmission or that it does not have all
needed native frames for decoding. Thus, yx ;, 7 € g\ {k} is
estimated based on the Bayes-law. Define 7, ; = 1 — y;, ; and

Pr (ACK t“) as the probability that u; does not acknowl-

Yij=1—1—wiz)- [(1—v)+%

Pr(ACK[ ™)

— Ieq\ (53 Yh.a)- Thus,

edge at time ¢ + 1. Then, we have y’“rl = . Note

Pr (ACKEH) = (1 — ) + (1
t+1

Yy.; 1s updated as

_ L~ 4k
(=) + (1=
When a station u; successfully decodes its own frame p;, it

transmits an ACK to the AP. Since p; will never be transmitted
again, the corresponding column in ) is reset to zero for

t+1
Ye,; —

. 3)
Hqu\{j} y};’q)

initializing the estimations of the next frame to u;. ACK
can piggyback the station’s information about its received
native frames for further facilitating XORR recovery. When
the AP receives an ACK piggybacking such information, the
AP updates the corresponding estimation to 1.

B. Coding metric

XORR uses expected goodput, the achievable system good-
put by transmitting a certain frame, for evaluating the coding
benefit. The expected goodput naturally takes into account the
coding effect, transmission rates and the status of wireless link.

The expected goodput of transmitting a native frame p;
is r;7;, while the goodput of transmitting a coded frame
py depends on the probability that the coded frame can be
decoded by its stations, namely decoding capability. The
decoding capability can be estimated from the score-table )
maintained by the AP.

Definition 1 (Decoding capability): The decoding capabil-
ity D; 4,1 € g is the probability that the station u; can retrieve
its frame p; by decoding a coded frame p,. For the station u;,
the decoding capab.ility is Dig = [Lieq iy Yis-

Let L, be the size of py, then L, = max;cq L;. Let ry
be the transmission rate for transmitting the coded frame, p,
then rg = minjey ;. Thus, the transmission time of p, is
T, = —£. Finally, the expected goodput ), of transmitting
the codmg set g is the sum of the expected goodput of each
station u;, % € g, ie.,

ZXz,g Z T “Yi ,g- (4)

1€9 i€g
As implied by Definition 1, the decoding capability D; ,

decreases with the size of the coding-set. In other words, the
more frames are included in the coded frame, the less chance
the coded frames is decoded. Thus, the expected goodput of
some coding-set is low if the coding-set includes many frames.

It is straightforward that XORR should not encode any
original frame with other frames, since such a coded frame is
not decodable for any station. Therefore, XORR only applies
NC in RetrGroup. Since the maximal number of frames in
RetxGroup is N, each station only needs a queue containing
(N — 1) native frames in its local frame pool for decoding.

Furthermore, we define the biased expected goodput x:

N Oxi, if p;isanoriginal frame

X; = { . 5)
Xg, Otherwise
where X is the expected goodput of coded frame g. 6 > 1 is
called deferring retransmission factor. The deferring retrans-
mission factor theta gives some bias for scheduling original
frames. By biasing for original frames, the AP defers the
recovery of a lost frame for a while so it may exploit potential
coding opportunities.

In order to be integrated into our scheduling, the coding
metric will be mapped to utility defined in the scheduling,
which will be detailed in Sec. V-C.

C. NC-aware fair opportunistic scheduling

Traditionally fair opportunistic scheduling was proposed for
improving the system utility by exploiting multiuser diver-
sity [9] under fairness constraints. In XORR, fair opportunistic



scheduling is extended for NC by selecting a coding-set.
Its utility for measuring the scheduling benefit is mapped
from the coding metric and is maximized under the temporal
fairness constraint. Note that although temporal fairness is
adopted in XORR, our mechanism is actually general enough
to accommodate other fairness definitions.

For supporting NC, XORR extends the credit-based ap-
proach in [9], which maintains bounded temporal fairness
among all stations. Each station is assigned a state variable,
credit, for maintaining fairness, which is denoted as K;. The
deficit credit of a station in the coding-set g is defined as its
assigned service time minus its credit, i.e., A; = A(g,1) — K;.
The deficit credit of the coding-set g is defined as the maximal
deficit credit of all its member stations, i.e., Ay = max;cg A;.

Then, XORR scheduler is defined as follows:

§' = arg rn;lx (U; - A;), (6)
where U;, is the utility of transmitting the coding-set g.
XORR scheduler balances between the transmission utility and
fairness. It tries to select a coding-set (possible with only one
frame) that maximizes the utility while having minimal service
time deficit for maintaining fairness. A station accumulates its
credit if it is not selected in a coding-set.

