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Abstract—Network coding for two-way relaying in a three-node
network is considered. The achievable rate regions under both
traditional four-slot multi-hopping (FSMH) and network coding
(MAC-XOR) are characterized, showing a combination between
the two is needed for a larger region. This is accomplished by an
opportunistic network coding scheduling which requires minimal
information. Queuing analysis shows that for any pair of random
Poisson arrivals with rates within the convex hull of FSMH
and MAC-XOR regions is stabilizable. Next we consider how
traffic pattern, described by the rate ratio between uplink and
downlink, influences the sum rate. It is analyzed and compared
with that of FSMH. It is shown that network coding achieves
the maximum gain when traffic is symmetric, while it could be
worse than FSMH when the traffic is very asymmetric. How
multiple antennas influence the performance of network coding is
also discussed. Finally, simulations based on Erceg fading model
under a WiMAX setting are presented, which shows that the
network coding gain (vs FSMH) improves further under MIMO.

I. INTRODUCTION

Since the seminal paper by Ahlswede et al. [1], network
coding has been studied intensively for improving the perfor-
mance of wireline networks with noise-free links [2]. Com-
pared to wireline communication, wireless communication is
broadcast in nature. Recently, taking advantage of this fact,
the network coding idea has inspired many research activities
in the context of wireless networks [3]–[10].

Two-way relaying can be considered as a typical building
block behind many of the work. In the basic setup, it consists
of two source stations exchanging information through a relay
station in between (see Fig. 1). The direct link between the
two sources is often omitted when the two are far away
from each other or due to practical considerations such as
higher synchronization requirement. Since there is no such
direct link, a traditional approach to exchanging information
between them is to use a time-division multi-hopping scheme
which needs four time slots to complete a cycle of information
exchange (Fig. 1(a)). In comparison, network coding lets each
source station send one packet to the relay during the first two
slots, respectively. Then after decoding, the relay broadcasts
a bit-wise XOR-ed packet in the third slot to both source
stations. Upon decoding the XOR-ed packet, each source
station gets a new packet by XOR-ing with its own old
packet. The salient feature of the network coding approach is

that it effectively utilizes the broadcasting nature of wireless
communication and side information at each receiver station,
and fulfills the information exchange in three slots.

It may seem that network coding achieves both better rate
region and sum-rate. Yet one drawback of network coding is
that in the broadcast stage, the rate is limited by the weaker
link [7]. So the aforementioned comparison in terms of slots
is valid only when the four link capacities in between the three
stations are the same. Furthermore, when the link capacities
are not equal, time-sharing can be optimized to get better end-
to-end rates for both traditional multi-hopping and network
coding. Hence it remains unclear which one is better.

Another consideration in comparing the two is that in
practice traffic has certain patterns. For example, downlink
traffic is dominant in web browsing whereas gaming and voice
are of symmetric demand. Although optimal sum throughput
of network coding has been considered (e.g. [3], [5], [11]), it
remains unclear how traffic pattern influences network coding
gain compared to that of four-slot multi-hopping.

The sum rate problem of network coding in two-way
relaying has been studied in some literature. For example,
reference [4], [5] considered the power allocation problem to
maximize the sum rate for a single antenna system. Reference
[12] considered the rate of network coding but did not consider
and compare with that of multi-hopping. Reference [13] inves-
tigated the achievable rates by classical multi-user information
theory when a two stage scheme is used. In this scheme, the
two source stations first transmit simultaneously to the relay,
and the latter then broadcasts to both ends. MIMO relaying
was also considered in [11] for the two-stage operation.

In this paper, based on common practice,1 we consider a
two-way relaying system in which the two source stations
can only send information to the relay over different time
slots. We characterize the achievable rate regions for two-
way relaying under both network coding and FSMH, and how
effective scheduling algorithm could be constructed to achieve
the full region. Given the rate regions being characterized, we
investigate how traffic pattern influences the performance of
network coding in terms of end-to-end sum rate, and under

1In practice, multiaccess typically happens over orthogonal resources such
as time and frequency. Here for simplicity we only consider TDMA.
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what condition network coding achieves the maximum gain
over FSMH. Moreover, since the throughput gain of network
coding heavily depends on the individual link capacities, it is
of interest to see how much gain can be further exploited with
MIMO transmission. It is well known that multi-antenna sys-
tems can provide high spectrum efficiency for point-to-point
links. However, it is not clear that how much network coding
gain can be effected thanks to different MIMO transmission
schemes, such as beamforming and spatial multiplexing.

