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ABSTRACT In this paper, a novel topological interference management (TIM) framework, combined with
the successive interference cancellation (SIC) technique, is proposed for Device-to-Device (D2D) networks.
While the TIM problem was originally studied in a partially connected network, the main contribution
appears here in proposing a novel design that allows some interfering links to be very high so that SIC can be
used to handle them efficiently. More specifically, this inter-twinning between the two techniques (TIM and
SIC) is based on the design of the precoding and decoding vectors used by the transmitters and receivers,
respectively. This scenario of having very strong interference may occur in crowded D2D networks, such
as malls, concerts or stadiums, where D2D communications take place in very close proximity. The
problem is formulated as a rank minimization framework and solved by building on the characteristic
polynomial function (CPF) of the adjacency matrix of the network interference graph. Numerical results
show the effectiveness of our approach by achieving promising gains in terms of degrees-of-freedom (DoF),
as compared to existing solutions, with a polynomial complexity.

INDEX TERMS Successive interference cancellation (SIC), degrees-of-freedom (DoF), topological inter-

ference management (TIM), topology information.

I. INTRODUCTION

The Device-to-device (D2D) communication is considered as
a promising candidate to handle the unprecedented growth of
cellular traffic by allowing devices in proximity to commu-
nicate in a direct link and bypass the base station, allowing
hence to offload the data from the network [1]. Despite of the
D2D benefits, the severe interference, imposed on the D2D
receivers by nearby D2D transmitters, is a serious limitation
that faces the development of D2D. To deal with this inter-
ference, several management schemes have been proposed,
such as mode selection [2], resource allocation [3], power
control [4], and a combination of these methods [5]. More-
over, fifth generation (5G) wireless networks, with Internet
of Things (IoT) applications, are expected to become highly
dense, which makes the interference more complex, and
hence the applicability of the aforementioned approaches no
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more sufficient [6]. Recently, interference alignment (IA) [7]
has evolved in D2D communication, although it requires the
knowledge of the channel state information (CSI) among
the D2D devices. Acquiring CSI is a burdensome task for a
UE with limited capabilities, and costs additional signaling
overhead in the network.

To deal with the signaling problem, topological interfer-
ence management (TIM) is recognized as a clever approach
in the direction of IA, where instantaneous CSI is not
required, and the interference can be managed by only
knowing the network’s topology, which is represented by an
adjacency matrix X. The entries of this matrix denote the
interference strength (which is an indicator variable denoting
if the interference is weaker or stronger than the “‘noise
floor”) [8]. It has been established that TIM is equiva-
lent, in terms of degrees-of-freedom (DoF), to index coding
under linear schemes [8]. The TIM problem was recast as a
low-rank matrix completion problem (LRMC), knowing that
the achievable symmetric DoF is inversely proportional to the
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rank value of the output matrix of LRMC [9], [10]. In the topic
of interference management, TIM has proved its performance
efficiency in terms of increasing the DoF of the system.

Another technique that is usually used to deal with interfer-
ence (and hence the resulting corrupted signal) is to separate
the superimposed information, so that each receiver can
retrieve its signal and decode its own data. This can be
achieved by non-linear receivers that employ the Successive
Interference Cancellation (SIC) technique [11]. SIC is usu-
ally employed to decode the stronger signal, subtract it from
the combined signal, and then extract the weaker one from
the residue. However, two of the main problems in using SIC
are 1) its demanding computational requirements [12], and
2) its practicality when different power levels are used by the
transmitters.

To this end, we propose a novel design of interference man-
agement by combining the two aforementioned techniques,
namely TIM and SIC, intelligently, while only relying on
the topology information at the transmitters. Note here that
applying TIM-only in D2D networks may not be sufficient,
since D2D communications typically occur in close proxim-
ity, along with heterogeneous path losses among the users,
and the use of different levels of transmit powers [13]. Hence,
there may be scenarios in which the interference may be
stronger than the desired signal. Consequently, the precoding
and decoding vectors adopted in the traditional TIM are then
changed in this framework in order to take into account the
use of SIC. Here appears the importance of our proposed
approach that incorporates SIC with TIM while building the
adjacency matrix. In this case, the dot product between the
precoding and decoding vectors (this product represents an
entry in the adjacency matrix) is represented by a very large
value, allowing the very strong interference to be eliminated
by SIC. It is worth mentioning that, contrary to standard
SIC that is applied to all links, we emphasize that SIC is
applied in our case to only some links (i.e. where the inter-
ference is very strong), which allows implementing SIC at a
reduced complexity. Also, nowadays and in the near future,
the computational capacity of both handsets and access points
is expected to be high enough to run such algorithms [14].
Considering then the potentials of TIM, and SIC, our interest
here is then to boost the system D2D network’s DoF w.r.t to
TIM only, while maintaining a complexity that is comparable
to TIM [15].

To the best of our knowledge, there is no existing work
that investigates the joint TIM-SIC approach and applies it in
D2D communications scenarios. The main contributions of
this work are:

o« We propose a new design for Topological Interfer-
ence Management (TIM), while taking into account
the successive interference cancellation (SIC) technique.
To that end, we integrate the notion of interference clas-
sification into Topological Interference Management
(TIM), by differentiating between two levels: strong and
very strong interference, which are likely to occur in
D2D networks. The combination of these two techniques
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results in a new design of the signal precoding and
decoding vectors.

« By formulating the problem as a low-rank matrix com-
pletion (LRMC) problem, we develop a novel rank
minimization method by building on the characteristic
polynomial function (CPF) of the adjacency matrix of
the network interference graph. The resulting method
is a two-stage successive rank minimization, which
reduces the rank further as compared to existing work
(and hence improve the DoF of the system).

« We provide numerical results that show the superiority
of our approach with respect to existing work. We also
provide discussions, along with numerical analyses of
some network topologies, that explain why by com-
bining SIC and TIM a performance improvement is
achieved.

Additionally, we propose a topology exchange framework
among the communicating D2D devices in order to explain
how the D2D devices can become aware of the network
topology.

In the remainder of this paper, Section II discusses the
related work, Section III describes the system model of com-
bining TIM with SIC. Section IV details the mathematical
model, while Section V discusses the complexity of the
proposed framework. Section VI presents the experimental
results, and Section VII provides a discussion along with
numerical results to show the importance of combining TIM
and SIC. Finally, Section VII concludes the paper.

II. LITERATURE REVIEW

Due to the detrimental effects of interference in D2D net-
works, extensive research has been conducted on the topic of
interference management to offer reliable communications.
Most proposed schemes can be classified into three cate-
gories. First, there is interference avoidance that builds on
orthogonal time-frequency multiple access schemes, such as
TDMA, FDMA, and CDMA techniques, which are regarded
as special cases of a more general scheme, namely TIM [16].
The second scheme is interference cancellation which applies
advanced signal processing techniques on the D2D links.
Third, the interference coordination method that employs
intelligent power control and link scheduling schemes. In this
paper, we focus on the combination of the first two types of
techniques.

