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Abstract. In this paper, the resource allocation issues in Device-to-
Device (D2D) aided heterogeneous networks are investigated, with suc-
cessive interference cancellation (SIC) capabilities enabled in base sta-
tions (BSs). The problem of maximizing the sum throughput of whole
network by considering real-time transmissions is formulated. After that,
the globally optimal power control is carried out relying on both the enu-
meration and Kuhn-Munkres methods. To both guarantee the success-
ful transmission probability (STP) of cellular users (CUEs) and reduce
the system’s management overhead, a range-difference based resource
allocation scheme is proposed. Numerical results show that the average
throughput of CUEs can be substantially improved without sacrificing
the performance of CUEs by invoking the proposed resource allocation
scheme.
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1 Introduction

With the rapid development of mobile communication technologies, the telecom
operators are struggling to meet the customers’ exponentially increasing demand
of mobile data traffic, thus requiring both spectral efficiency and throughput
of the wireless networks to be substantially improved [1–3]. Furthermore, the
existing wireless access networks (WANs) architecture is based on the centralized
control of base stations (BSs), which have often been operating at overload state,
it is highly required to offload the mobile traffics from the BS side to the mobile
terminal side [4,5].

Device-to-Device (D2D) communications mode, which enables the geograph-
ically close-by user equipments (UEs) to form D2D pairs by creating a direct
wireless link between them (i.e. without relying on the intervention of BSs),
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has been regarded as a promising traffic-offloading technique [6,7]. Note that
either half-duplex mode or full-duplex [8–10] mode can be implemented in D2D
devices. Meanwhile, in light of the fact that the negative effect of large-scale
power loss due to the relatively longer BS-to-UE distance in conventional cellular
networks can be effectively relieved by implementing D2D mode, the power effi-
ciency as well as spectral efficiency of the wireless networks can be substantially
improved [11]. Thus, the underlaying cellular networks that support both the
conventional cellular communications and the D2D mode can be implemented
for both substantially improving the network throughput and effectively enhanc-
ing the load balance capability of the whole networks.

Despite of the promising benefits in terms of spectral/power efficiencies
offered by D2D-aided heterogeneous networks, the potential performance gains
may still be degraded due to the frequency reuse between these two tiers. Thus,
a reasonable resource allocation strategy must be implemented for effectively
mitigating the impact of D2D induced interference [12].

A variety of works associated with intelligent power control and resource allo-
cation strategies have been carried out for facilitating the D2D-induced interfer-
ence coordination and management [13–16]. For instance, in [13], a pricing-based
mechanism is proposed for managing the interference imposed on the cellular
users (CUEs) by D2D users (DUEs) through controlling the prices on the cor-
responding sub-channels. Combining with a non-cooperative Nash game among
D2D pairs, the quality of service (QoS) of both CUEs and DUEs can be guaran-
teed in the pricing-based mechanism. Furthermore, in [16], a centralized power
control strategy is proposed to guarantee a sufficiently high coverage probability
of CUEs by limiting the D2D-induced interference (while scheduling as many
D2D links as possible). In addition, advanced signal processing techniques can
also be employed for performing interference cancellation in D2D-aided heteroge-
neous networks [17,18]. Relying on the successive interference cancellation (SIC)
capabilities [19,20] of both BSs and DUEs, authors in [18] attempted to adjust
both transmit power and data rate for managing the interference between cel-
lular and D2D tiers, whereas the authors in [17] mainly analyzed the successful
transmission probability (STP) of the multi-cell networks by using stochastic
geometry method.

While most of the existing resource allocation algorithms are carried out
by solving complicated optimization or game problems, both of which gener-
ally require accurate channel state information (CSI), the system’s manage-
ment overhead will thus be significantly increased. Besides the above-mentioned
algorithms, guard zone based interference management schemes have also been
widely investigated [21,22] for offering innovated resource allocation strategies.
In this paper, we mainly focus our attention on maximizing the (real-time) sum
throughput, with a range-difference based scheme proposed for the D2D-aided
heterogeneous networks. The main contributions of this paper are reflected in
the following aspects:

1. The resource allocation problem for D2D-aided underlaying cellular networks
is formulated, with SIC capabilities considered in terminals.
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2. The optimization model of maximizing the (real-time) sum throughput of the
whole network is provided.

3. The globally optimal solution of the proposed algorithm is derived relying on
the enumeration and Kuhn-Munkres methods.

4. A range-difference based resource allocation scheme is proposed for simul-
taneously improving the average STP of CUEs and reducing the system’s
management overhead.