Focusing on characterizing and comparing the performance
of network coding and FSMH, our contributions in this paper
are fourfold: (i) We characterize the achievable rate regions for
both network coding and FSMH, showing that the former does
not always achieve a larger region, and a combination between
them is needed to achieve a greater region; (ii) We propose
and prove the optimality of a simple scheduling scheme,
opportunistic network coding, to achieve the full region with
minimal information required; (iii) We solve the sum-rate
optimization problem for network coding and FSMH under
different traffic patterns, and prove that the maximum rate
gain of network coding is achieved when the traffic pattern
is symmetric, no matter what the link capacities are; (iv)
We discuss how network coding works under MIMO, and
characterize the performance by simulation under practical
fading models.

The rest of the paper is organized as follows. Section II
provides the system description and assumptions for the two-
way relaying system considered. Section III characterizes the
rate regions achieved by network coding and FSMH, and
presents a scheduling algorithm to achieve the full combined
region. Section IV solves the sum-rate optimization problem
for network coding and FSMH with and without traffic pattern
constraint. Section V discusses network coding with multiple
antennas, and simulation results for both SISO and MIMO are
provided. Finally, Section VI concludes the paper.

II. SYSTEM DESCRIPTION AND ASSUMPTIONS

Consider a wireless relaying system that consists of a relay
station and two source stations, as depicted in Fig. 1. The
source station X0 wants to send information to X2, and X2

wants to send information to X0. We assume that there is no
direct link between the two source stations, and all stations
are half-duplex, i.e., a station cannot transmit and receive
simultaneously.

Suppose X0 wants to send packet D0 to X2, and X2 wants
to transmit packet D2 to X0. The information transmission
between two source stations can be completed by a traditional
four-slot multi-hopping (FSMH) fashion as shown in Fig. 1(a).

The FSMH scheme can be improved by network coding,
introduced in [3]–[6] and shown in Figure 1(b). The core idea
of network coding is to XOR the packets from the two source
stations, and then the relay station broadcasts D1 := D0⊕D2

to both ends by taking advantage of the broadcast nature of
wireless communication. In the end, the source station X0 gets
the new packet D2 by XOR-ing its old packet D0 with D1,
and X2 gets the new packet D1 by XOR-ing its old packet D2

0X 1X 2X
2D0D

1D

201 DDD

0X 1X 2X
2D0D

0D2D

Fig. 1. A two-way relaying system: (a) Traditional multi-hopping scheme
with 4 time slots, (b) MAC-Layer XOR scheme with 3 time slots.

with D1. In the paper, we denote this network coding scheme
as MAC-XOR as it happens on the MAC-layer. Notice that it
only needs three time slots to complete transmission of packets
D0 and D2.

0X 1X 2X
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Fig. 2. End-to-end transmission rates in two-way relaying

We introduce several notations as follows. Let Cij denote
the link capacity from station i to station j, as shown in Fig.
2. We assume that the link capacity can be achieved by a
capacity-achieving code, e.g. LDPC or Turbo codes. We also
define

R0 : the information rate from X0 to X2;
R2 : the information rate from X2 to X0;
C012 := (1/C01 + 1/C12)−1;
C210 := (1/C21 + 1/C10)−1.

Note that C012 is the maximum rate achievable from node X0

to X2 by both MAC-XOR and FSMH. This is because by
assumption, one can only send information from X0 to X2

by time-sharing between two stages: X0 → X1 and X1 →
X2. The optimal time-sharing parameters are easily shown
to be ( C12

C01+C12
, C01

C01+C12
). For the same reason, C210 is the

maximum rate from node X2 to X0 by both schemes. Finally,
we introduce a traffic pattern parameter

µ :=
R2

R0
,

i.e., the ratio between the two rates. It is a good indicator
of traffics in practice. For example, when R0 represents the
downlink traffic while R2 denotes the uplink traffic in a
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cellular system, webpage downloading has µ ∼ 0, and gaming
traffic has µ ∼ 1.

III. ACHIEVABLE RATE REGIONS AND OPPORTUNISTIC

SCHEDULING

In this section, we characterize the rate regions achieved
by MAC-XOR as well as FSMH. We also present a simple
opportunistic scheduling algorithm which stabilizes the system
for any Poisson arrivals with rate pair within the region.

