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Cell-Edge Multi-User Relaying with Overhearing
Fan Sun, Tae Min Kim, Arogyaswami J. Paulraj, Elisabeth de Carvalho, and Petar Popovski

Two slot [1]

Abstract—Carefully designed protocols can turn overheard interference into useful side information to allow simultaneous transmission of multiple communication flows and increase the spectral
efficiency in interference-limited regime. We propose a novel scheme
in a typical cell-edge scenario. By exploiting the overhearing link
through proper relay precoding and adaptive receiver processing,
rate performance can be significantly improved compared to the
conventional transmission which does not utilize overhearing.

I. I NTRODUCTION
Wireless cellular networks serve multiple data flows simultaneously, where the term flow stands for the data packets emerging from a specific source and intended for a specific destination.
Joint processing and transmission of multiple independent data
flows can improve the spectral efficiency of a cellular network.
This is achieved by turning inter-flow interference into an advantage and using it as side information in the decoding, rather than
treating it as detrimental noise to be avoided. Such an approach
is an essence of, for example, the techniques based on physicallayer network coding [1], [2].
In this letter, we focus on the design of the transmission
protocol which intentionally introduces inter-flow interference in
a way that the receiver can overhear the interference and exploit
it as side information to improve the overall spectral efficiency
of the network. In [3], the authors propose a protocol for multiuser relaying under the assumption that one user equipment
(UE) overhears the data from the other UE perfectly. However,
such assumption is difficult to ensure in practice, since the
overhearing link between the UEs tends to be noisy. More
realistic overhearing-based relaying schemes have been proposed
in [4], [5], which assume the setup with two UEs: one UE has a
good direct link to the base station (BS) and the other UE has no
direct link to the BS. Different approaches have been considered
to exploit the overheard interference: [4] is based on a nonlinear receiver where the interference is decoded and canceled
first, while [5] uses a linear receiver for interference suppression.
The overhearing-based relaying system with linear receiver [4] is
further applied to a cooperative cognitive radio network in [6].
Meanwhile, [7] focuses on a scenario with multiple cell-edge
UEs. Some UEs require huge uplink traffic and have no direct
connections to the BS. The other UEs demand huge downlink
traffic and have weak direct links to the BS. The optimal degree
of freedom is identified through interference neutralization at the
relay in [7], which cancels the overheard interference by using
a different copy of the interference propagated through the twohop relaying. While such interference neutralization is optimal
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Fig. 1. System model (benchmark): direct link (dashed), relay link (solid).
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Fig. 2.
System model (proposed): direct link (dashed), relay link (solid),
overhearing link (dashed dot).