If the coding-set contains only one frame, the service time
is simply the channel time needed for transmitting the frame.
However, when transmitting a coded frame, the transmission
time T}, is shared among the stations in that coding-set. Let
A(g,) denote the portion of service time assigned to station
u;, i € g. Obviously, we have >, A(g,i) = Ty, where T}
is the overall time for transmitting the coded frame p,. We
will elaborate how service time is shared later in Section V-D.

Following the scheduling decisions, all backlogged stations
update their credits as described in Fig. 3. Once a set g is
selected and the coded frame is transmitted, all the stations in
g decrease their credits by the fraction of service time assigned
to them (Line 2-4). If any station has deficit (A, > 0), all
stations adjust their credits by adding A, (Line 6-8). As a
result, unscheduled stations may accumulate their credits and

all stations have non-negative credit values.
1: function UpdateCredit(g)

for u;,j € gdo
K; — K; — A(g,])
end for
if A, > 0 then
for all u; € U do
Kj— Kj+ 4,
end for
end if

D A A

Fig. 3.

The following theorem shows that the scheduling discipline
defined in Eq. (6) achieves bounded temporal fairness.

Theorem 3 (Temporal fairness): With XORR scheduler, for

any two stations u; and u; that are continuously backlogged

over any interval [tq,t5), we have;5

Pseudo-code for updating credits.

t
lovi(t1,t2) — a(tr, t2)] < max 771 + max T—i + 2Unaz,
i J

where «;(t1,t2) is the service time assigned to the station wu;
during the time interval [t1,%), L! and r! are the frame size
and the transmission rate of u; at time ¢, respectively.

Utility function. The utility represents the coding benefit
and also affects the fairness bound as shown in Theorem 3.
Therefore, the utility function of a coding-set g is defined as
an increasing function of the expected goodput of g and is
bounded as shown in Eq. (7).

¥

Uq = ﬁ'Tmax . (1 _eiﬁ)a

(7N
where Thax = 225 Li g the maximum transmission time of
min; r;

a coded frame, r.x = max; r; is the maximum transmission
rate and xy is the biased expected goodput. Obviously, U,
is upper-bounded by 87,4., Where (3 is called utility scaling
factor, which balances the opportunistically improved system
performance and fairness [9].

D. Fair service time assignment

In the non-coding fair scheduling, the goodput of a station
is linearly determined by the service time assigned to the
station. Accordingly, temporal fairness implies certain goodput
fairness among stations. However, with NC, such implication
becomes tricky because the time for transmitting a coded
frame can be arbitrarily assigned. Our simulations show that
even though the service time is evenly allocated by the
scheduler, an improper service time assignment algorithm may
cause some stations to perform worse with an NC-aware fair
scheduler than they would with a non-NC fair scheduler. It
is called that such stations have coding loss. For clarifying
fairness in the NC-aware scheduler, we define NC-fairness as:

Definition 2 (NC-fairness): An NC-aware scheduler
achieves NC-fairness if it maintains fairness, i.e., the service
time is evenly allocated to all stations, and no station has
coding loss when applying it.

Therefore, for achieving NC-fairness, the service time as-
signment algorithm has to be designed carefully. Two terms
are used for explaining our assignment algorithm.

Definition 3 (Relative coding edge): The relative coding
edge 1Y of u; in a coding-set g is the ratio of the expected
goodput of wu; using network coding to that without coding,
ie, ¢ = TX—,;’

Definition 4 (Effective goodput): The effective goodput \;
of u; in a coding-set g is the expected decoded bits divided
by the assigned service time, i.e., \; = aé T)g

The following theorem gives a time assignment strategy. It
guarantees that the effective goodput of every station in the
coding-set is no less than that if its native frame is transmitted
alone.

Theorem 4: Yu; € g. If the service time is assigned
proportionally to the relative coding edge of each station in
the coding-set, i.e.,

. vf
Alg:)) =Ty =3
Zj €g wj
we have \; > r;7;.
More specifically, Theorem 4 implies that in each scheduling,

transmitting the coded frame improves the instant goodput for
every station, compared to transmitting its native frame alone.

®)



Theorem 4 only considers the instant goodput in one
scheduling time. However, the scheduling patterns for NC
and non-NC schedulers are different during a period of time.
Theorem 4 does not answer whose accumulated goodput is
better over a period of time. The following theorem shows
that the XORR always achieves NC-fairness in any duration.