A. Achievable Rate Regions for FSMH and MAC-XOR

For FSMH, the achievable rate pairs are described by the
following constraints by definition:

CFSMH :=
{

(R0, R2) : R0 ≤ λ1C01, R0 ≤ λ2C12,

R2 ≤ λ3C21, R2 ≤ λ4C10,
∑

λi = 1
}

,

where {λi} are the time-sharing parameters. We then have the
following result.

Theorem 3.1: The rate region CFSMH is the triangle
formed by the origin, (C012, 0), and (0, C210), as shown in
Fig. 3.

Proof: It is easy to verify that (C012, 0) is achieved by
setting λ1 = C012/C01, λ2 = C012/C12 and λ3 = λ4 = 0.
And (0, C210) is achieved by setting λ3 = C210/C21, λ4 =
C210/C10 and λ1 = λ2 = 0. Since the region is convex
as it is described by linear constraints, the triangle region is
achievable.

Now we show the triangle is also an outer bound for FSMH.
Considering the four inequalities and dividing each one by its
corresponding link capacity, we have

R0

C01
+

R0

C12
+

R2

C21
+

R2

C10
≤

∑
λi = 1.

Rewriting, it is R0
C012

+ R2
C210

≤ 1, the region below the line
connecting the two points (C012, 0) and (0, C210).

For MAC-XOR, the rate region is described by the follow-
ing constraints by definition:

CMAC−XOR :=
{

(R0, R2) : R0 ≤ λ1C01, R2 ≤ λ2C21,

R0 ≤ λ3 min(C12, C10), R2 ≤ λ3 min(C12, C10),∑
λi = 1

}
.

We thus have the following result.
Theorem 3.2: If C12 ≤ C10, then the rate region

CMAC−XOR is the quadrilateral formed by the origin,
(C012, 0), ((1/C012 + 1/C21)−1, (1/C012 + 1/C21)−1), and
(0, (1/C12 + 1/C21)−1), as shown in Fig. 3(a) and (c).
If C12 > C10, then the rate region CMAC−XOR is the
quadrilateral formed by the origin, ((1/C01 + 1/C10)−1, 0),
((1/C210 +1/C01)−1, (1/C210 +1/C01)−1) and (0, C210), as
shown in Fig 3(b).

Proof: If C12 ≤ C10, then the region becomes

CMAC−XOR :=
{

(R0, R2) : R0 ≤ λ1C01, R2 ≤ λ2C21,

R0 ≤ λ3C12, R2 ≤ λ3C12,
∑

λi = 1
}

.

It is easy to verify that (C012, 0) is achieved by set-
ting λ1 = C012/C01, λ3 = C012/C12 and λ2 = 0.
(0, (1/C12 +1/C21)−1) is achieved by setting λ2 = (1/C12 +
1/C21)−1/C21, λ3 = (1/C12 + 1/C21)−1/C12 and λ1 = 0.
((1/C012 + 1/C21)−1, (1/C012 + 1/C21)−1) is achieved by
setting λ1 = (1/C012 + 1/C21)−1/C01, λ2 = (1/C012 +
1/C21)−1/C21, and λ3 = (1/C012 + 1/C21)−1/C12. Since
the region is convex as it is described by linear constraints,
the quadrilateral region is achievable.

Now we show the quadrilateral is also an outer bound for
MAC-XOR. Considering the four inequalities and dividing
each one by its corresponding link capacity, we have

R0

C01
+

R0

C12
+

R2

C21
≤

∑
λi = 1,

R2

C21
+

R2

C12
+

R0

C01
≤

∑
λi = 1.

The first one corresponds to the region below the line connect-
ing (C012, 0) and ((1/C012+1/C21)−1, (1/C012+1/C21)−1),
and the second one corresponds to the region below the
line connecting (0, (1/C12 + 1/C21)−1) and ((1/C012 +
1/C21)−1, (1/C012 + 1/C21)−1).

The proof for the case when C12 > C10 is similar.
The following is an immediate observation based on the

above two theorems.

Remark 3.3: MAC-XOR operation is not always better than
FSMH. Specifically, MAC-XOR is worse than FSMH when
either C12 < C10 and µ � 1, or C12 > C10 and µ � 1.
Time-sharing between MAC-XOR and FSMH achieves a larger
region, the convex hull of CFSMH ∪ CMAC−XOR.