in terms of securing the degree of freedom in the network, its
performance in practice under finite SNR regime can be further
improved by relay precoding and receiver processing.
To illustrate how to efficiently use the overhearing link, we
focus on a scenario with two cell-edge UEs having asymmetric
traffic requirements, where one UE requires uplink traffic, e.g.
sharing HD video with friends while the other UE demands
downlink traffic, e.g. watching movies on Youtube. In particular,
the links between the BS and UEs are assumed to be weaker
compared to the links between the relay and the other nodes. But
the weak direct links are not neglected, which is more general
compared to [4]–[6]. The transmission mainly relies on the links
through the relay amplify-and-forward (AF) operation [8]. In the
conventional scheme shown in Fig. 1, the two flows will require
two orthogonal uplink and downlink phases, where each phase
takes two time slots.
In the proposed scheme shown in Fig. 2, we have three key
contributions in the 2nd time slot: we intentionally allow the
uplink UE to interfere the downlink UE via signal retransmission
for better receptions of both traffic; the downlink UE overhears
the interference and uses it as side information to recover its desired signal by performing appropriate receiver processing based
on different interference levels; the relay plays a central role
in balancing the two flows via relay precoding. By optimizing
the relay precoding and selecting the receiver processing, the
overheard information is demonstrated to be beneficial to the
spectral efficiency increase by allowing to accomplish the overall
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transmission in only two time slots instead of the four time slots
in the conventional method. The value of this scenario is to
extend the wireless network coding principle, introduced in the
two-way relaying [9], to a scenario which has asymmetric traffic
requirements for two cell-edge UEs.
The downlink traffic is inherently more susceptible to the interflow interference than the uplink traffic, as the uplink enjoys
interference-free reception after the self-interference cancellation. Therefore, the relay precoding and the receiver processing are chosen in order to maximize the minimum weighted
SNR/SINR of the two flows, which reflects different types of
user fairness. We stay with the single-antenna setup for all the
nodes to highlight the principle of overhearing in this work.
II. S YSTEM M ODEL AND F OUR - SLOT T RANSMISSION
We assume two information flows in a perfectly synchronized
network: the BS transmits x1 to UE 1 and UE 2 delivers
x2 to the BS. All links are assumed to be static within the
duration of the schemes considered in the paper. We assume
that the noise power is normalized to unity. We denote the
(narrowband) channel between nodes A and B as hAB . The
channel coefficients also embed the transmit power, so that
the average SNR corresponding to the link between A and B
is defined as γAB = E(|hAB |2 ). Equivalently, the maximum
transmit power of each node is set to 1. In this paper, we consider
the cell-edge scenario where the direct transmissions between the
BS and the UEs significantly suffer from the poor link quality.
Therefore, the use of the relay is crucial to support both flows.
The BS and UE 2 transmit at full power; the relay can adjust its
transmit power as well as apply a phase change to the transmit
signal. For simplicity, we use 1, 2, B, R as the indices in the
formulas to denote UE 1, UE 2, BS and the relay, respectively.
We assume that the relay has a perfect knowledge of all channels.
The BS and UEs need only a subset of all channels, as will be
clear in the description of the post-processing at each node.
The reference scheme does not employ overhearing and consists of four slots as shown in Fig. 1. The transmission of each
flow takes two slots. We apply the non-orthogonal AF (NAF)
[10] for both flows, where in the 2nd time slot the BS retransmits
the same signal as in the 1st slot simultaneously with the relay
transmission. The complex relay gains in slot 2 and slot 4 are
chosen to optimize the rate of individual flow.
III. P ROPOSED T WO - SLOT T RANSMISSION
The use of four time slots makes the previously described
scheme very inefficient. We can reduce the transmission duration
from four slots to two slots using side information: the overheard
signals at UE 1 and the self-interference cancellation at BS. We
illustrate the proposed transmission in Fig. 2. In the 1st slot, UE
2 transmits x2 to the relay while x1 is delivered from the BS to
UE 1 and the relay. Meanwhile, UE 1 overhears the interfering
signal from UE 2 while the relay receives the combined signal.
Then the relay forwards the received signal to both the BS and
UE 1 in the 2nd slot. Meanwhile, UE 2 retransmits x2 to the BS
and UE 1 will again overhear this information.
Remark 1: Although UE 2 should remain inactive not to
create any interference in the 2nd slot, it retransmits the signal
already transmitted for better receptions of both flows: improved
reception for uplink via the direct link hB2 ; better interference
distinguishability at UE 1 which helps to facilitate the processing

2

at UE 1. We consider the full transmission power is used in both
slots at BS and UE 2 as used in the benchmark.1
A. Transmission Scheme
The received signals at the relay and UE 1 in the 1st slot are
yR (1) = hRB x1 + hR2 x2 + nR
y1 (1) = h1B x1 + h12 x2 + n1 (1)

(1)

where the noise variables at the relay and UE 1, denoted by nR
and n1 (1), are zero mean circularly symmetric complex Gaussian
(ZMCSCG) random variables with unit variance. The received
signals at BS and UE 1 in the 2nd slot are
yB (2) = hBR xR + hB2 x2 + nB
y1 (2) = h1R xR + h12 x2 + n1 (2)

(2)

where the signal transmitted from the relay is of the form xR =
w yR (1) with w being the complex relay gain. The complex
relay gain is broadcasted to the two reception nodes through
control signaling. nB and n1 (2) are ZMCSCG noise variables
with unit variance at the BS and UE 2. The complex relay gain
is our key design parameter and is constrained as E[|xR |2 ] =
2
|w| (|hRB |2 + |hR2 |2 + 1) ≤ 1.
With the knowledge of the channel gains and the relay gain
w, the BS can remove the self interference x1 in the received
signal completely. Therefore, there is no interference when the
BS decodes x2 . After interference cancellation, we have ŷB (2) =
(hB2 + hBR whR2 ) x2 + hBR wnR + nB . Then the SNR at BS
+whBR hR2 |2
is expressed as SNRB = |hB2
.
|w|2 |hBR |2 +1
Meanwhile, UE 1 uses y1 (1) and y1 (2) from the two slots to
form a virtual 2-antenna received signal vector
[
]
[
]
h1B
h12
y1 =
x1 +
x2
h1R whRB
h12 + h1R whR2
[
]
n1 (1)
+
= h1 x1 + h2 x2 + n1 .
h1R wnR + n1 (2)
UE 1 wants to decode the desired signal x1 while x2 is the
interference. The interference x2 is received from two slots. In
the following section, we will cover the adaptive principle in
details via two decoding options at UE 1.
B. Decoding Options
The receiver takes different decoding strategies depending on
the relative interference level. Weak interference is suppressed by
a linear receiver and strong interference is decoded and mitigated
via successive interference cancellation (SIC) processing.
1) Linear decoding: After applying individual linear MMSE
receivers
{ [ for x1 and x2 , we ]}will obtain SINR1 =
H

