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Abstract—Due to large numbers of interferers, in-band interference is a bottleneck that future wireless heterogeneous
networks have to deal with. Recent advances in information
theory have shown that interference does not have to be avoided
or strongly limited, so that reliable transmissions can occur. In
this paper, we propose a novel Radio Resource Management
(RRM) approach, capable to exploit those recent advances, by
methodically coupling and processing in-band interferers. To do
so, we first reuse the design of a previous two interference regime
classifier. Then, we propose an algorithm which forms coalitions
of interferers over the available spectral resources, in such a
way that the spectral efficiency (SE) of the system is maximized.
Simulations results show that our proposed RRM algorithm
strongly limits the undesired effects of the traditional tradeoff
between in-band interference and overall system performance
(SE).

I. I NTRODUCTION
Future wireless networks will incorporate more relays,
pico/femto-cells in their deployment. Such heterogeneous networks suffer from one fundamental bottleneck that strongly
limits the network performance: in-band interference. The
scarcity of spectral resources forces cells to overlap and
operate in a common geographic area, causing in-band interference, which may drastically affect the reliability of
transmissions between access points and their assigned UEs.
The common understanding is that interference, which
is classically processed as additive noise, must be ideally
avoided, or at least strongly limited. In that sense, Radio
Resource Management and network planning are designed
to limit undesired effects of cross-tier and co-tier in-band
interference. Therefore, interference may be limited and even
avoided by orthogonalizing transmissions [1]. However, orthogonalization of resources drives to a sub-optimal system
spectral efficiency. A more spectral-efficient way to deal with
interference are given by power control designs, where the
system carefully balances power allocations among interfering
sources [2]. However, interference-aware power balancing
techniques often seek equilibria with iterative approaches.
Each iteration adapts the transmissions powers, reset the overall network interference patterns and consequently the victims
interference perceptions [3] [4]. As a direct consequence,
power allocation techniques in autonomous systems suffer
from high complexity, due to vicious circle effects [5].

Thanks to recent advances in interference management and
classification, it appears that one does not necessarily have
to treat interference as noise anymore. Intrinsic properties of
the interfering signals may be exploited and can result in a
spectral efficiency improvement. In that sense, interference
was first classified into 5 regimes by Tse [6]. For each regime,
it appears that there is an efficient way to process interference
and reliably recover a message. The 5-regime classification
from Tse was then simplified into a 3-regimes classification
by Abgrall [7].
In this paper, we face the problem of organizing resource
allocation among several users, assigned to different BSs,
but sharing a common geographic area and sets of spectral
resources. Our objective is to find a smart way to form
coalitions of interferers from each BS, such that the total
spectral efficiency of the system is maximized. Users from
different BSs, belonging to a same coalition, suffer from inband interference and may process it according to one of the
3 regimes, defined by Abgrall. We solve this RRM problem
in two steps.
First, for a given coalition of users, one must find the most
efficient way to process interference at each receiver, so that
spectral efficiency is maximized. To do so, each transmitter
may, at will, change the robustness of its transmission and its
perception of incoming interference. By doing so, the receiver
may switch from one interference regime to another, resulting
in improved spectral efficiency. An analysis of this problem
has been conducted for the 2 users case in [8], which led to a
2-regimes interference classifier. However, when the number
of interferers becomes greater than two, finding the best way
to process interference at each receiver becomes a lot more
complex.
The second step consists of finding the most appropriate
coalition formation, such that all users from each BS are
assigned to a one and only one coalition, and the total spectral
efficiency of the system is maximized. The optimal coalition
formation appears to be a multidimensional assignment problem (MAP), which is NP-Hard [12]. Fortunately, there exists
heuristic algorithms, such that the Kuhn-Munkres algorithm
[9][10], that are able to compute the optimal assignment
in polynomial time. However, when the number of BSs M

becomes greater than 2, solving the problem becomes more
complicated, since there does not exist an algorithm, both time
polynomial and optimal.

the incoming transmission from BS l to its UE (l, j). Note
that the INR criterion only makes sense, when l 6= k. Finally,
we denote σn2 the noise variance.