B. Opportunistic Network Coding (ONC) Scheduling

In this subsection we propose a scheduling algorithm to
stabilize the system for any Poisson arrival processes with
a (bit-arrival) rate pair within the convex hull of CFSMH ∪
CMAC−XOR. We assume that packets of fixed length L arrive
at X0 according to Poisson process with rate R′

0, and arrive
at X2 according to Poisson process with rate R′

2. There is a
buffer of infinite size at each source station. The opportunistic
scheduling is as follows:

ONC Scheduling Algorithm : Upon finishing the previous
transmission, packets are transmitted in the next transmission
according to the following policy:

1) If neither queue is empty, choose one packet from
each queue and send them over the relay by the
MAC-XOR scheme.

2) If one queue is empty, choose one packet from the
other queue and send it over the relay by the multi-
hopping scheme.
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Fig. 3. Achievable Rate Regions for Three Different Schemes: (a) C12 < C10 (b) C10 > C12 (c) C10 = C12

Note that the attractive feature of this algorithm is that it does
not require any arrival rate information of the two queues to
achieve the system stability as stated in the following theorem:

Theorem 3.4: The ONC scheduling algorithm stabilizes the
two-way relaying system for any Poisson arrivals as long as
the (bit-arrival) rate pair (R′

0L,R′
2L) is within the convex

hull of CFSMH ∪ CMAC−XOR.
Proof: Denote R0 := R′

0L and R2 := R′
2L. Without loss

of generality, assume each packet has unit length. Consider
the time right after the n-th transmission. The queue length
vector is denoted by Q(n) = [q0(n), q2(n)] in which q0(n)
and q2(n) represent the two queue lengths at station X0 and
X2, respectively. It is obvious that Q(n) forms a non-reducible
Markov chain. Note that the number of packets arriving at X0

during a transmission time slot ∆t is a Poisson process with
parameter R0∆t, while the number of packets arriving at X2

is also a Poisson process with parameter R2∆t.
In order to show the stability of the Markov process Q(n),

we define the Lyapunov function as follows:

V (n) :=
Cnc

C012 − Cnc
q2
0(n)+

Cnc

C210 − Cnc
q2
2(n)+2q0(n)q2(n),

where Cnc := (1/C21+1/C01+1/min(C10, C12))−1. If both
q0(n) > 0 and q2(n) > 0, then q0(n+1) = q0(n)−1+ δ0(n)
and q2(n + 1) = q2(n) − 1 + δ2(n) where δ0(n) and δ2(n)
are a Poisson random variable with parameter R0

Cnc
and R2

Cnc

respectively. It follows that

E(V (n + 1)|Q(n)) =

V (n) + 2C012
Cnc

[
Cnc

C012−Cnc

(
R0

C012
− 1

)
+ R2

C012

]
q0(n)

+ 2C210
Cnc

[
Cnc

C210−Cnc

(
R2

C210
− 1

)
+ R0

C210

]
q2(n) + C1 (1)

where C1 is a constant depending on R0, R2, Cnc, C012, C210.
If q0(n) > 0 and q2(n) = 0, then q0(n + 1) = q0(n) −

1 + δ′0(n), where δ′0(n) is a Poisson random variable with
parameter R0

C012
. Similarly, q2(n+1) = δ′2(n) with δ′2(n) being

Poisson( R2
C012

). Thus we have

E(V (n + 1)|Q(n)) =

V (n) + 2
[

Cnc

C012−Cnc

(
R0

C012
− 1

)
+ R2

C012

]
q0(n) + C2 (2)

where C2 is a constant depending on R0, R2, Cnc, C012, C210.
On the other hand, if q0(n) = 0 and q2(n) > 0 we have

E(V (n + 1)|Q(n)) =

V (n) + 2
[

Cnc

C210−Cnc

(
R2

C210
− 1

)
+ R0

C210

]
q2(n) + C3 (3)

where C3 is a constant depending on R0, R2, Cnc, C012, C210.
Since (R0, R2) is below the line connecting point (0, C210)

and (Cnc, Cnc) and the line connecting point (C012, 0) and
(Cnc, Cnc), the following inequalities are obvious:

Cnc

C012 − Cnc

(
R0

C012
− 1

)
+

R2

C012
< 0

Cnc

C210 − Cnc

(
R2

C210
− 1

)
+

R0

C210
< 0

We therefore have E(V (n + 1)|Q(n)) ≤ V (n) − 1 whenever
q0(n) or q2(n) is large. By Foster-Lyapunov criterion [14],
Q(n) is stable.