Distributed interference avoidance solutions using
Machine Learning methods have been studied in [17]. Joint
interference avoidance and resource allocation has been
investigated as well in [18] and [19]. These works [17], [18],
and [19] require channel state information knowledge at the
transmitter, which results in high signaling overhead in the
network. In our work, we focus on topological interference
management (TIM) by assuming the knowledge of the inter-
ference graph topology only, which hence allows overcoming
the high signaling overhead issue. Interference avoidance,
and TIM in specific, attracted a lot of follow-up research
with various assumptions, such as with transmitter/receiver
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cooperation and message passing [20], that have proved their
efficiency in enhancing the achieved DoF. TIM has also been
extended in various directions, e.g., with multiple anten-
nas [21], with reconfigurable antennas [22], [23], and with
confidential messages [24]. A TIM problem with adversarial
topology perturbations is considered in [25] and [26] where
a dynamic graph coloring is proposed. TIM has also been
studied in cellular networks [27], where multiple layers of
interference are included and its effect on DoF is analyzed.
Additionally, TIM has been explored for multilevel connec-
tivity scenarios [16], [28], where the network is decomposed
into two components, one that includes the interfering links
on which TIM is applied and another that consists of the weak
links which could be handled via power control. An analytical
approach is proposed to allocate power and TIM precod-
ing and decoding. A distributed method is also proposed
in [28] and its convergence is proved. Other work based
on combining TIM with clustering [29], [30] or low-rank
tensor completion in time-varying topology networks [31]
have also been developed in the literature. Reference [32]
investigates the problem of interference graph estimation to
determine if the interference link is weak or strong. However,
the work in [32] does not account for the channel fluctuations.
Furthermore, TIM has been studied in partial connectivity
situations, like alternating connectivity [33] and fast fading
scenarios [34]. In these works, a matrix rank-loss approach
is proposed to find the network topology conditions, leading
to a certain DoF. For slow fading conditions, the design of
TIM precoding and decoding has been done by establishing
a direct relation between TIM and index coding in [8]. In this
respect, the work in [10] proposes a matrix-completion-
based scheme for TIM design with only some known matrix
entries [35], while the missing values are filled so that the
rank is minimized. In this work, we also use the strong
relation to linear index coding, and adopt the LRMC approach
to solve the TIM part of the problem, but we formulate this
part differently, i.e., by using the characteristic polynomial
function of the adjacency matrix. While the aforementioned
papers deal with TIM only, our work in this paper is different
as it combines both SIC and TIM, which leads to system
performance improvements.

Many existing works study the NP-hardness and the non-
convexity of the rank minimization problem, and propose
sub-optimal solutions by finding relaxation methods such as
the nuclear norm [35], the alternating projections [36], the
directional alternating projections [37], the alternating mini-
mization [38], and the least greedy algorithm [39]. However,
the adjacency matrix considered in TIM is characterized by
a special structure (having all ones on the diagonal) that
prohibits the application of the aforementioned methods. For
example, the nuclear [35] and the trace [40] norms fill the
missing entries of the TIM matrix with O values, and thus
always return the diagonal matrix as the optimal solution.
Our proposed method succeeds in overcoming this diagonal
constraint, while using the coefficients of the characteristic
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polynomial function. The other methods listed above need the
optimal rank of the matrix as input, in contrast to our work,
which does not require it, boosting by this its practicality.
Moreover, these methods suffer from convergence issues,
which were solved by using the Riemannian optimization for
example in [41]. However, this technique has a very high
computational complexity, opposite to the polynomial one
of our algorithm. It helps to also note that these algorithms
were not directly applied on D2D networks. In our previ-
ous works [42], [43], we improved the existing solutions
and overcame the aforementioned constraints by develop-
ing novel approximation solutions based on SDP to solve
TIM in D2D environments. Those solutions outperform other
existing methods in terms of the minimum rank attained
(while offering a lower complexity), and thus correspond
to a lessening in signal interference. However, relying on
SDP still suffers from a relatively high complexity, and thus
motivated a part of this work, where we propose to build on
the characteristic polynomial function to solve the LRMC-
based TIM, which reduces the rank further.

In addition to the promising benefits offered by TIM,
other interference management techniques proved their effi-
ciency in dealing with interference, such as the successive
interference cancellation (SIC) technique. SIC is one of sev-
eral interference cancellation techniques that include parallel
as well as iterative interference cancellation. However, SIC
remains the mostly used technique, since its architecture (in
terms of hardware complexity and cost) is similar to the
traditional non-SIC receivers, and its decoder is the same
for the different decoding stages of the composite signal,
without the need for complicated decoders or multiple anten-
nas [44]. Recently, there have been increasing interests in
SIC-based physical layer communication schemes [45], such
as full duplex technology and non-orthogonal multiple access
(NOMA) [46]. In this regard, NOMA has gained attention
due to the network level performance gains that SIC brought.
More specifically, NOMA is applied in networks that sched-
ule the same frequency resources to multiple users.

Several approaches also investigated the coexistence
of NOMA and D2D communications with SIC-enabled
receivers [44], [47], [48]. The authors in [47] mainly
addressed the optimization issues associated with power con-
trol and data rate. As for [44], the authors use stochastic
geometry tools to analyze the interference management and
resource allocation problems in D2D-enabled multi-cell cel-
lular networks, and to study the effect of the SIC technique.
These tools allow deriving the successful transmission prob-
abilities for both the cellular uplinks and D2D links with
SIC, which reveals the gain of SIC in large-scale wireless
networks. In [48], the authors introduce the concept of group
D2D communications, where a D2D transmitter can simulta-
neously communicate with multiple D2D receivers with the
aid of the NOMA protocol. They model the optimal resource
allocation strategy of the NOMA-based D2D groups as a
many-to-one matching problem, which leads to managing the
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interference from the underlying uplink cellular communica-
tion, and hence yield a better D2D sum-rate performance.
Results have shown that the proposed NOMA-based D2D
scheme is capable of delivering higher throughput than con-
ventional D2D communication. In [49], the authors propose a
new mechanism that jointly coordinates beamforming-based
multiuser multiple-input multiple-output (MIMO), NOMA,
and D2D communications in a downlink cellular network,
to maximize the total system throughput. In [50], the authors
specify two types of D2D-NOMA integrations: forward-D2D
NOMA in which one D2D transmitter sends signals to a
group of D2D receivers, and reverse-D2D NOMA, where
D2D transmitters as part of a cluster transmit to a single D2D
receiver.

While both SIC and D2D continue to mature in terms of
their theoretical and practical aspects, TIM is also maturing.
However, the TIM framework for NOMA users (with SIC
capabilities) has not been well investigated in the context of
D2D. Recently, few papers have appeared on the subject of
combining TIM with NOMA. So far, Kalokidou et al. pro-
posed to combine TIM principles with power-domain NOMA
in single-input single-output (SISO) [51] and MIMO [52]
systems. They introduced a two-stage process. In the first
stage, users with different channel gains are clustered into
groups, and TIM manages the “inter-cluster” interference
among the clusters. In the second stage, the SIC tech-
nique is applied to cancel the ‘“‘intra-cluster” interference.
The employment of this scheme significantly improved the
sum-rate performance of the system. However, the combina-
tion of these two techniques in [51] and [52] is hierarchical
and is not seen as one entity, in contrast to our work, where
SIC and TIM are both represented by the same LRMC model,
allowing hence a more powerful precoding and decoding
design.

Inspired by the potential benefits of the aforementioned
interference management techniques, it becomes desirable to
invoke intelligent joint interference management approaches
that amalgamate TIM with the existing SIC technique, and
to apply this approach in a D2D environment for further
performance improvement in terms of system DoF.