The remainder of this paper is organized as follows. Section 2 describes the
system model for D2D-aided heterogeneous networks, together with the for-
mulation of the problem of sum throughput maximization. In Sect. 3, a range-
difference based resources allocation scheme is proposed. After that, the numer-
ical results are given out in Sect. 4. Finally, Sect. 5 concludes this paper.

2 System Model and Problem Formulation

In this section, we first describe the system model for the proposed D2D aided
heterogeneous networks, followed by formulating the resource allocation problem
of the proposed system, with SIC capabilities enabled in the devices. After that,
we derive the globally optimal solution of the above-mentioned optimization
problem relying on the enumeration and Kuhn-Munkres methods.

Fig. 1. D2D aided heterogeneous network, in which the uplink licensed spectrum is
assumed to be reused by DUEs.
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2.1 System Model for D2D-Aided Heterogeneous Networks

In this paper, we consider the D2D-aided underlaying cellular networks, in which
the uplink licensed spectrum is allowed to be reused by D2D pairs, as illustrated
in Fig. 1. To ease our analysis, we consider the scenario in which a total of
N CUEs share spectrum resources with N D2D pairs simultaneously. Mean-
while, we assume that the i-th CUE operates at transmit power P c

i , where
i ∈ {1, 2, · · · , N}. Without loss of generality, the transmit power of j-th DT
is assumed to be P d

j = βi,jP
c
i , where the coefficient βi,j is no less than 0 for

any i, j ∈ {1, 2, · · · , N}. Furthermore, the radius of the cell is denoted by R.
Distances associated with the i-th CUE-to-BS link and the j-th DT-to-BS link
are represented by ri,b and rj,b, respectively. Meanwhile, the distance between
i-th CUE and j-th D2D receiver (DR) is denoted by ri,j . Similarly, rjj denotes
the distance between the peers of the j-th D2D pair. In addition, both CUEs and
DTs are assumed to be distributed randomly and uniformly within the cellular
coverage, with DRs uniformly located within the radius-50 m circle area that is
centered by the corresponding DTs.

At the BS side, the received signal power from CUE and DT can be denoted
by P c

i,b = hi,br
−α
i,b P c

i and P d
j,b = hj,br

−α
j,b P d

i , respectively, under assumption of
Rayleigh fading channels with small scale fading coefficients hi,b, hj,b ∼ exp(1),
where hi,b and hj,b denote the corresponding channel attenuations, and α >
2 denotes the path-loss exponent. According to the aforementioned uniform-
distribution properties of both CUEs and DTs, the probability density function
(pdf) of ri,b and rj,b can be represented by f(ri,b) = 2ri,b/R2 and f(rj,b) =
2rj,b/R2, respectively. Furthermore, through sample variable substitutions, we
can readily derive both P c

i,b ∼ exp(rα
i,b/P c

i ) and P d
j,b ∼ exp(rα

j,b/βi,j/P c
i ).

2.2 Problem Formulation

In this paper, we aim to maximize the network’s sum throughput relying an
appropriately designed resource allocation algorithm as

P1:max
∑

i∈C,j∈D
αi,jRi,j (1)

s.t.
∑

i∈C
αi,j = 1, (1a)

∑

j∈D
αi,j = 1, (1b)

αi,j = {0, 1}, ∀i ∈ C, j ∈ D, (1c)

where C and D denote the index sets of CUEs and D2D paris, respectively,
Ri,j is the aggregative rates of i-th CUE (i.e. Rc

i ) and j-th D2D pairs (i.e. Rd
j ),
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i.e. Ri,j = Rc
i + Rd

j , αi,j denotes the resource sharing relationship between i-th
CUE and j-th D2D pair, and αi,j = 1 when the i-th CUE and j-th D2D pair
share the same spectrum resource (otherwise αi,j = 0). On one hand, constraints
in (1a) and (1b) guarantee the one-to-one correspondence between CUEs and
D2D pairs, requiring that any single D2D pair must reuse the spectrum of one
and only one CUE. On the other hand, any individual CUE must coexist with
one and only one D2D pair. We can readily show that P1 is identical to a
maximum weighted bipartite matching problem that can be faultlessly solved
out via Kuhn-Munkres method [23], where CUE and D2D pair are the bipartite
vertexes, Ri,j stands for the weight.

In the following, we will focus on mitigating the D2D-induced interference,
thus enhancing the sum throughput of the network. Without loss of generality,
we assume that the BSs are capable of implementing SIC. From information
theory, the desired signal from CUE in the SIC-enabled BS receiver side will
not be deteriorated by the DT-induced interference, and consequently we have

Rc
i = log2

(
1 +

P c
i gi,b

ΓN0

)
if Rd

j ≤ log2

(
1 +

P d
j gj,b

Γ (P c
i gi,b + N0)

)
can be satisfied1.