Without modifying the short-term power allocation strategy,
the system can deal with in-band interference by smartly
coupling interferers assigned to different BSs and by telling
them how to process interference. The RRM algorithm we
obtain benefits from a low complexity and is able to exploit
recent advances in interference management and classification.
Numerical simulations show that such an RRM approach
offers significant spectral efficiency improvements compared
to classical resource allocation algorithms.
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Finally, we denote ω(i1 , i2 , ...iM ) the set of SNRs/INRs related to a coalition of interferers [(1, i1 ), (2, i2 ), ..., (M, iM )],
where:

In Section II, we define the system model and optimization
problem to be solved. In Section III, we address the optimization problem for the particular case where the number
of BSs M is two and explore the admissible interference
regimes. System performance is numerically evaluated for
several scenarios in Section IV. For a larger number of BSs M
(M ≥ 3), we discuss our interference classifier and propose
suboptimal approaches to solve the NP-hard optimization
problem in Section V.
II. S YSTEM MODEL AND OPTIMIZATION PROBLEM
In this paper, the system consists of a set of M base stations
(BS) and M and M N UEs (N UEs assigned to each BS),
sharing the same geographical area. We denote UE (k, i),
where k ∈ {1, ..., M } and i ∈ {1, ..., N }, the UE i assigned
to BS k. We consider a downlink transmission from each BS
k to all its assigned UEs (k, .). In the following, ”interferer
(k, i)” refers to the combination BS k - UE (k, i).
We denote hkl
i the channel between BS k and UE (l, i).
Transmission powers are fixed: pki denotes the transmission power from BS k to its assigned UE (k, i). If interferers [(1, i1 ), ..., (M, iM )] share the same spectral resources, they suffer from interference: as depicted in Figure
1, ∀(i1 , ..., iM ) ∈ {1, ..., N }M , an interference channel is
considered for the coalition of interferers [(1, i1 ), ..., (M, iM )].

Fig. 1. A simple interference channel scheme with M APs and UEs.

Based on the previous definitions, we can define γ(k, i), the
SNR perceived by UE (k, i), due to an incoming transmission
from its associated BS k. In a similar way, δ(k, l, i, j) denotes
the INR perceived by UE (k, i) due to interference, related to

γ(k, i) =

ω(i1 , i2 , ...iM ) = [Γ(i1 , i2 , ...iM ), ∆(i1 , i2 , ...iM )]
Γ(i1 , i2 , ...iM ) = [γ(1, i1 ), ..., γ(M, iM )]
∆(i1 , i2 , ...iM ) = [δ(j, k, ij , ik ) | j, k ∈ {1, ..., M } and j 6= k]
In this paper, we assume that the spectral resources are
split in N equal parts, (S1 , ..., SN ). Our objective is to
smartly couple interferers from each cluster into N coalitions
of interferers with exactly one interferer belonging to each
cluster, in such a way that the total spectral efficiency of the
system is maximized. We assume that all the SNRs/INRs can
be accurately estimated.
Let us define the following matching parameter m, as a
N M tensor, whose general term m(i1 , i2 , ...iM ) is defined
∀(i1 , i2 , ..., iM ) ∈ {1, ..., N }M , as:

if interferers (1, i1 ), ...(M, iM )



1 are matched together, share the
m(i1 , i2 , ..., iM ) =
same spectral resources and interfere



0 else
Our objective is to define the optimal matching m∗ such
that U (m), defined as follows, is maximized:
U (m) =

N
X
i1 =1

...

N
X

m(i1 , ..., iM )C(i1 , ..., iM )

iM =1

where C is the performance N M tensor, whose general
term C(i1 , i2 , ...iM ) refers to the total spectral efficiency a
coalition of interferers [(1, i1 ), (2, i2 ), ..., (M, iM )] can enjoy.
The value of the general term C(i1 , i2 , ...iM ) is assumed to be
strictly positive and depends on ∆(i1 , i2 , ...iM ) and the way
each interferer processes interference. We detail the admissible
interference regimes and their performances in both Sections
III-A and V. Matching m must also guarantee that there is
exactly one user from each cluster assigned to each spectral
resource. This means that the following constraints have to be
verified, ∀(i1 , i2 , ...iM ) ∈ {1, ..., N }M :
 N
N
X
X
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m(k1 , ..., kM −1 , iM ) = 1
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III. S TUDY OF THE CASE M = 2
In this section, we detail the optimization problem defined
in Section II, when there are M = 2 sets of N users that
have to be matched together. We focus on finding the optimal
combination (m∗ , O∗ ) of i) a bijective matching m between
the N users of the two clusters, where ∀(i1 , i2 ) ∈ {1, ..., N }2 ,
m(i1 , i2 ) = 1 if the interferers (1, i1 ) and (2, i2 ) are matched
together (otherwise, m(i1 , i2 ) = 0.) ; and ii) interference
regimes O for every couple [(1, i1 ), ..., (M, iM )], defined by
m with admissible values in Table I:
O = {(O1 (i1 , i2 ), O2 (i2 , i1 )) | i1 , i2 ∈ {1, ..., N }, m(i1 , i2 ) = 1} (2)

Interf.
Reg.