IV. SUM-RATE OPTIMIZATION

In practice end-to-end sum-rate is usually the choice to
characterize overall performance. In this section we first
consider the sum-rate optimization without any constraint on
traffic pattern. Then we consider how traffic pattern influences
the sum-rates of FSMH and MAC-XOR, and the ratio between
these two. The above two questions are easy to answer given
that we have characterized the rate region in last section.

A. Sum-Rate without traffic constraint

Considering Theorems 3.1, 3.2 and Fig. 3, the following
result is immediate:

Corollary 4.1: The maximum sum-rate achievable by
FSMH is max{C012, C210}. The maximum sum-rate achiev-
able by MAC-XOR is

max
{

C012,
1

1/C12 + 1/C21
,

2
1/C01 + 1/C12 + 1/C21

}
,

when C12 < C10, and

max
{

C210,
1

1/C10 + 1/C01
,

2
1/C21 + 1/C10 + 1/C01

}
,

when C12 ≥ C10.
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Proof: Since sum rate is R0 +R2 and the constraints are
linear, the maximum sum rate must be achieved at a corner
point according to the theory of linear programming.

Given the above, we observe the following.
Remark 4.2: Network coding does not always achieve the

maximum sum rate. For example, when C12 < C10, C012 >
C21 and C01 > C21, i.e., the 0-1-2 route is much better than
the reverse, the sum rate is achieved by using 0-1-2 hopping
only.

B. Sum-Rate with traffic constraint

In practice, traffic is typically of certain pattern. In a simple
way, it can be described by the ratio between uplink traffic and
downlink traffic, i.e., µ = R2/R0 as defined in Section II. For
example, web browsing has µ ∼ 0 while gaming has µ ∼ 1.
In this subsection we consider the sum rate when the ratio µ
is fixed. So we have the following result.

Corollary 4.3: For fixed µ, the maximum sum rate achiev-
able by MAC-XOR is

R∗
MAC−XOR =

1 + µ
1

C01
+ µ

C21
+ max{1,µ}

Cb

, (4)

where Cb := min{C10, C12}. Whereas the maximum sum rate
achievable by FSMH is

R∗
FSMH =

1 + µ
1

C01
+ 1

C12
+ µ

C10
+ µ

C21

. (5)

Proof: For FSMH, the boundary line of its region is
R2/C210+R0/C012 = 1 according to Theorem 3.1. Replacing
R2 with µR0 we get the desired result.

For MAC-XOR, we consider the case when C12 < C10.
According to Theorem 3.2, the boundary line of its region
when µ < 1 is R0/C012 + R2/C21 = 1. Replacing R2 with
µR0 we get the desired result for µ < 1. The boundary line
when µ ≥ 1 is R0/C01+R2/C21+R2/C12 = 1, and similarly
the maximum sum rate can be found by replacing R2 with
µR0. The case when C12 ≥ C10 is solved similarly.

Now we consider how much gain MAC-XOR can bring
against FSMH. Define

ηnc :=
R∗

MAC−XOR

R∗
FSMH

= 1 +
1

C12
+ µ

C10
− max{1,µ}

Cb

1
C01

+ µ
C21

+ max{1,µ}
Cb

, (6)

where the equality comes from Corollary 4.3. The following
result shows that the most favorable situation for MAC-XOR
happens when the traffic is symmetric.

Theorem 4.4: The gain ηnc achieves its maximum when the
traffic is perfectly symmetric, i.e., µ = 1.

Proof: For µ ≤ 1, we can take the derivative of ηnc(µ)
with respect to µ and get

η′
nc =

1
C10C01

+ 1
C10Cb

+ 1
C21

(1/Cb − 1/C12)

(1/C01 + µ/C21 + 1/Cb)
2 > 0.

Similarly it is easy to show that η′
nc < 0 when µ > 1.

V. MIMO AND SIMULATION RESULTS

In this section we discuss how multiple antennas influence
the results, and present simulation results based on practical
models.

The simulations are based on the following WiMAX sce-
nario. We assume that station X0 is a base station, and the
other source station X2 is a subscriber (user) station, and there
is a relay station X1 between them. Both the base station
and the relay station have four antennas, and the subscriber
station has two. We assume that all the channels are reciprocal,
i.e. the uplink and downlink channel gain matrices are the
same. Also, all stations have perfect channel knowledge so
that they can attain the channel capacities of transmit-receive
(TX-RX) beamforming and spacial multiplexing MIMO. ErcB
model [15] is used for generating the channel gains in between
all stations. In addition, we assume that the fading between
different antenna pairs are i.i.d.