Otherwise, the interference caused by DT cannot be totally eliminated, thus

leading to Rc
i = log2

(
1 +

P c
i gi,b

Γ
(
P d

j gj,b + N0

)
)

, where Γ denotes the signal-to-

interference-plus-noise ratio (SINR) gap [24] that is set to be Γ = 8.8 dB in this
paper. The problem of Ri,j-maximization can thus be rewritten as

P2:max Rc
i + Rd

j (2)

s.t. Rc
i = A log2

(
1 +

P c
i gi,b

Γ
(
P d

j gj,b + N0

)
)

(2a)

+ (1 − A) log2

(
1 +

P c
i gi,b

ΓN0

)
,

Rd
j = log2

(
1 +

P d
j gj,j

Γ (P c
i gi,j + N0)

)
, (2b)

A = 1

{
Rd

j > log2

(
1 +

P d
j gj,b

Γ (P c
i gi,b + N0)

)}
, (2c)

P th
c ≤ P c

i ≤ Pmax
c , (2d)

1 In other words, the transmission rate of DT is not beyond its channel capacity,
therefore the interference caused by DT can be cancelled completely in theory.
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P th
d ≤ P d

j ≤ Pmax
d , (2e)

where (P th
c , Pmax

c ) and (P th
d , Pmax

d ) are the minimum and maximum values of
transmit power of CUE and DT, respectively. Denoting f

(
P c

i , P d
j

)
= Ri,j =

Rc
i +Rd

j , it has been shown in [25], f(λP c
i , λP d

j ) > f(P c
i , P d

j ) will always hold that
in the interior of the feasible space when λ > 1. Thus, f(P c

i , P d
j ) would reach its

maximum if either of the following conditions, i.e. P c
i = Pmax

c and P d
j = Pmax

d ,
can be satisfied. Furthermore, it has also been proved in [25] that f

(
P c

i , P d
j

)

would be a convex function of P c
i (or P d

j ) if P d
j = Pmax

d (or P c
i = Pmax

c ) is
satisfied. Evidently, the maximum of f

(
P c

i , P d
j

)
must be reachable at one of the

extreme points of the feasible space.
By substituting (2b) into (2c), we can readily derive that A = 0 if

gj,j

P c
i gi,j + N0

≤ gj,b

P c
i gi,b + N0

(3)

is satisfied. Otherwise, we have A = 1 when

gj,j

P c
i gi,j + N0

>
gj,b

P c
i gi,b + N0

. (4)

If A = 0 is met, we can readily conclude that the extreme points of P c
i (denoted

by P c
i,0) are just happened at the apexes of the intersection of (2d) and (3).

Similarly, when A = 1 is met, we can obtain the extreme points P c
i,1, which

correspond to the apexes of the intersection of (2d) and (4). In addition, we
will get the optimal solution of problem P2 relying on the enumeration method,
with the optimal power pair (P c∗

i , P d∗
j ) represented by

(P c∗
i , P d∗

j ) = arg max
(P c

i ,Pd
j )∈U0∪U1∪U

Ri,j , (5)

where U0 = (P c
i ∈ P c

i,0, P
max
d ), U1 = (P c

i ∈ P c
i,1, P

max
d ), and U = (Pmax

c , P th
d ) ∪

(Pmax
c , Pmax

d ).
Following the above-mentioned derivations, we can always derive the maxi-

mum Ri,j for any i ∈ C and j ∈ D settings, which will be saved as the weight
of the edges between bipartite vertexes C and D. Eventually, the maximum sum
throughput can be obtained.

3 Range-Difference Based Resource Allocation

In this section, a heuristic range-difference based resource allocation strategy
is proposed for reducing the system complexity. At the SIC-enabled BS side,
the desired signal from CUE will be decoded correctly, if P c

i,b > P d
j,b is satisfied.

Otherwise, if P d
j,b > P c

i,b is met, the signal of interfering DT will be firstly decoded
and eliminated from the received superposition signal, followed by decoding the
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CUE’s message from the interference-free signal. For a given decoding threshold
η, the CUE’s STP as a function of (η, ri,b, rj,b) can be expressed as

PSTP(η, ri,b, rj,b) = Pr

[
P c

i,b

N0
≥ η,

P d
j,b

P c
i,b + N0

≥ η, P d
j,b > P c

i,b

]

+ Pr

[
P c

i,b

P d
j,b + N0

≥ η, P c
i,b ≥ P d

j,b

]
.