R = R1 + R2

(1,1)





γ(1,i )
γ(2,i )
log2 1 + 1+δ(1,2,i1 ,i ) + log2 1 + 1+δ(2,1,i2 ,i )
1 2


 2 1
1
log2 1 + γ(1, i1 ) + 12 log2 1 + γ(2, i2 )
2

h
i
γ(1,i )
δ(2,1,i2 ,i1 )
log2 1 + min 1+δ(1,2,i1 ,i ) , 1+γ(2,i
)
1
2
2


+ log2 1 + γ(2, i2 )


log2 1 + γ(1, i1 )

h
i
γ(2,i )
δ(1,2,i1 ,i2 )
+ log2 1 + min 1+δ(2,1,i2 ,i ) , 1+γ(1,i
)
2
1
1
i

h
δ(2,1,i2 ,i1 )
log2 1 + min γ(1, i), 1+γ(2,i
2)

h
i
δ(1,2,i1 ,i2 )
+ log2 1 + min γ(2, i2 ), 1+γ(1,i
1)
TABLE I
5 A DMISSIBLE REGIMES AND THEIR PERFORMANCE

(2,2)
(1,3)

(3,1)

(3,3)

Such that the total spectral efficiency U (m, O), defined hereafter, is maximized.
U (m, O) =

N X
N
X

m(i1 , i2 )C (i1 , i2 ))

(3)

i1 =1 i2 =1
∗

∗

(m , O ) = arg max [U (m, O)]
(m,O)

The matrix values C(i1 , i2 ) depend on the interference channel configuration ω(i1 , i2 ) and the interference
regimes [O1 (i1 , i2 ), O2 (i2 , i1 )] of any couple of interferers
[(1, i1 ), (2, i2 )]. We provide details in the following section.
A. Admissible interference regimes
Let us denote two arbitrary values i1 , i2 ∈ {1, ..., N }. If
interferer (1, i1 ) is coupled to interferer (2, i2 ), we assume
that they share spectral resources and suffer from interference.
We consider an interference channel, between BS 1, BS 2, UE
(1, i1 ) and UE (2, i2 ).
We denote O(i1 , i2 ) = (O1 (i1 , i2 ), O2 (i2 , i1 )) the coupled
interference regime. The notation O1 (i1 , i2 ) refers to the way
(1, i1 ) processes interference due to interferer (2, i2 ). The
proposed admissible regimes rely on a simplified 3-regimes
interference classification developed by Abgrall [7], based
on Etkin & Tse 5-regimes classification [6], which has been
extensively studied in [8]. The acceptable regimes are listed
below:
- Noisy & Noisy - O = (1, 1): the interference is processed
as additive noise by both interferers.
- Orth. & Orth. - O = (2, 2): splitting available spectral
resources, allows transmissions to occur without any
interference, at the cost of a halved spectral efficiency
for both interferers.
- Noisy & SIC - O = (1, 3): UE (2, i2 ) successfully
decodes the interference coming from BS 1 and cancels
it out of the received signal via Successive Interference
Cancellation. UE (1, i1 ) treats the interference as noise.
- SIC & Noisy - O = (3, 1): same concept as (1, 3), but
roles are inverted.
- SIC & SIC - O = (3, 3): both users can successfully
decode the interference and cancel it out of their received
signal via SIC techniques.
For any couple (1, i1 ) − (2, i2 ), each interference
regime (O1 (i1 , i2 ), O2 (i2 , i1 )) allows a total spectral