Ill. SYSTEM MODEL

In this work, we consider a network of d D2D pairs, com-
municating in a multiple unicast setting. Without loss of
generality, these devices can be divided into k clusters, know-
ing that in a D2D network, the D2D devices, that exist in
close proximity, have tendency to interact more, and hence
can be grouped in the same cluster. Grouping the devices
into clusters can be done using various existing methods
(e.g. [43]). The objective of this work is to develop an efficient
TIM scheme in order to manage the interference within each
cluster of devices, considering the fact that the clusters are
either using orthogonal resources or the interference between
clusters is small (since devices in different clusters are not in
close proximity). For illustration, we show, in Fig. 1, a net-
work of d = 18 D2D pairs that are divided into k = 3 groups:
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G1, G2 and G3, and each cluster operates at a different fre-
quency (illustrated by a circle with a different color). Within
each cluster, each pair of D2D devices (denoted by DTx
and DRx in Figure 1) communicates between each other and
exerts interference on the other devices. The interference can
be classified into weak, strong and very strong as it will be
explained in subsection III-A.

Note that in this paper, similar to previous works in
TIM, [42], [43], [53], we assume that the transmit devices in
each cluster are only aware of the network topology, and not
of the instantaneous CSI. It is good to mention here that our
framework holds of course when the network is composed of
a single cluster, i.e. when all network devices are in the same
cluster. However, we have chosen multiple clusters intention-
ally, knowing that in practice the network will be composed
of multiple clusters since the devices will not interact between
each other if they are not in close proximity. The network will
be then naturally composed of multiple clusters.

In the following, we start by describing our proposed
joint TIM-SIC framework to cancel the interference before
discussing how these devices can get the information about
the network topology that is necessary for the interference
cancellation framework.

A. INTERFERENCE CANCELLATION USING JOINT TIM-SIC

Fig. 1 illustrates a scenario of D2D communications in which
some of the communicating devices are in very close prox-
imity, leading to very strong interferences that can be even
stronger than the desired signal. Consequently, as shown
in the figure, a D2D-receiver could receive the sum of the
desired signal (yellow arrow), a very strong interference com-
ponent (red arrow), a strong interference component (green
arrow), and some weak interferences from far transmitters
that could be neglected (and hence deleted from the figure for
simplicity). Without loss of generality, we assume one very
strong interference component in the received signal. How-
ever, the method we integrate in our approach, can manage
(i.e., cancel) multiple very strong interference components.
Managing all these kinds of interferences (specially the very
strong one that overwhelms the desired signal) through TIM
is not doable, since TIM may be inefficient when these inter-
ferences strongly differ in strength. We consequently propose
to combine TIM with the Successive Interference Cancella-
tion (SIC) method. We should note that our work is inline
with the one in [54] in that our clustering part of our frame-
work keeps the number of D2D devices within the cluster
relatively small, given that they will be assigned the same
subchannel (frequency range). This in turn keeps the receiver
complexity low as was decribed in [48], [55], [56], and [57].
This is attributed to the fact that the hardware complexity
and processing delay increase with the number of receivers
that are multiplexed on the same subchannel [56]. In our
framework, a finer classification of interference takes place,
where a strong interference can be managed by TIM while
the very strong one is handled by SIC. In pure SIC, the
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FIGURE 1. A network of 18 x 18 D2D-enabled devices with SIC capabilities.

signal separation is typically performed sequentially: each
receiver decodes the strongest signal first, and then subtracts
the decoded signal from the received signal to find its own
signal. In this paper, we assume that all receivers are equipped
with SIC which operates ideally, in that it makes perfect
cancellation of the signals in the iteration steps. We remind
here that the previously mentioned assumptions related to the
absence of the instantaneous channel state information at the
devices remain valid in the SIC scheme [58]. This results in
a very smooth and successful combination of TIM and SIC.

Practically, each transmitter 7; in a cluster sends its
intended signal s; to its corresponding receiver R; via the
sidelink channel of the PC5 interface (as defined in the 3GPP
standards [59]) after multiplying it by v;, the corresponding
precoding vector. To recover its desired message, R; decodes
s; by projecting the received vector y; (that includes other
undesired signals like s; and s;) into the space u;, which
represents its decoding vector. Due to space constraint, the
reader can refer to our previous works in [42], [43], and
[53]) for more details about the notations usually adopted
in the initial TIM framework and its background. Recall
here that in this work the clusters are using orthogonal fre-
quencies and hence the inter-cluster interference is absent.
The input-output relationship within each cluster can be then
written as:

wy; = wivihiisi+ D vehigsi
k(i k)es’
+ Z l{,’h,’JSj‘f‘Zi) (1)
JG.)eS

where h; ; and h; ; are the channel coefficients between T; —R;
and T; — R; respectively, z; ~ N0, 1) is the noise, and S is
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the set of all pairs (7, j) such that R; has strong interference
from Tj, e.g., in group G2 in Fig. 1, S includes (1,2) since
R desires a signal from Ti, but it is suffering from the
interference resulting from 7». We define here a new set S’
containing the indices of the nodes (7%, R;) with a very strong
interference element (even stronger than the desired signal)
that should be cancelled using SIC, e.g., S’ includes (1,3) in
group G2 in Fig. 1 since R is also suffering from a very strong
interference coming from 73.

Thus, to preserve the wanted signal, we start by following
the original TIM framework conditions on the precoding and
decoding matrices, V = [v;] and U = [u;], respectively,
as in [10]:

uv; =0, forVi#j, (i,j) €S, and

uvi =1, otherwise 2)

These TIM strategies allow a part of the undesired
signals, i.e., the strong interference to be removed
(Wi 2. j)eS, iz Viltiy) as in (3). We therefore employ SIC to
remove the other very strong interference, and recover the
intended signal.

uy; = uvihisi + Z uivichi sk
k.G’
+ z upy; hiﬁij +u;z;
JDES
=uvihi s + z uivihi ks +uizi 3)
k,(i,k)eS’

According to [10], the conditions in (2) can be rewritten in
a matrix form such as X¢¢ = [X; jx] = u;vj/r, which is an
nxnreal matrix (n < d since it corresponds to the sub-matrix
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that results after clustering) and £ refers to the £ cluster. Note
here that this matrix can be created by a base station (BS), i.e.,
in network-assisted mode, after receiving a sequence of bits
from each D2D-receiver [60], where every bit corresponds to
a transmitter heard by this receiver, based on the pilot signals.

Back to matrix Xg¢, composition, we show in (4)
the different entry values that reflect the product between the
precoding and decoding vectors and hence their designs.
The first three values in (4) (i.e., 1, 0,*) can be deduced from
the original TIM framework in (2). Our twist here is that we
divide the interferers into two sets S and S’ depending if the
induced intereference is strong or very strong. Therefore, the
interference resulting from the interferers present in set S
should be cancelled by TIM: this will appear as a 0 in X g¢.
Now to handle the incorporation of the very strong interferer,
we add a new symbol T denoting that the interference coming
from Tj should be cancelled using SIC. This { value is
well-defined, and is computed in Section IV.