Theorem 5: Given any scheduling policy £ that achieves
temporal fairness, let A\;X %% and \F denote the goodput of
u; with and without XORR, respectively. If the service time
assignment strategy defined in Eq. (8) is applied to XORR,
XORR achieves NC-fairness i.e.,

E\FOREY > B(XF).

E. Scheduling flow

Fig. 4 outlines the scheduling flow in XORR. The schedul-
ing function loop searches the best scheduling candidate
sets in TxGroup and RetxGroup, respectively. The result
of the selection is fed into the encoder (Line 8). At the
end of scheduling, the credits are updated by the function
UpdateCredit (whose pseudo-code is shown in Fig. 3).

Let ¥ denote the set of stations in RetxGroup. The
following theorem shows that exhaustively searching the best
coding-set in RetxGroup is NP-hard. In other words, it is
computationally expensive and is not feasible for practical use.

Theorem 6: Finding an optimal coding-set g at time ¢ is
NP-hard and cannot be approximated within |¥|!~¢ unless
NP=ZPP, for arbitrary small ¢ > 0.

Thus, a heuristic algorithm is described in Fig. 5. The
algorithm starts with finding the station in RetxGroup which
maximize utility minus deficit credit. This station is added into
the coding-set. Then, the algorithm tries to search again in
the remaining stations of RetxGroup and find another station
to form a better coding-set. This process continues until no
more stations can be added or all stations in RetzGroup are
selected. Therefore, the complexity of the heuristic algorithm
is O(|¥|?). The algorithm is evaluated by simulations in our
report [15]. It shows that our heuristic selection algorithm only
slightly degrades the performance, compared to the optimal
selection (computed by exhaustive searching).

1: function scheduling
2: loop
3: Gtz < aArgIaX;cTazGroup Uj - Aj
4 gre < SelectCodingSet (RetxzGroup)
5. if Uy, — Ay, < U, —24,,, then
6 Gtz < Gra
7 end if
8:  EncodeAndTransmit(g;,)
9:  UpdateCredit (g:)
10: end loop
11: end function
Fig. 4. Pseudo-code for XORR scheduling.

VI. PERFORMANCE EVALUATION

A single-hop wireless network having an AP and NV stations
is considered in our simulations. The transmission rate of

1: function SelectCodingSet(RetxGroup)

2: g 0
3: regeat
* ) dlngEReglgi(oup\g Ug us; = Aq Uj
55 g—gUJ
6: ifU;—Ay; <Uy;— A, then
7: break
8: else
9: g «— ﬁ
10 end if
11: until (¢ == RetxGroup)
12: return g
13: end function
Fig. 5. Pseudo-code for heuristic coding-set selection

each link between the AP and a station can be 1, 2, 5.5
or 11 Mbps, as specified in IEEE 802.11b. The size of data
frames is 1500 bytes. Both ACK and feedback frames have
a size of 50 bytes and are always transmitted at the base
rate of 2 Mbps. The effects of varying the utility scaling
factor 3 and the deferring retransmission factor 6 in XORR is
extensively investigated in our report [15]. Using the results
in [15], the utility scaling factor is set as 5 = 50 for balancing
between fairness and goodput performance, while the deferring
retransmission factor is set as § = 2 for achieving sufficient
coding opportunities. Unless otherwise mentioned, by default
the number of stations is N = 10, the transmission rate is
r = 5.5Mbps and the simulation time is 100 seconds.
XORR is compared with the following schemes in the
context of both static and time-varying channels:
1) Opportunistic scheduling (labeled as Opp). It uses a similar
scheduling strategy as that in XORR, except that there are only
native frames but no coded frames to be scheduled.
2) IEEE 802.11-based WLAN. (labeled as 802.11) This is a
baseline for existing WLANSs, where a shared FIFO queue is
used for all stations and a frame is retransmitted immediately
once its loss is detected.
3) ER. This is a prior NC-aided MAC-layer retransmission
scheme [7]. Unlike XORR, ER neither employs opportunistic
scheduling nor considers temporal fairness. In addition, ER
relies on feedbacks from stations for obtaining reception status.
We implement their sort-by-time coding algorithm and use 25
as the threshold for the retransmission queue.

A. Performance metrics

XORR is evaluated from two aspects, system performance
and fairness. For evaluating system performance, goodput gain
and reduced retransmission ratio are defined. The baseline
scheme for evaluating system performance is 802.11.

goodput of the scheme

1.
goodput of 802.11

Goodput gain =

.. . ReTxRatio of the scheme
Reduced retransmission ratio = - -1,
ReTxRatio of 802.11

where ReTxRatio is the ratio of total number of retransmissions
to that of transmissions.