efficiency for the couple (1, i1 ) − (2, i2 ), denoted
R (i1 , i2 , O1 (i1 , i2 ), O2 (i2 , i1 ), ω(i1 , i2 ))
=
R1 + R2
Details are listed in Table I. Note that ω(i1 , i2 ) refers to
the SNRs/INRs related to the couple [(1, i1 ), (2, i2 )], i.e.
ω(i1 , i2 ) = (γ(1, i1 ), γ(2, i2 ), δ(1, 2, i1 , i2 ), δ(2, 1, i2 , i1 )).
B. Two steps definition of the optimization problem
The optimization problem can then be solved in two
steps. First, we solve, for any couple (1, i1 ) − (2, i2 ), the
optimization problem which consists of finding the optimal interference regime (O1∗ (i1 , i2 ), O2∗ (i2 , i1 )) that maximizes R(i1 , i2 , ω(i1 , i2 )), among all the admissible regimes
listed in Section III-A. This problem has been previously
studied and led to a low-complexity classification algorithm, described in [8]. The classification algorithm that
we recall in Proposition III.1, returns, for any interference
channel configuration ω(i1 , i2 ), the one interference regime
(O1∗ (i1 , i2 ), O2∗ (i2 , i1 )) that maximizes the total spectral efficiency R (i1 , i2 , O1 (i1 , i2 ), O2 (i2 , i1 ), ω(i1 , i2 )).
Proposition III.1 (Recall from 2 Regimes Interf. Classif. [8]).
(1, 1) is the best interference regime if and only if ω(i1 , i2 )
verifies the two following statements:
• γ(1, i1 ) ≥ (1 + δ(1, 2, i1 , i2 ))δ(2, 1, i2 , i1 )
• γ(2, i2 ) ≥ (1 + δ(2, 1, i2 , i1 ))δ(1, 2, i1 , i2 )
(3, 3) is the best interference regime if and only if ω(i1 , i2 )
verifies the four following statements:
• γ(1, i1 ) ≤ δ(2, 1, i2 , i1 )
• γ(2, i2 ) ≤ δ(1, 2, i1 , i2 )
• (1 + γ(1, i1 ))(1 + γ(2,
 i2 ))

2 ,i1 )
≤ (1 + δ(1, 2, i1 , i2 )) 1 + δ(2,1,i
1+γ(2,i2 )
• (1 + γ(1, i1 ))(1 + γ(2,
 i2 ))

1 ,i2 )
≤ (1 + δ(2, 1, i2 , i1 )) 1 + δ(1,2,i
1+γ(1,i1 )
When ω(i1 , i2 ) does not satisfy any of the previous conditions, then the best regime is either (1,3) or (3,1).
In such a configuration, (1,3) outperforms (3,1) if and only if
• [γ(2, i2 ) ≥ δ(1, 2, 2, i1 , i2 )
and γ(2, i2 ) ≥ γ(1, i1 ) + (δ(1, 2, i1 , i2 ) − δ(2, 1, i2 , i1 ))]
• or [γ(2, i2 ) ≤ δ(1, 2, i1 , i2 )
and (1 + γ(1, i1 )δ(1, 2, i1 , i2 ))γ(2, i2 )δ(2, 1i2 , i1 )

≥ (1 + γ(2, i2 ) + δ(2, 1, i2 , i1 ))γ(1, i1 )δ(1, 2, i1 , i2 )]

BSs
UEs

We can now define the following N × N matrix C, whose
general term is:
C(i1 , i2 ) = R (i1 , i2 , O1∗ (i1 , i2 ), O2∗ (i2 , i1 ), ω(i1 , i2 ))

(4)

From the matrix point-of-view, the second step of the
original optimization problem we defined in Section III-B, is
then strictly equivalent to a planar assignment problem, on
matrix C. Indeed, we need to find the combinations of N
terms in matrix C, such that i) there is one and only one
selected term on each row and column (This condition is
sufficient for the assignment being bijective) and ii) the sum
of the N terms is maximal, which is strictly equivalent to
the assignment maximizing U . Such an assignment problem
can be solved, by either brute-forcing over the N ! possible
combinations, or by a low-complexity algorithm, namely the
Kuhn-Munkres algorithm [9] [10]. Using simple operations on
matrix C, the Kuhn-Munkres algorithm returns, in polynomial
time, the maximal bijective combination of N terms in matrix
C, from which we extract the maximal bijective matching m∗
to our optimization problem.
IV. P ERFORMANCE COMPARISON WHEN M = 2
A. Numerical parameters
In numerical simulations, we have considered two BSs,
within a distance of dBS . The N users of each cluster are
uniformly distributed in the coverage area of each BS RBS .
In the following, we denote d(i, j, k) the distance between
BS i and UE (j, k). The channels hij
k include the antenna
gain G, the path loss L(d(i, j, k)) and the shadowing ξ. All
parameters are summarized in Table II, based on [11]. Figure
2 shows the network deployment under investigation: M = 2
BSs and N = 20 UEs per BS.
Parameter
Distance between BS to BS dBS
Coverage Area RBS
[rmin , rmax ]
Transmission power pik
Channels h(i, j, k)
Antenna Gain G
Path Loss L(d(i, j, k)), [d in km]
Shadowing ξ
Noise power σn
Number of UEs per cluster N