−1

hH
E (h2 x2 + n1 ) (h2 x2 + n1 )
h1 and SINR2 =
1
{ [
]}−1
H
hH
E (h1 x1 + n1 ) (h1 x1 + n1 )
h2 with final expres2
sions shown in (3) and (4), respectively. If SINR1 ≥ SINR2 ,
(
)(
)
2
2
2
2
2
|h12 + h1R whR2 | ≤ 1 + |w| |h1R |
|h1B | − |h12 |
2

2

2

+ |w| |h1R | |hRB | .

(5)

In this situation, a linear MMSE receiver is applied at UE 1
to suppress interference first. Then we directly decode x1 while
treating x2 as interference.
1 Varying power at BS and UE 2 may offer better performance at the expense
of more complicated optimization. However, it is out of scope of this letter.
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(
SINR1 =

(
SINR2 =

2

1 + |w| |h1R |
2

2

)

2

1 + |w| |h1R |

)

2

3

2

2

2

2

2

+ |w| |h1R | |hRB | ,

2

(6)

we will decode x2 first. We assume x2 is successfully decoded
and the contribution of h2 x2 can be mitigated in y2 to form
[
]
[
]
h1B
n1 (1)
ŷ1 =
x1 +
.
h1R whRB
h1R wnR + n1 (2)
Therefore, we will not have interference when decoding x1 . We
2
2
|2 |hRB |2
thus obtain SNR1 = |h1B | + |w||w||h2 1R
.
|h |2 +1
1R

C. Optimization Formulation and Adaptive Algorithm
In order to balance the two flows with fairness, we optimize
the relay precoding and choose the receiver processing to maximize the minimum weighted SNR/SINR. We denote βB , β1 > 0
to be the priority factors associated with the two flows. In our
problem, the amount of interference is intermingled with the
relay precoding. Thus, we cannot determine which decoding
option to use beforehand. Our approach is to solve two different
problems addressing different decoding options and choose the
one with higher minimum weighted SNR/SINR.
Problem 1 (P1). Maximizing the minimum weighted SNR/SINR with linear decoding:
maximize
w

subject to

min (βB SNRB , β1 SINR1 )
(
)
2
2
2
|w| |hRB | + |hR2 | + 1 ≤ 1

(7)

Problem 2 (P2). Maximizing the minimum weighted SNR/SINR with SIC:
w

subject to

min [βB min (SNRB , SINR2 ) , β1 SNR1 ]
(
)
2
2
2
|w| |hRB | + |hR2 | + 1 ≤ 1
(8)
SINR1 ≤ SINR2 in (6).

where min (SNRB , SINR2 ) comes from the rate requirement for
x2 in order to be decodable both at the BS and at UE 1.
1) Adaptive Algorithm: To maximize the minimum weighted
SNR/SINR, we compare the results from P1 and P2 and choose
the optimal solution. Both P1 and P2 are non-convex problems,
where the global optimal solutions can be obtained via extensive
numerical search over the complex field. This search is difficult
to accomplish within reasonable computation time. Here, we
resort to the structured solutions based on the bisection principle
and the relevant feasibility problem similar to [9].
The detailed process is shown in Algorithm 1. First, we form
two feasibility problems associated with P1 and P2, (9) and (10)

(3)

2

(4)

to check whether the given r0 and r0SIC (corresponding to the
rate) can be satisfied, respectively. These feasibility problems
are used in the one-dimensional bisection search to obtain the
optimal values for P1 and P2, respectively. ϵr is the bisection
threshold. The convergence proof for Part I or Part II of the
algorithm can be easily constructed by contradiction and letting
ϵr → 0, similar to Appendix D in [9].
Algorithm 1 Minimum weighted SNR/SINR maximization
Part I: solution for P1 (linear decoding at UE 1)
initialize rmin and rmax
repeat until rmax − rmin ≤ ϵr
I. set r0 = 21 (rmin + rmax )
II. solve the feasibility problem (9)
if (9) is feasible, rmin = r0
else rmax = r0
Part II: solution for P2 (non-linear SIC at UE 1)
initialize rminSIC and rmaxSIC
repeat until rmaxSIC − rminSIC ≤ ϵr
I. set r0SIC = 12 (rminSIC + rmaxSIC )
II. solve the feasibility problem (10)
if (10) is feasible, rminSIC = r0SIC
else rmaxSIC = r0SIC
Minimum weighted SNR/SINR: max (r0 , r0SIC )
find
subject to