For evaluating fairness, two metrics are defined, fairness
index and coding improvement ratio. Fairness index was
defined in [16] and its value ranges between 0 and 1. If it
equals 1, it means the service time is allocated evenly. Coding
improvement ratio is used for checking if the individual station

has coding loss when compared to Opp:

\XORR

3

\Opp
K3

Coding improvement ratio =

where AXORR and A9PP are the goodput of u; using XORR
and using Opp, respectively. If coding improvement ratio is
less than zero, it means the station suffers from coding loss.
Note that under all simulations, the calculated fairness index
is close to 1 for Opp and XORR.

B. Static channels

(a) Impact of link reliability Fig 6 and Fig. 7 show the impact
of different link reliabilities on the goodput gain and the
reduced retransmission ratio for XORR, Opp, and ER having a
report period of 10, 50 and 200 ms (labeled as ER-10ms, ER-
50ms, ER-200ms). All links have the same reliability, which
varies from 0.2 (least reliable) to 0.9 (most reliable).

As shown in Fig. 6, Opp has the same goodput gain as that
of 802.11 in the context of homogeneous networks, because all
stations have exactly the same transmission rate and reliability,
and thus no multi-user diversity gain can be utilized.

Both XORR and ER employ network coding for reducing
retransmissions. As shown in Fig. 7, when the link reliability
is higher than 0.8, over 60% of retransmissions are saved. On
the other hand, when the link reliability is low, their reduced
retransmission ratios are also small, because stations receive
less native frames, which results in less coding opportunities.

The coding efficiency of ER heavily depends on feedback
information carried by reception reports. Thus ER having a
shorter report period may reduce retransmissions further, as
shown in Fig. 7. The reduced retransmission ratio of ER-
10ms is even higher than that of XORR. However, Fig. 6
shows that the coding gain of ER-10ms is worse than that
of XORR, and even worse than that of 802.71 when the link
reliability is high. This is because signaling overheads incurred
by frequent reports degrade the goodput performance severely.
When the number of the station is 10, ER-50ms performs best
with the most link reliabilities than other ER schemes. So
unless otherwise mentioned we use 50 ms as the report period
for ER when the number of the user is around 10.

By contrast, XORR estimates the reception status, which
mitigates signaling overheads, thus outperforms ER. As the
link reliability decreases, more native frames are lost and need
to be retransmitted. XORR improves the goodput by reducing
retransmissions as depicted in Fig. 6. When the reliability is
around 0.5, XORR’s goodput gain peaks near 25%. However,
when the reliability decreases further, its goodput gain bends
down, because XORR relies on reception estimation to select
coding-set for retransmissions. If there are significant losses,
the estimation accuracy decreases due to less ACK received.
(b) Impact of the number of stations

R=11Mbps R=5.5Mbps
So02p,77 TN 02,7 =l
b 0.1 0.1
a v
ko]

8 oo 0.0
O - = XORR — = ER-50ms
...... ER.lom§ — ER-ZOOm§

-0.1 : -0.1 :
02 04 06 08 02 04 06 08

Y v
Fig. 6. Goodput gain with various link reliability in static channels.
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Fig. 7. Reduced retransmission ratio with various link reliability in static

channels.

Fig. 8 illustrates the impact of different number of stations,
N, on the goodput gain of XORR, ER-10ms, ER-50ms and
ER-200ms, while the link reliability, ~, is 0.2, 0.5 or 0.8,
respectively. As N increases, the goodput gain also increases
for both XORR and ER. This is expected since there are more
coding opportunities. However, the goodput gain of ER bends
down when N > 10. This is due to overheads of reception
reports. More stations introduce more feedback frames, which
overwhelms the coding gain in ER. In addition, although ER
outperforms XORR in few conditions as shown in Fig. 6 and
Fig. 8 (e.g. ER-10ms with v = 0.2 and N < 10 in Fig. 8), it is
difficult to adjust the report period for ER. Because the optimal
period depends on the data transmission rate, link quality and
the number of stations, which in practice are typically time-
varying. For example, as shown in Fig. 8, ER-10ms performs
the best when v = 0.2 and N < 20, while 50ms is the optimal
period when v = 0.2 and N > 20.