Xoe = [Xijil = upwjsi

1 if i =j = k the desired signal

0 if (i,j) € S & i #j interference cancelled
by TIM

% otherwise, i.e., not affecting interference

t if (i, k) € S’ & i # k interference
cancelled by SIC

“

It is worth mentioning that, as usually considered in the TIM
literature, X; j/x = * in (4) means that there is no constraints
on the values of vj/x and u;, since the link between devices
j and i is weak. Regarding T, its value is kept general here
since it can vary from one topology to another, but in all
cases, t is greater than 2, to show that it is stronger than the
desired signal (X; ; = u;v; = 1). This can be hence considered
as an LRMC approach for the joint TIM-SIC problem. The
rank of the resulting matrix X is related to DoF, knowing
the equivalence between TIM and index coding with linear
schemes. More specifically, we consider, in this work, the
symmetric DoF (DoFsym) of the network (the largest DoF
that can be achieved by all users simultaneously [10]) as our
main figure of merit, in line with many existing works [16].
We assume for convenience a single data stream transmission
per D2D pair, and so, DoFyp, that is attainable at high signal-
to-noise ratio (SNR) (when the interference dominates the
noise) will be DoFsym = k) = % per user. Thus, our
objective is to minimize the matrix rank, and hence maximize
the DoF, which is the total number of spatial streams that
the network can support simultaneously without interference.
Back to (3), replacing the values of X; ; in this equation gives:

Vi = hiisi + Thi xSk + uiz; 5)

Thus, to cancel the very strong interference, R; can use SIC.
However, prior to SIC, users should be ordered according to
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FIGURE 2. Interference cancellation at receiver using TIM and SIC.

their signal strengths, so that the SIC-enabled receivers can
work properly [61]. Reordering (5) accordingly leads to:

Vi = Thiksk + hiisi +uz; (6)

By this, SIC can first decode the signal x; by extracting si
(where s; was defined in (3) to belong to S’), considering its
own signal as noise, and substracting the estimate X; from
the output y; of the TIM block (which cancels the strong
interference signal component), so that it can decode its own
signal x;:

First stage: X, = thi ksk + uizi
Second stage: X; = ¥; — thixsk = hiisi + u;zi @)

The block diagram in Fig. 2 illustrates the process of can-
celling the interference using the joint TIM-SIC approach.
The top block shown in the figure is detailed in the next
section, but as shown, its purpose is to produce the decoding
vector u;.

It is worthwhile to note here that this framework assumes
that the devices are aware of the network topology. For this,
we propose, in the following subsection, possible schemes to
learn about this topology information.

B. LEARNING ABOUT TOPOLOGY INFORMATION

We describe here two possible schemes for learning about
the D2D network topology: one that only involves the
D2D devices themselves, whereas the other is based on the
network-assisted mode, where the base station (BS) collects
information about the topology and builds the adjacency
matrix.

The first scheme builds on the works in [62], [63], [64],
and [65], according to which, devices can learn about the
topology information of neighboring devices through the
device discovery process. This discovery is made possible
by each UE broadcasting its own proximity beacon signals
at given times, thus enabling nearby UEs to capture such
beacons [66] that can contain the identity of each potential
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D2D user and also serve as reference signals for measur-
ing the interference level. Moreover, we propose for each
device to propagate the list of interfering and communicating
neighbors that it learns about in its beacons, which is doable,
as inferred from [67] and [68]. This information that each
device sends, is a list of tuples, where each one includes the Id
of the device and one of two associated values: interference
(v0) or an ongoing or pending D2D session (v1). For example,
when device R, transmits a beacon that contains (7, v0) and
(T, v1), it says that the strength of the beacon it heard from
T constitutes interference (v0), while v1 indicates that it (i.e.,
R»>) has an ongoing or pending D2D communication session
with 7. In this respect, we note that a v1 value is only sent
by D2D receivers, not transmitters. Hence, a device 73 which
hears the beacon from R;, adds a row in its neighborhood
list that associates the values vO and vl with 77 and T3,
respectively. With this, if 73 now wishes to establish a D2D
session with another device using our scheme, it has to first
construct the adjacency matrix, which it can do from the
information it has collected in its neighborhood list, in par-
ticular by only considering devices that have sent v1 values
(i.e., D2D receivers).

The above proposed scheme ensures that all neighbor-
ing (i.e., connected directly, or indirectly) transmitters (and
receivers) have identical neighborhood lists, and thus can
construct the same adjacency matrix (X). Any of those
transmitters, e.g., transmitter j (7;) can then perform rank
minimization on the adjacency matrix it has built, and extract
the relevant precoding and decoding vectors v; and u; to
cancel the interference (i.e., using TIM). Related to v; and u;,
two options are available: 7; can produce both vectors, and
send u; to R; (i.e., its corresponding receiver), or rely on R; to
extract u; itself (since it has the same X).

Since broadcasting beacons, if uncontrolled, can lead to
flooding the wireless network, we propose the following
four measures to make the process of sending beacons more
energy efficient and less loading on the network:

o The values v0 and v1 can be specified using one bit in

the beacons (0 for v0, and 1 for v1).

o The discovery process of transmitting beacons between
the devices, using Orthogonal Frequency Division Mul-
tiple Access (OFDMA) as in [69] and [70], allows for
the possibility of the devices to transmit beacon signals
in parallel slots. As for the beacon structure, it can use
the one proposed in [69] (which is built on the exist-
ing beacon design of the 3GPP Long Term Evolution
(LTE)), to fit the list of neighbors in their ‘“future use”
field.

o The problem of synchronization when beacons are mul-
tiplexed together in the same OFDMA symbols can
be resolved by dividing the devices into groups that
use different patterns to transmit in different beaconing
opportunities, as was also proposed in [69].

o The frequency of transmitting beacons can be tied to
mobility: A device sends the next beacon only when its
location significantly changes (using its GPS sensor),
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or when it receives beacons from devices it did not hear

from recently.
We note that according to [67], the minimum unit of beacon

is a Resource Block (RB) which carries 72 OFDM sym-
bols [71], whereas the maximum can be two RBs [72]. This
limits the amount of information carried in a beacon, but with
the application of the measures above, we enable a device
to send more tuples in each beacon. Nevertheless, in case
a device was not able to include all the information in one
beacon, it can distribute them among consecutive ones.

On the other hand, the second scheme for learning about
the D2D network topology, and consequently building the
adjacency matrix is based on the D2D network-assisted
mode. Here, each receiver can send a sequence of bits to a
base station (BS), where every bit corresponds to a transmitter
(that is heard by this receiver) based on the pilot signals. This
1-bit feedback, which is in line with [8], refers to the average
interference channel strength after comparing the average
power of the received links against a prechosen threshold
value (i.e., the acceptable noise floor): it is equal to “0” for
weak interference links, and “1” for significant ones. Hav-
ing this information, the BS can then deduce the interfering
pairs and build the connectivity pattern (i.e., construct the
adjacency matrix), apply the rank minimization method on
it, and then build the precoding and decoding vectors (by
applying QR factorization). These vectors will be sent to the
transmitters and receivers, respectively.

IV. TWO-STAGE RANK MINIMIZATION

To solve the joint TIM-SIC problem, we rely on the low-rank
matrix completion approach. Based on (4), we can write,
in the following, the adjacency matrices X g1, X2 and X g3
that correspond to each of the groups present in Fig.1, such
that the column and row numbers of these matrices corre-
spond to the transmitter and receiver indices, respectively:

1L ag 0 {11 b

c1 1 f21 di O
Xgi=|0 e 1 131 fi],
81 0 /’l1 1 0

it j1 0 Kk 1

I 0 f12 a2 b

d 1 0 e fr &
hy i 1 j» 0 k

Xa = ,
Lty my 1 ny o0
P2 @ 1 os2 1 {32
H u vy 0 wy 1

1 a3 b3 ¢35 0 d3 e3
ol g 13 0 Kb i

B0 1 k3 B3 ta3 m3
Xgs=|ns o T35 1 p3 g3 O (®)
0 ta43 3 s3 1 13 us

fs3 v3 0 wy x3 1 3

0 73 aas T6,3 bb3 cC3 1

where X g1, X2 and X g3 have all ones on their diagonals to
represent the desired communication between the D2D pairs,
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and predefined values as Os to denote the strong interferences
within each cluster. As for {ay, ..., wp} where £ = {1, 2, 3}
and {aas, bbs, cc3} € T, they represent the missing values
“#” (don’t care values) of (4). As for {,¢, its place in the
matrix indicates the source of the very strong interference.
For a better explanation, we consider cluster G1 in Fig. 1 and
its corresponding adjacency matrix X ;1 in (8) as an example:
the desired communication between 77 and R; appears as
a value of 1 in the 1st row, 1st column in X, and the
strong interference (green link) coming from 73 towards R is
denoted as O in the 3rd column, 1st row of X to indicate
that it should be cancelled using TIM. As for the very strong
interference going from T4 to R; (red link), it is represented
by f1,1 in the 1st row, 4th column of X ;. Concerning the
remaining values a; and by, they indicate that 75 and 75 have
no effect on R;.