(6)

It has been shown in [21] that PSIC (η, ri,b, rj,b) = Pr
(
P d

j,b > P c
i,b

)
+

Pr
(
P d

j,b ≤ P c
i,b

)
= 1 will be met in interference-limited networks (i.e. N0 → 0),

if η < 1 is satisfied. Otherwise, when η ≥ 1, PSIC (η, ri,b, rj,b) is shown to be a
convex function of rj,b, with its minimum value attainable at rj,b = ri,bβ

1/α
i,j .

As inspired by the aforementioned results, we should try to prevent CUE
and D2D pair with special properties (i.e. rj,b � ri,bβ

1/α
i,j ) from sharing the same

spectrum, when we perform resource allocation. Heuristically speaking, we aim
to maximize the distance between CUEs and DTs, thus proposing the range-
difference based resource allocation optimization model as

P3:max
∑

i∈C,j∈D
αi,jdi,j (7)

s.t.(2a) − (2c),

P c
i = Pmax

c , (7a)

P d
j = βP c

i = Pmax
d , (7b)

where di,j = |rj,b − ri,bβ
1/α|. Similarly, P3 can also be viewed as a maximum

weighted bipartite matching problem, which can be successfully solved by using
Kuhn-Munkres algorithm. Compared with the power control strategy in P1,
scheme in P3 does not require accurate channel state information (CSI) and has
ah lower computational complexity.

4 Numerical Results

In this section, we will numerically validate the proposed analysis as well as evalu-
ate the performance of the proposed scheme. We consider the scenario comprising
100 geographically randomly and uniformly distributed CUEs that coexist with
100 D2D pairs inside a single-cell coverage having a radius of 500 m. The distri-
butions of both DTs and DRs are shown in Sect. 2. Furthermore, the maximum
distance between a D2D pair is assumed to be 100 m. The path loss exponent α
is set to be 4, with rayleigh fading channels assumed in each link. Meanwhile, the
SINR gap is set to 8.8 dB. In addition, the maximum transmit powers of CUEs
and DTs are assumed to be Pmax

c = 30dBm and Pmax
d = 21dBm, respectively,



Range-Difference Based Resource Allocation Scheme 513

corresponding to twice the minimum transmit powers, i.e. P th
c = 1/2Pmax

c and
P th

d = 1/2Pmax
d . Finally, the noise power density is assumed to be −174 dBm/Hz.

In Fig. 2, the CUE’s STP as a function of rj,b is evaluated under variant
ri,b and decoding thresholds η. For a given set of parameters, the CUE’s STP
will first decrease and then increase as rj,b increases, implying that there always
exists an attainable minimum value.

Fig. 2. Successful transmission probability of CUE as a function of the distance between
DT and BS rj,b under variant CUE-to-BS distances ri,b and decoding thresholds η.

Fig. 3. Performance comparisons of the proposed scheme and scheme with power con-
trol in terms of CDF of the average aggregative throughput of a single CUE and/or
D2D pair.
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In Fig. 3, the cumulative distribution function (CDF) of the average aggrega-
tive throughput of one CUE/D2D pair is evaluated. As a performance bench-
mark, numerical results associated with scheme using power control are also pro-
vided. It is obvious that the maximum possible throughput of the two schemes
are reasonably identical. Furthermore, it is shown that the sum throughput of the
proposed scheme is slightly lower than that using power control aided scheme.

In Fig. 4, the CDF of the average throughput of CUE is evaluated. For com-
paring and analyzing the impact of the proposed scheme, numerical results asso-
ciated with the scheme using power control are also presented. It is observed
that the CUE’s average throughput will be improved by using the proposed
scheme, since the range-difference based technique will successfully prevent the
geographically specific UEs from sharing the same spectrum, thus guaranteeing
the QoS of CUEs.

Fig. 4. Performance comparisons of the proposed scheme and scheme with power con-
trol in terms of CDF of the average throughput of CUE.

5 Conclusion

In this paper, a range-difference based resource allocation scheme was proposed
for D2D-aided heterogeneous networks. We first formulated the resource allo-
cation problem by enabling the SIC capabilities in terminals. After that, the
system model associated with maximizing the sum throughput was provided,
followed by deriving the globally optimal solution relying on the enumeration
and Kuhn-Munkres methods. Furthermore, by analyzing the impacting factors
of CUEs’ STP, a range-difference based resource allocation scheme was proposed
for both guaranteeing the QoS of CUEs and reducing the system’s management
overhead. Numerical results validated the proposed analysis, showing that the
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average throughput of CUEs can be substantially improved by invoking the pro-
posed range-difference based resource allocation scheme.
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