Value
1km
Users are unif. dist.
,s.t. dist. BS-UE ∈ [rmin , rmax ]
[35m, 750m]
Unif. Dist. between 20 and 46 dBm
G
h(i, j, k) = L(d(i,j,k))ξ
10 dBi
L = 131.1 + 42.8log10 (d(i, j, k))
Log-normal, σSH = 10 dB
-104 dBm
20

TABLE II
S IMULATIONS PARAMETERS .

B. Performance comparison
Let us first define the total spectral efficiency performance
USC (defined as in eq. (3)), related to the optimal strategy
obtained when solving the optimization problem, defined in
Section III-B. In this section, we compare the performance
USC to those of two classical strategies, defined hereafter
and two other scenarios of interest. The first one, is the best
performance strategy one can access, when the interferers are

Fig. 2. One realization of the network under investigation - M = 2 APs and
N = 20 UEs/AP.

only allowed to treat the interference as additive noise and a
smart coupling is made. To do so, we force the interference
regime to be (1, 1) and solve the assignment problem whose
performance matrix is R11 with general term R11 (i1 , i2 ):

R11 (i1 , i2 ) = log2 1 +

γ(1,i1 )
1+δ(1,2,i1 ,i2 )




+ log2 1 +

γ(2,i2 )
1+δ(2,1,i2 ,i1 )



We denote U11 , the global spectral efficiency performance,
of such a strategy. The same way, we define UF 11 the
performance of the system, in a scenario where interference
is treated as noise and random coupling is considered, i.e.
interferer (1, i) is coupled to interferer (2, i). Using the same
coupling strategy, couples of interferers may also select the
most appropriate interference regime among the four regimes
of interest we have defined before, instead of (1,1). In such
a scenario, we denote the global spectral efficiency performance as UBR . Finally, we also consider the case where
users avoid the interference, by forcing orthogonalization to
happen between transmissions, i.e., the interference regime is
always (2, 2). In this scenario, any matching returns the same
performance UF 22 .
We have run Monte-Carlo simulations, with NM C = 1000
independent realizations and have compared the performances
USC , UF 22 , U11 , UBR . Figure 3 represents the histogram plot
of the performance realizations of each scenario.
It immediately appears, as expected, that the orthogonalization strategy is highly inefficient, compared to the 4 other
scenarios. Allowing the system to select the best regime
among the 4 regimes of interest we have detailed, allows an
enhancement of the average performance by 8.5%, compared
to the Forced (1,1) + Random Association scenario. Moreover,
combining both improvements, i.e. smartly selecting the best
interference regime and smartly coupling interferers grants
the system an average performance improvement of 18.5%
compared to the Forced (1,1) + Random Association scenario.
V. O PTIMIZATION PROBLEM WITH M ≥ 3
In this section, we take a glance at the matching problem
defined in Section I, when M ≥ 3.
When the number of interferers coupled together is M = 2,
we can define, according to our previous study in [8], the

5

·10−2

Best Interf. Reg. + Matching USC
Mean[USC ] = 6.83 b/Hz/s
Forced (1,1) + Matching U11
Mean[U11 ] = 6.08 b/Hz/s
Forced (2,2) UF 22
Mean[UF 22 ] = 4.45 b/Hz/s
Forced (1,1) + Random Assoc. UF 11
Mean[UBR ] = 5.98 b/Hz/s

Empirical PDF Density
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best way to process the interference, so that the total spectral
efficiency for the couple of interferers is maximized. However,
when the number of interferers coupled together becomes
larger than 2 (M ≥ 3), defining the best interference regime
and its performance for each user becomes a lot more complex.
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might be considered, leading to multiple new regimes. Moreover, it appears complicated to define the spectral efficiencies
for these new regimes. The matching approach can still be
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on this topic can be found in [15].
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VI. C ONCLUSION
In this paper, we have defined a low-complexity optimization process, which re-arranges interferers over spectral
resources and defines the best way for them to treat inband interference. Compared to classical RRM scenarios,
we observe that our optimization process offers significant
gains, in terms of total spectral efficiency. Future work will
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