Recall that the objective here is to minimize the rank of
each of these matrices in order to increase the system DoF.
In this framework, we start in Stage 1 by computing the
adequate value of T, ¢ for each of the groups, so that it can
be used in Stage 2, where we apply eRM-TIM (the rank
minimization method that we developed in [42]).

A. STAGE 1
To determine the appropriate value of {; (recognizing that
the very strong interference should be cancelled using SIC),
we rely on the characteristic polynomial of a square n x n
matrix X ¢ (having the eigenvalues \; as roots of this poly-
nomial) [73], given by:
p(A) = det(Xge — M)
==D"A=2AA = A) ... (A=)
= (D" N o2+ e A+ el
= (=1)'[N* = " "TraceX o) + o\ "2 + . ..

+ (=1 e A+ (=1)"det(X Go)] 9
where I is the identity matrix, and the coefficients
c2,...,Cnh—1 can be expressed in terms of traces of powers

of X¢y (as ¢;, in (10)):

m—1m—1 m—2m—2m—2

t 1 tit; 1 titt,
Cm=—ﬁ+2—!zzﬂ—5222%kk

fr
i=1 j=1 J i=1 j=1 k=1
—— ————
i+j=m i+j+k=m
4+ 4+ —1
m!

wherem=1,2,...,n, and t; = Trace((XGg)k) (10)
or in terms of its eigenvalues (as ¢ in (11)):

a=ED DT T Ny A

i1=1 =1 ir=1
il <i2<‘..<l'k

fork=1,2,....n (11)

k factors

Recall that our objective is to minimize the rank of each
sub-matrix that corresponds to a cluster, or, equivalently,
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to minimize the number of non-zero eigenvalues of X gy,
knowing that the number of non-zero eigenvalues of X gy is at
most the rank of X g¢. Building on the relation between the ¢
coefficients and the eigenvalues of X, in (11), we recognize
that the matrix rank (rank(X g¢) = n when it is full rank) gets
reduced by z, if and only if:

¢, =0, -1 =0,..., and c;_(;—1) =0
>t ety =0 (12)

To this end, for each sub-matrix, we define a vector f, that
contains all the ¢; coefficients, such that f, = [cy, ..., c2]
(wherek = (n—1), ..., 2). Note here that the ¢} coefficients,
which are included in f,, are the ones that contain variables,
excluding by this the ¢y factors that represent constant values
(e.g., c; = —Trace(Xgy) = cst, since the TIM adjacency
matrix always has 1 on its diagonal entries). We have also
chosen to work with the square of these values since the
ci factors belong to R, i.e., cx can take positive or negative
values. The objective then becomes to minimize the square
of the £2-norm of f, that corresponds to each sub-matrix, i.e.,
Wz”% = cﬁ + cifl +...+ c% (the dimension of f, is then
1 x (n — 1)). As for the constraints, on one hand, { should
be greater than 2, so that X; ; = u;yx = f, representing a
very strong interference, should be greater than the desired
signal X; ; = u;v; = 1 (as previously mentioned) to be placed
first in (6). On the other hand, the variables {ay, ..., wy} and
{aas, bb3, cc3} € T that are assigned “*”” (don’t care values)
in (4) are not subjected to any constraint, since their effect
do not appear in the received signal in (1). The optimization
problem (that we call cRM-TIM) can hence be written as:

min ||f I3
St fe¢ >2 (13)

This problem is a strictly convex one, since the vector 2-norm
squared is a strictly convex function. Note also that (13) can
be linearized and written in trace format, as follows:

min Tr (f/jf{)
S.t. o0 =2 (14)

since Tr (f o KT) = ||f, |%. Knowing this equivalence,
we solve the optimization problem in (13) using the interior
point method in order to compute the appropriate value of |
that should be adopted. This is because t, ¢ is dependent on
the topology (i.e., each topology is represented by a different
matrix, with different entries). Therefore, each of the adja-
cency sub-matrices X 1, X g2 and X g1 will have its own f, ¢
value.

B. STAGE 2

Once the value of 1, ¢ is known, the rank optimization method
eRM-TIM that we proposed in [43] can be applied to get
the appropriate * entries (or represented as variables in (8))
that minimize the rank of matrix X ;. We refer here to X ¢
as X for simplicity. The solution X* can be then factorized
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Start with matrix X filled with 1s, Os, * and T

v

Compute the Coefficients of the Characteristic Polynomial Function of X

!

Solve the Optimization Problem cRM-TIM in (13)

v

Get the Value of T and Replace it in X

nQ Q *+Wnw

~

Feed X to eRM-TIM as input (with 1s, 0s,* and the known value of 1)

v

Solve eRM-TIM [16]

!

Get X filled such that its rank is reduced

nQ Q +W»n

N

Apply QR Decomposition on X=UV where U=[u;] and V=[v}]

!
! v

At the Base-Station (BS),
if network-assisted mode

Locally at each transmitter T;,
if stand-alone mode

v !

BS sends v;to T; and u; to R;

Each T;sends u;to R;

FIGURE 3. Two-stage rank minimization of X.

using QR decomposition to get the precoding and decoding
matrices, V and U, respectively. The steps of the algorithm
are summarized in Fig. 3. Note here that to decide which
singular values can be neglected while doing the rank mini-
mization of X (knowing that the number of non-zero singular
values indicates the rank of X), we rely on the Eckart and
Young Theorem [74], which states that || X — X k||F can be

approximated by crkz Tt o2. To quantify the error
resulting from this approximation, we define the following

metric:
A 2 2
X —Xillr V%41t to

error = = (15)
X IlF XI1lF

As a side note, to assess the performance of this minimiza-
tion, the resulting matrix rank can be compared to the optimal
rank value, which can be deduced from the characteristic
polynomial function: the optimal rank that can be achieved
is when all ¢ factors (with variables) are equal to 0, or in

other words, the optimal rank value is equal to:

Optimal rank = (n + 1)
— (nb of ¢; factors that are variables) (16)
Based on our experimental results (as will be shown later)
and for the scenarios that we have tested, we made some

observations: 1) solving (8) by using eRM-TIM only (without
feedback) gives a higher rank than when we combine both
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methods ((8) and the method in [43]), and 2) when { is
replaced by a 0 value, it reverts back to the previous min-
imization problem, while giving a higher rank. This implies
that there is a benefit behind doing a classification (by using a
threshold) of the experienced interferences and distinguishing
between two levels of interference: strong and very strong.

V. COMPLEXITY

The overall complexity of our proposed framework results
from solving TIM, and from implementing SIC, after com-
puting the coefficients of the characteristic polynomial
function.