by 0702 +=05 4=0.8
’ " | — XORR
= AT = ER-10ms
O 02} 102t | Ak | |{ 02|77 ERSms |
= L VNN —— ER-200ms
g A " IRNAN P i
g o014 L1 01 70t AT TN
4 3 B \
S Am~L: (AR
0.0 =+ 00 ! 0.0
2 510" 2 2 510" 2 2 510" 2

Number of users  Number of users ~ Number of users
Fig. 8. Goodput gain with different number of stations in static channels.
(c) Heterogeneous networks
In Fig. 9(a), the goodput of four schemes are evaluated in
the context where links may have heterogeneous reliabilities.
How to model channel conditions realistically is beyond the
scope of this paper. For the sake of simplicity, each link’s
reliability is randomly chosen from [Vnin, Ymaz]- The mean
of each link’s reliability is E(v) = 0.5. The interval length
AY = Yimaz — Ymin varies from 0 to 0.8.
When A~ is large, the goodput of 802.11 drops dramat-
ically, while Opp’s goodput remains unchanged. This is be-
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Fig. 9. (a) Goodput in heterogeneous and static channels, where E(v) = 0.5.
(b) Fairness index.

cause that 802.11 allocates more channel time to stations with
worse channel conditions [10], while Opp always allocates
equal service time to all stations. Therefore, Opp performs
better than 802.11.

Due to the similar reason to 802.11, ER’s system goodput
also decreases as A~ increases. On the other hand, XORR
performs best with all values of A~y because it not only
effectively reduces retransmissions with NC but also maintains
temporal fairness as Opp does. The goodput of XORR drops
slightly as A~ increases. This is because when A~ is large,
most retransmissions are for the stations with low link relia-
bilities. Hence, there are less effective coding opportunities.
Furthermore, Fig. 9(b) shows the fairness index for Opp and
XORR. It demonstrates that the fairness index ~ 1, i.e. the
service time is evenly allocated in both Opp and XORR. Note
that in all simulations, the calculated fairness index is close to
1. Hence, we omit it in the following results.

C. Time-Varying Channels

In practice, wireless channels are time-varying. The varying
speed of channel conditions is typically characterized by the
coherence time, within which the channel may be considered
as “static” [14]. The coherence time of a wireless channel
depends on the station’s mobility and its surrounding environ-
ment. Assume that the channel is stationary. (;, 0 ;) and (7,
o,.:)° are used for characterizing the time-varying reliability
and transmission rate of link [;, respectively. The mean of
each link’s reliability is randomly chosen from [0.3,0.7]. The
coherence time is 24.45 ms, corresponding to a fast walking
speed of 5 m/s [14].

Fig. 10 shows the Cumulative Distribution Function (CDF)
of the goodput when the transmission rate is 5.5Mbps while
the variance of the link reliabilities is 0., = 0.1 and 0., = 0.01,
respectively. In Fig. 10(a), Opp performs slightly better than
802.11. This is because the channel variance is very small,
so that little multi-user diversity can be exploited. By con-
trast, when the channel varies more drastically, as shown
in Fig. 10(b), Opp scheduling improves the system goodput
more significantly by serving the stations with better channel
conditions. ER does not use opportunistic scheduling for
exploiting multi-user diversity, so its goodput does not change
when the channel variance varies. XORR exploits not only
coding-gain but also multi-user diversity. As a consequence, it

31In network like IEEE 802.11, there are only a small set of transmission
rate that can be used. Therefore, we actually use the transmission rate index
instead of transmission rate directly.

outperforms ER by 10 — 25%, Opp by 20 — 25%, and 802.11
by 30 — 40%, respectively.

g Y Gos| | 7
iy i I 3 iy i :
o 2 06 —Sg j H o 061 XORR ."
3 g 04 ! Foat[(——er )
I 3 = 1] =-=-Opp !¢
00 L
© 2000 2500 3000 3500 o 2000 2500 3000 3500 © 1500 2000 2500 3000 3500 4000
Goodput (Kbps) Goodput (Kbps) Goodput (Kbps)
(a) o, = 0.01 (b) o, = 0.1 ©
Fig. 10.  Goodput in time-varying channel. 7; is randomly chosen from

[0.3,0.7]. Coherence time is 24.57 ms.(a) (b) static and homogeneous r =
5.5Mbps. (c) time-varying 7, oy = 0.1

Fig. 10(c) shows the goodput performance with time-
varying transmission rates. Each station’s transmission rate
varies among 2, 5.5 and 11Mbps. As shown in Fig. 10(c),
ER performs worst because its coding gain is offset by the
inappropriate coding scheduling, which does not consider the
link condition. This was also illustrated in [4]. Thus ER
not only fails to exploit multi-user diversity, but also loses
the coding gain. Opp achieves higher goodput than 802.11
by exploiting multi-user diversity. XORR, performs best by
exploiting both multi-user diversity and the network-coding.