We first would like to understand how the sum rate is
affected by introducing MIMO with different transmission
schemes such as beamforming and spatial multiplexing, as
compared to SISO. Recall that in SISO case, the set of link
capacities {Cij} determines everything. Examining the FSMH
scheme, we notice that one only needs to replace the SISO
capacity Cij with MIMO link rate achieved by beamforming
or spatial multiplexing. This is because each transmission
in FSMH is point-to-point. Examining the MAC-XOR case,
we find that for the first two transmissions, X0 → X1 and
X2 → X1, one still just needs to replace the link rates
with the MIMO rates. It becomes interesting to notice that
in the third transmission when X1 broadcasts to both X0

and X2, it is generally not true that the achieved common
rate is min(C10, C12), where Cij denotes the individually
optimized link rate. This is because one pre-coding matrix (or
beamforming vector) best for one link may not be the best
for the other. For example, in the spatial multiplexing case the
broadcasting rate limited by channel capacities is

max
Σ

min
{

log det
(

I +
1

N0
H10ΣH†

10

)
,

log det
(

I +
1

N0
H12ΣH†

12

)}

s.t. Trace(Σ) ≤ PR, Σ ≥ 0

where I is an identity matrix with appropriate dimension, Σ
is the input covariance matrix, N0 is the noise power, Hkl

denotes the channel gain matrix from station k to l, and PR is
the relay power. This was noted in [11]. Although it could
be solved by semidefinite programming techniques, in this
paper for simplicity the relay station just uses uniform power
allocation for all antennas in the broadcast stage. Another
reason to choose uniform input is that, when the entries of
channel matrices are iid Rayleigh fading it is optimal for open-
loop and approaches optima for closed-loop when the number
of antennas is large.

The CDF curves of sum rate in Fig. 4 are based on the
following setup. The transmit powers for base station, relay
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Fig. 4. CDF of Sum Rate

station and subscriber station are 42 dBm, 35 dBm and 16
dBm, respectively. the subscriber station is positioned 1000m
away from the base station and the relay station is 800m away
from the base station. The plots are based on 1000 channel
realizations, and we assume a traffic pattern parameter µ =
0.5. As we can see in Fig. 4, the sum rate are significantly
increased by network coding and MIMO transmission. Since
the traffic pattern in the relaying system is asymmetric and
in general C12 > C10, the ONC scheme contributes more
rate than the MAC-XOR scheme does. This is exactly the
situation indicated in Fig. 3(b). From Fig. 4 we also observe
that the MAC-XOR gain ηnc is further enlarged due to MIMO
transmission.
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Fig. 5. MAC-XOR scheme: ηnc vs. µ

Fig. 5 and Fig. 6 show how the network coding gain ηnc

changes with the traffic pattern parameter µ for the MAC-XOR
scheme and the ONC scheme, respectively. ηnc always reaches
its maximum at µ = 1 no matter what kind of network coding
and MIMO transmission schemes are used. In addition, the
gain approaches one when µ gets large, for all transmission
cases. It becomes less than unity for the MAC-XOR scheme
when µ is very small; it approaches unity for the ONC scheme
in this case. So we know that network coding schemes do not
provide significant rate gain when the two-way relaying system
has a very asymmetric traffic pattern.

VI. CONCLUDING REMARKS

We characterized the achievable rate regions for FSMH,
MAC-XOR and opportunistic network coding schemes. For
any given traffic pattern, we found the optimal end-to-end
sum rates for the FSMH and MAC-XOR schemes. Moreover,
several interesting observations have been found in this paper.
First, focusing on only maximizing sum rate may result in
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Fig. 6. ONC scheme: ηnc vs. µ

only one-way transmission. Second, no matter what trans-
mission method is used, the maximum MAC-XOR gain is
always achieved when two-way traffic is symmetric. Third,
the proposed ONC scheduling algorithm is able to achieve the
convex hull of the FSMH and MAC-XOR regions, and at the
same time stabilizes the system without knowing the Poisson
arrival rates at each source station. Simulation results verify
that the network coding gain can be further exploited over
MIMO transmission, and asymmetric traffic seriously impacts
the performance.
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