To calculate the polynomial function in Stage 1, many
algorithms were proposed. One of those is Berkowitz’s
algorithm [75], which is widely used in simulation software
like Matlab. It computes the coefficients by calculating iter-
ated matrix products and performing O(n*) multiplications
in R [76], where n is the dimension of the matrix which in
our case corresponds to the average cluster size. Both rank
minimization methods adopted in Stage 1 and Stage 2 use the
interior point method of complexity around O(n6) [43], [77],
which constitutes the major factor of the overall complexity.
In this regard, Newton’s method is often used to approximate
the central path for non-linear programming, as it requires
at most O(/n loge_l) iterations, where € is the desired
accuracy [78]. The most computationally expensive step in
each iteration here is the LDL factorization of the p x p system
matrix, where p is the number of constraints [79] present
in the optimization problem (13), which we had called the
cRM-TIM method. In the worst case, this LDL factorization
could take O(p3) time [80], [81], [82]. The total complexity
of this step will become (’)(n% p>). As for the implementation
complexity of SIC at the receiver, it increases with the number
of interfering users, m, i.e., O(m>) [55].

Thus, the overall complexity resulting from the combina-
tion of TIM and SIC becomes equal to O(n®) + On*) +
(’)(m3) + O(n%p-%) = (’)(n6), where, again, n is the total num-
ber of D2D pairs within a cluster, m represents the number of
interfering D2D users (m < n), and p denotes the number of
constraints present in cRM-TIM.

All of this shows the importance of using a clustering
scheme in the proposed framework. This is because, even
if the network is of large dimension, the complexity will be
reduced by the virtue of dividing the network into groups.
By this, the joint TIM-SIC framework will be executed in par-
allel across all sub-matrices that correspond to the different
clusters, and hence this complexity is computed per cluster.
This certainly leads to a gain in the computation because if
the network was not divided into £ clusters, then the value of
n above would have been substituted by d, where d is the total
number of D2D pairs in the whole network, i.e.,d = n x £.

Finally, it is worth commenting on the overall complexity
of the proposed two-stage interference mitigation framework
of this paper. First, it is not worse than the complexity of eRM-
TIM proposed in [43], and second, by being a function of the
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Algorithm 1 Rank Approximation Decision
Input: X
Output: Xk, rank(X), U,V

1 Solve the problem in [31] to get X ;

2 Calculate || X ||F;

3 Find the SVD decomposition X = YSZT with

S =diag(oy,...,0p),01 > ... >0y
4 Define errot = ”X”})ﬁ’; Ia
5 while error < 10% do
6 Initialize i = n + 1;
7 repeat
/¥*zeroing the smallest singular
values */
i=i—1;
Set[oj, ..., 0,] = 01in diag(S);
10 Get new S‘;
1 Compute X = Y527 ;
12 Calculate error;
13 until error >10%;
14 return ; + 1,)2',-“;
15 end
16 rank(X) =n— (i + 1);
17 )}'k = X’

/* Get the decoding and precoding
matrices,U andV respectively */
18 Apply QR factorization on X to get U and V, since
X, =UV

number of D2D pairs (n) within each cluster, the runtime is
kept under check. Moreover, we note that even if we factor in
our clustering method which we proposed in [43], the overall
complexity will not increase. In other words, no matter how
the network size increases, the complexity will always depend
on the number of D2D pairs within the cluster and not on the
whole network.

VI. EXPERIMENTAL RESULTS

We implement the combination of TIM and SIC using the
built-in Optimization Toolbox [83], as well as the convex
optimization toolbox CVX [84] in Matlab R2016b on a desk-
top of 64GB RAM with Intel Xeon CPU E5-2620 v4 working
at 2.10 GHz. To demonstrate the relative performance gains
of the proposed algorithm, we first consider, as an example,
the three different clusters G1, G2 and G3 (with 5 x 5,6 x 6,
and 7 x 7 topologies, respectively) of the 18 x 18 D2D
network represented in Fig. 1 in three different scenarios (will
be described later on in this section). We study the gain of
implementing our two-stage proposed algorithm as compared
to the cases where only stage 1 or stage 2 of our algorithm
are used. This allows assessing the interest of differentiating
between strong and very strong interference, as done in our
framework, and thus the interest of combining SIC and TIM
as proposed in our work. We then consider various network
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topologies with 5 x 5,6 x 6,7 x 7,10 x 10, 11 x 11, 12 x 12,
13 x 13, and 18 x 18 devices (i.e. 36 devices) and compare
between our proposed algorithm and existing TIM methods
in the literature [41], [42]. We show by simulation the gain
in terms of percentage of DoF gain that our method brings as
compared to the DoF achieved by the TIM solutions in [41]
and [42].

A. SCENARIO 1: NO DIFFERENTIATION AMONG THE
INTERFERENCES

In this scenario, we consider that all interferences within
the same cluster are recognized in the same fashion, i.e.,
no difference between strong and very strong interferences,
and hence to ¢ = 0. Consequently, the SIC role vanishes.
We consider this scenario as a performance baseline. In this
context, by solving (13) using the built-in function ““fmin-
con” of Matlab with the matrices Xg1, Xg2 and Xg3 in
(8) as inputs (each one at a time), then the ranks of the
5% 5,6 x 6,and 7 x 7 topologies get minimized only to 3,
5, and 4, respectively, as shown in Table 1. On the other
hand, if the same matrices are provided as inputs for our
previous rank minimization eRM-TIM in [43], then the ranks
get reduced to 4, 4, and 4, respectively. However, for these
specific topologies, the obtained values have not reached the
optimal values yet (which is equal to 2 for all). Recall that this
optimal rank can be deduced from (16), withn = 5, 6, 7 and
the numbers of c¢; factors which are variables in the corre-
sponding characteristic polynomial functions are equal to 4,
5 and 6 respectively. These results show that an additional
step can be added to decrease the rank further, namely by
distinguishing between the levels of interference: strong and
very strong. This is covered by the following two scenarios.

B. ONE STAGE AT A TIME RANK MINIMIZATION

In this scenario, we adopt the interference classification
approach, which we denote mathematically by putting f, ¢
back in the adjacency matrix, and setting it to a value that
is greater than 2 (to differentiate it from the desired signal,
as previously discussed). We test here the importance of
integrating the two rank minimization methods, by showing
the effect of its non-existence. Thus, we measure the achieved
rank while using each method independently. Results have
shown that applying cRM-TIM reduces the ranks only to 2,
3 and 5, respectively, for the considered topologies of Fig. 1.
When eRM-TIM in [43] is applied alone (without integrating
the 7 obtained from cRM-TIM into eRM-TIM ) and after
defining the input . ¢ > 2, the ranks are minimized to 3,
3 and 4, respectively. This demonstrates the effectiveness
of working with interference classification. From an LRMC
perspective, differentiating between the levels of interference
gives more flexibility to the matrix by removing the Os, and
hence reduces the rank further (in both rank minimization
methods). From a communication perspective, it allows for
making use of the SIC function, which, by the way, is a
capability that is supposed to be implemented in hardware
in 5G devices [14]. Again, the use of SIC is limited here to
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some interfering links and not all of them (i.e., where the dot
product between the precoding and decoding vector is very
large) which reduces the complexity resulting from the use
of SIC. As with the previous scenario, the optimal rank is
still not reached while using each method separately. For this,
we try to combine both rank minimization methods, while
implementing a feedback from cRM-TIM to eRM-TIM to pass
the value of . ¢, which leads us to the third scenario.