SINR1 ≥ SINR2 in (5).

maximize

2

|h12 | + |h12 + wh1R hR2 | + |h1B h12 + w (h1B h1R hR2 − h12 h1R hRB )|
(
)(
)
2
2
2
2
2
2
1 + |w| |h1R |
|h1B | + 1 + |w| |h1R | |hRB |

2) Non-linear decoding: Here we apply the MMSE-SIC processing. Observing that UE 1 receives both x1 and x2 , if the
interference related to x2 is stronger compared to the signal level,
we resort to decode x2 and then subtract it via the interference
cancellation process. If SINR1 ≤ SINR2 , which means
(
)(
)
2
2
2
2
2
|h12 + h1R whR2 | ≥ 1 + |w| |h1R |
|h1B | − |h12 |
2

2

|h1B | + |w| |h1R | |hRB | + |h1B h12 + w (h1B h1R hR2 − h12 h1R hRB )|
(
)(
)
2
2
2
2
1 + |w| |h1R |
|h12 | + 1 + |h12 + wh1R hR2 |

w
|w|

2

(

2

(9)

)

2

|hRB | + |hR2 | + 1 ≤ 1, βB SNRB ≥ r0

β1 SINR1 ≥ r0 , SINR1 ≥ SINR2 in (5).
find
subject to

w
|w|

2

(

2

2

)

(10)

|hRB | + |hR2 | + 1 ≤ 1

βB SNRB ≥ r0SIC , βB SINR2 ≥ r0SIC
β1 SNR1 ≥ r0SIC , SINR1 ≤ SINR2 in (6).
D. Optimal Solutions
Both (9) and (10) are with non-convex quadratic constraints.
We apply the widely-used semidefinite relaxation (SDR) [11].
1) Notations: In order to homogenize (9) and (10) following
T
[11], we use b[ = [w 1] . The power constraint
] at the relay is
2
2
bH Ab = bH |hRB | + |hR2 | + 1 0; 0 0 b ≤ 1. We also
H
H
bH (eeH +F)b
have SNRB = bbHccDbb , SINR1 = bH (ggH +J+K)b , SINR2 =
H
bH (eeH +ggH +J)b
2
Lb
, SNR1 = |h1B | + bbH Kb
where cH =
bH (F+K)b
H
[hBR hR2 hB2 ], e = [(h1B hR2 − h12 hRB ) h1R h1B h12 ],
[
]
[
]
2
2
|hBR | 0
|h1R | 0
D=
,K =
, gH = [h1R hR2 h12 ]
0
1
0
1
)
[ (
]
2
2
2
|hRB | + |h1B | |h1R |
0
F=
,
2
0
|h1B |

]
2
2
|hRB | |h1R | 0
J=
,L =
.
2
0
0
|h12 |
(
)
SINR1 ≥ SINR2 is written as bH ggH + J − F b ≥ 0.
2) SDR framework: By introducing X = bbH , we can solve
(9) and (10) via resorting to the SDR and discarding the nonconvex constraint Rank(X) = 1 [11]:
2

|h12 | |h1R |
0

find
subject to

find
subject to

2

0

]

[

1.8
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Fig. 3. Minimum rate performance.
Tr (AX) ≤ 1, Tr ccH − r0 D X ≥ 0
[(
) ]
V. C ONCLUSION
Tr eeH + F − r0 ggH − r0 J − r0 K X ≥ 0
We propose a novel overhearing-based scheme in a cell-edge
[( H
) ]
Tr gg + J − F X ≥ 0, X ≽ 0, X(2, 2) = 1. scenario, where interference is intentionally allowed and used as
X
(12) side information at the receiver. Combined with the joint relay
[( H
) ]
precoding and receiver processing, the proposed overhearingTr (AX) ≤ 1, Tr cc − r0SIC D X ≥ 0
[( H
) ]
based scheme is shown to improve the minimum rate of the
H
Tr ee + gg + J − r0SIC F − r0SIC K X ≥ 0
multiple flows significantly.
[
(
)
]
2
Tr LX + |h1B | − r0SIC KX ≥ 0,
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