D. Service time assignment

As aforementioned, service time assignment is critical for
designing a fair NC scheduling. In order to understand the
impact of the service time assignment, we compare our algo-
rithm in Eq. (8) with a naive service time assignment, which
evenly distributes the transmission time among all stations in
the coding-set. The link reliability for each wireless link is
randomly chosen from [0.2,0.9]. Fig. 11 shows the coding
improvement ratio and allocated service time of each station
using both time assignment algorithms in XORR. All stations
are sorted by their link reliabilities in the figure. Although the
overall service time over a period of time is evenly allocated
to all stations in both algorithms, when the naive service time
assignment is used in XORR, the stations with less reliable
links have coding loss. By contrast, XORR improves the
goodput of all stations while maintaining fairness.

E. Impact of estimation error

XORR relies on reception estimation for selecting coding-
sets. To estimate the reception of native frame for each user,
the AP needs to estimate the link reliability. Many existing
wireless system already maintains such statistics (e.g. WLAN
[13]). We now evaluate XORR in the case that reliability
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Fig. 11.

(b) Allocated service time
Starvation of XORR with naive service time assignment.
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XORR/302.11 | Opp/302.11 | XORR/Opp

UDP 10.7% 25% 8.0%

TCP 15.7% 1.0% 14.5%
TABLE II

GOODPUT IMPROVEMENT IN TEST-BED EXPERIMENTS. XX/YY MEANS
THE GOODPUT IMPROVEMENT OF XX OVER YY.

estimations have errors. To model this, we artificially add a
noise in the link reliability estimation, v, = 7. + e, where
e is a random variable following the normal distribution
N (0, o). Fig. 12 summarizes the CDF of the network goodput
under two different coherence times, 6.14 (vehicle speed) and
24.57ms (walking speed), respectively. When there exists an
estimation error, the network goodput of XORR does have
slightly degradation. But overall, the impact of estimation error
is limited, especially when the channel does not change very
fast. It is interesting to note that XORR is less sensitive to
estimation errors compared to Opp, as shown in Fig. 12(a). It
may be because the network coding actually could average the
errors out. Therefore, it is less significant if a user misses the
transmission due to estimation errors, as it may get a coding
opportunity later in the waiting queue.

VII. TEST-BED EXPERIMENTS

We have prototyped XORR and preliminarily evaluated its
performance on a real wireless test-bed. Our implementation
is based on Atheros AR5212 wireless NICs on the Windows
platform. We use broadcast to emulate all transmissions and
rely on software to generate ACKs. The test-bed contains 6
VIA EPIA mini-ITX boxes, each of which has a Netgear
WAG511 802.11a/b/g card. One machine works as an AP that
directly communicates with 5 other machines. We conduct
the experiments in a typical office environment. We fix the
transmission rate at 11Mbps. The links between the AP and
stations have an average reliability of 80%. Table II shows a
summary of goodput gain on our test-bed with both UDP and
TCP flows. Note that Opp does not have much gain compared
to 802.11 because in our environment the channel condition
is rather stable. The results show that XORR does improve
the network goodput compared to both 802.11 and Opp. The
coding gain XORR obtained over Opp is 8.0% with UDP
flows and 14.5% with TCP flows, respectively. It is interesting
to note that XORR has more performance gain with TCP. It
is because TCP is more sensitive on frame losses due to its
congestion control scheme. As XORR significantly reduces
frame losses, it improves TCP performance more significantly.

VIII. CONCLUSION
In this paper, we presented XOR Rescue (XORR), an

efficient NC-aware scheduling for MAC retransmissions. We
conducted extensive simulations and test-bed experiments to
investigate the performance of XORR. Our results showed that,
by exploiting both multi-user diversity and network coding,
XORR has a consistent improvement over the non-coding
schemes (802.11 and traditional opportunistic scheduling);
while the existing NC-aided ARQ retransmission scheme
sometimes even causes negative effect and thus performs
worse than 802.11. Furthermore, as shown by our theoretical
proof and simulations, while maintaining fairness, XORR
scheduler achieves a better goodput for every station in the
system, compared with traditional opportunistic schedulers.
Our scheme can be generalized for uplink traffic, or a mixture
of downlink and uplink traffic. The detailed scheme is omitted
due to space limit.
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