C. SCENARIO 3: RANK MINIMIZATION METHOD WITH
INTEGRATION OF STAGE 1 INTO STAGE 2

Finally, we test here the whole framework represented in
Fig. 2. For ease of discussion, we refer to cRM-TIM as Stage 1
or §1, and to our eRM-TIM method as Stage 2 or S2. We start
by solving the problem in (13) in order to get the appropriate
value of {, ¢ for each sub-matrix of (8). Once obtained, the
value is inserted in the corresponding entries of X g,. Next,
the matrix Xy is fed to eRM-TIM. As a result, the rank
X e attained the optimal value of 2 in the tested networks
of sizesn = 5 and n = 6. This proves that establishing a
feedback step between the two rank minimization methods
is beneficial. We remind here that both scenarios 1 and 2,
apply either S1 or S2 alone. In this regard, applying S1 alone
does not always achieve the minimum rank as in the case
of the 5 x 5 and 6 x 6 topologies, and the same goes for
S2. Moreover, it is not only about the rank achieved, but
also about the value of 7 it is achieving. More specifically,
S1 forces to.¢ to be much greater than 2, whereas the eRM-
TIM formulation has a tendency to make f, ¢ close to 2.
In this regard, having a {, ¢ value much greater than 2 makes
more sense since while sorting the factors in the input-output
relation, some gap needs to exist between the desired signal
and the very strong interference, so that the latter can be
detected and managed by SIC. Table 1 summarizes all the
aforementioned results, showing a remarkable improvement
in terms of the minimum rank achieved (and hence in terms
of DoF), as compared to the conventional TIM. As for the
order of the rank minimization methods that correspond to
SIC and TIM in the LRMC framework, one can ask if the
order of the stages can be swapped: Stage 1 can become the
one corresponding to eRM-TIM (i.e., TIM) followed by cRM-
TIM (i.e, SIC). In this case, the initial guess for T, ¢ will
always be very close to 2, which makes this step unnecessary.
On the other hand, if we start by cRM-TIM, then it can give
the value of f, ¢ that helps in the rank minimization while
applying eRM-TIM. In this case, eRM-TIM will have the value
of t.¢ adequately computed, and not assigned a value very
close to 2. This , ¢ value will lead then to a better ordering
for SIC application.

D. PERFORMANCE GAIN

We now compare our proposed framework to the TIM opti-
mization methods in [41] and [42]. For that we consider
various network topologies with 5 x 5,6 x 6,7 x 7, 10 x 10,
11 x 11,12 x 12,13 x 13, 14 x 14, and 18 x 18 devices (in
Figure 1) and compare between our proposed algorithm and
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Performance Gain

5 6 7 L 12 13 18
Network topology dimension (NxN), with N=5,6...18

FIGURE 4. Gain of our Framework as compared to [41] and [42] for
various network size.

the TIM methods in [41] and [42]. We plot the percentage
DoF (Degree of Freedom) gain achieved by our method with
respect to existing ones in [41] and [42], given by: Gain =
100 * (DoFproposed — DOF existing) | DOF existing. The obtained
results, provided in Figure 4, shows the superiority of our
method as compared to the ones in [41] and [42]. We can see
that the DoF gain varies between 50% and 100% as compared
to [41]. It is worth noticing that a gain of 100% means,
according to the definition above that the achieved DoF by
our method is twice the one in [41]. One can notice also that
the gain between our proposed framework here and the work
in [42] is between 50 and 70%, which means that the achieved
DoF is 1.5 to 1.7 times the one in [42].

VII. DISCUSSION

In this section we discuss two important points. The first is
about proving that the source of the achieved rank minimiza-
tion is the entire framework of performing TIM and then SIC,
and not due to applying TIM alone. The second addresses a
likely question, which is why to perform TIM and then SIC
rather than performing SIC before TIM.

A. SOURCE OF RANK MINIMIZATION

In this section, we prove the effectiveness of the interfer-
ence classification concept, which we integrated into an
LRMC framework. From a matrix perspective, we show
here that the rank reduction results from the concept
adopted (in terms of changing some Os to fs such that
their values are greater than 2) and not from the method
used (whether cRM-TIM or eRM-TIM). To prove this claim,
we illustrate it by considering two cases:

1) CASE 1

We consider a network of n D2D pairs, where there is no
differentiation between interference levels, and hence, there
is no need for applying SIC. This can be written in a matrix
form as an n x n matrix X, having only 1s in the diagonal
entries and Os in some predefined positions. We consider an

VOLUME 11, 2023



S. Doumiati et al.: Toward Optimal DoF Maximization With Interference Categorization Using TIM and SIC

IEEE Access

TABLE 1. Interest of our two-stage rank minimization (TIM+SIC): Rank minimization performance with different values for }.

Rank Achieved for the network of size
Scenario
5X5 6 X 6 TX7
No interference classification Stage 1-only 3 5 4
(=0 Stage 2-only 4 4 4
Stage 1-only 2 3 5
One stage Rank minimization (either TIM or SIC)
Stage 2-only 3 3 4
Two-stage Rank minimization (TIM+SIC) Stage 1 + Stage 2 | 2(optimal) | 2(optimal) 3

example for n = 3, as follows

1 0 a
X=(|b 1 O 17
0 0 1

The characteristic polynomial function of this matrix can be
then written as:

A—1 0 —a
p(\) =det | —b A—1 0
0 0 A—1

=\ = D[\ = 1)?=0]—0(—=b(\ — 1) — 0)
—a(=bx0—0x(\—1)
== =X=-3\2+31-1 (18)

where A are X’s eigenvalues, and I is the identity matrix.
Clearly, the resulting coefficients of the characteristic poly-
nomial function do not include any variables, and so the
corresponding matrix X is of full rank (all the roots of p(\),
i.e., the eigenvalues are equal to 1). This can be explained by
the fact that computing p(\) = det(M — X) will always give
(A — 1) in the diagonal entries, because X has all ones in the
diagonal. Thus, having a 0 in a certain position will affect
the determinant computation by canceling out some variable
entries and keeping the (A — 1) factor. This will then produce
(A — 1) as a common factor, and so a root of 1.

On the other hand, if some Os are replaced by ts (or in
other words, some interferences are now considered as very
strong ones and should be cancelled using SIC), then the
corresponding matrix can be written as:

1 0 a
Xx=[» 1 1 (19)
2 0 1

and its adjacency matrix as:

A—1 0 —a
p(\) =det | —b A—1 —t1
—t2 0 A—1

=\ = DIA = D? = 0]+ 0(—=b(\ — 1) — f112)
—a(=bx0— (=)A= 1))
=N =324+ X3 —aty) +atr— 1 (20)
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Zeroing out the coefficients of p()\) leads to the following
conditions: ¢3 = ajp — 1 = O0Oandc; = 3 —afy, = 0.
By solving these two equations, the values of a and {, can
be obtained as 0.5 and 2, respectively. Note that these values
satisfy one of the conditions (i.e., the first one only), which
means that only the coefficient ¢3 can be zeroed out. The
resulting eigenvalues will be then equal to 1, 2, 0.0000, and
hence the rank will be equal to 2. All of this proves that
replacing the predefined Os in X by f values (such that { > 2)
affects the rank and its minimization. This shows clearly the
gain of interference classifications used in this paper and
hence the interest of the TIM+SIC combination.

2) CASE 2

We consider here a special case when the matrix is upper or
lower diagonal. This could be an example of a D2D network
topology, where each receiver is suffering from interferences
resulting from transmitters with preceding indices. Knowing
that in a triangular matrix the eigenvalues are equal to the
entries on the main diagonal, then the eigenvalues of X will
be equal to 1 (since in TIM, the diagonal entries are all
equal to 1). This implies that the TIM adjacency matrix with
this special structure (as triangular matrix) will always be
a full rank matrix, regardless of the remaining “*** values.
To illustrate this, we consider an example of a lower diagonal
matrix X as in (21), which is of full rank (equal to 3):

1 a b
X=[0 1 ¢ 20
0 0 1

To show the importance of replacing some zeros by daggers,
we show in (22) a modified version of (21), where the O at
X31 is replaced by a {. From a communication perspective,
this means that the interference coming from transmitter 77 to
receiver R3 is now a very strong one instead of strong, and
hence should be handled using SIC:

1 a b
X=[0 1 ¢ (22)
0 1

This replacement makes the eigenvalues more flexible, since
the coefficients of the characteristic polynomial function will
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include more variables, as shown below:
A—1 —a —b
p(A\) = det 0 A—1 —c
— 0 A—1
=N 3N+ G —thA+(fb—tac—1)  (23)

To zero out the coefficients, the following conditions should
be considered: 3 — b = 0 and tb — fac — 1 = 0. Then,
1=6,a=03,b=05,c= 013. Replacing these values in
X reduces the rank from 3 to 2. This example then shows the
importance of integrating the 1 concept.

B. REORDERING OF INTERFERENCE MANAGEMENT
SCHEMES

In this subsection, we discuss the alternative of starting with
SIC before TIM, in contrast to the approach taken in our
proposed framework.

1) EXAMPLE 1

In this example, we consider the network topology of group
G1 in Fig. 1 and its corresponding adjacency matrix X g
presented in (8). We reproduce the connectivity pattern and
the matrix in Fig. 5 for better illustration. In this D2D network
and based on the new scheme, the very strong interfer-
ence resulting from the transmitters 73 and T4 towards the
receivers Ry, Ry and R3 will be cancelled first using SIC.
Then, the strong interferences (e.g., those coming from 77 to
R3, T> to R4, T3 to Ry and Rs, T5 to Ry and R4) will be
managed by TIM. From an LRMC perspective, the adja-
cency matrix will not include the daggers “1” (denoting very
strong interference) in its entries anymore. More specifically,
the columns and rows that comprise these daggers will be
deleted. Applying this elimination to the adjacency matrix in
Fig. 5(b) will produce the following sub-matrix:

1 al b1
XGl,mb =1C1 1 0 (24)
i1

In other words, the columns and rows that correspond to 73,
T4 and R3, R4, respectively, are eliminated. The remaining
columns and rows correspond to T, T2, T5 and R, R, Rs.
By applying eRM-TIM on Xgi,,,, the matrix gets filled in
such a way that its rank is minimized from 3 to 2. Thus, the
dimensions of the resulting precoding and decoding matrices,
Vi, and Ugy,,, respectively, (after factorizing X1, =
UGi,,,VGly,,) get also reduced.

We note here that although the rows and columns are
eliminated from the matrix, the effect of the excluded nodes,
namely 73 and T4, cannot be neglected. This is because in
addition to the fact that 73 is affecting R3 with a very strong
interference (as shown in Fig. 5), it is also affecting Ry with a
strong interference. This explains why these nodes should be
also taken into account. In Fig. 6(a), we illustrate the effect of
the excluded nodes on the residual ones, whereas in Fig. 6(b),
we show how the residual nodes affect the excluded ones.
Note here that the hidden icons and lines refer to the omitted

68196

T3 % //<i 7 : R3 1 1 'i'2,1 ff] 0

/V\/\//X\/ Xci=10 ¢ 1 f31 A

Ts W R4 o 0 h 1 0

Ts y// = 3 Rs iy g1 0 ko1
(a) (b)

FIGURE 5. (a) 5 x 5 D2D network topology, and (b) its corresponding
adjacency matrix.
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FIGURE 6. After removing the very strong interferences, the remaining
effect (a) of the excluded nodes on the D2D pairs, and (b) vice versa.

T,

nodes. For this, the corresponding precoding and decoding
vectors, v-s and u-s, should be designed such that

vi-u; =0andvy-us =0, (25)

so that the strong interferences (shown in Fig. 6(a)) between
the (73 — R3) and (77 — R;) pairs on one hand, and between
(T35 —R3) and (Ts — Rs) on the other hand get cancelled. In this
case, u| and us can be known after applying the QR decom-
position on X g1, in (24), and hence v3 can be deduced after
solving (25). Moreover, the dot product u3 - vz = 1, denoting
the desired signal between the (73 — R3) pair, can lead to
obtaining u3. Moreover, to remove the strong interferences
between (7> — R») and (T4 — R4) on one hand, and between
(T5 — Rs) and (T4 — R4) on the other hand, the TIM strategies
should be designed such that

vo-uy =0andvs - -uy = 0. (26)

The vectors v and vs can also be known from the QR
decomposition of X¢i,,, in (24), thus allowing us to obtain
u4 by computing the cross product between v, and vs. For
this, the dimensions of v, and v5 (and hence those of Ugy,,,
and Vgi,,) cannot be reduced to 2, although the rank of
X is minimized to 2. This is because the vector must be
of length 3 in the dimension in which the cross product
is taken. Then, the new Ug,,, and Vg1, (of dimensions
5 x 3 and 3 x 5, respectively) can be constructed as Upew =
[ur,ur, u3, uq,us), Voew = [v1,v2,v3,vq,vs], and hence
Xnew = UnewVinew. Hence, the rank of X ey gets reduced
from 5 to 3, but the dimensions of Upew and Ve are still
the same. Not to mention that alternatively if eRM-TIM was
to be applied to X1, from the beginning, the rank of the
5 x 5 matrix would go down from 5 to 3. This shows that
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even if we keep the dimensions of u-s and v-s to overcome
the dimensionality problem, there is no additionnal gain when
applying SIC before TIM.

2) EXAMPLE 2
For further illustration, we consider another example of an
n = 6 topology:

1 0 0 a by
d 1 0 e fH g
;| 2 1 2 0 ko
C27 L t22m 1 m o
P2 @ rnosx 1 132
h uy w 0 wp 1

27)

The importance of this example is to show that the alternative
of applying SIC before TIM does not only suffer from a
dimensionality issue, but also has a feasibility problem. The
elimination of the columns and rows, where the daggers exist,
leads to the following sub-matrix:

1 0 a by
/ _|ha 1 j2 O
XGZW’ b o m 1 n (28)

p2 2 os2 1

After applying rank minimization to the above sub-matrix,
the rank of X /szh gets minimized to 2. Applying the QR
decomposition to it produces the corresponding precod-
ing and decoding matrices Vi, =~ and Ug, = respectively.
If these matrices get truncated according to the new dimen-
sion (rank = 2), then some of the vectors u-s and v-s (i.e.,
up,us, u4,us,vy,v3, vq and vs) become known. However,
to get the remaining ones (i.e., ue¢, ve, U2, v2), the following
conditions on some u#-s and v-s should be simultaneously
satisfied:

voy-up =0Nvy-u; =1, and
v3-ur=0Nvg-ug=0Nug-vg=1 (29)

This leads then to a problem composed of 5 equations
with 4 unknowns (i.e., ug, ve, U2, v2). However, solving this
overdetermined problem will produce vectors that cannot sat-
isfy all the conditions in (29) at the same time. This example
therefore shows a feasiblity problem that could arise when we
apply SIC before TIM.

VIIl. CONCLUSION

In this paper, the application of topological interference
management (TIM) along with successive interference can-
cellation (SIC) to device-to-device (D2D) communications
has been studied. By building on the characteristic polyno-
mial function of the adjacency matrix of the interference
graph, a novel algorithm involving the combination of these
two techniques has been proposed. Numerical results showed
that incorporating SIC in the TIM scheme provides a good
performance gain in terms of DoF as compared to existing
TIM solutions in the literature.
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