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Abstract 
 

Device-to-Device (D2D) communication underlaying macro-small cell networks, as one of 
the promising technologies in the era of 5G, is able to improve spectral efficiency and increase 
system capacity. In this paper, we model the cross- and co-tier D2D communications in 
two-tier macro-small cell networks. To avoid the complicated interference for cross-tier D2D, 
we propose a mode selection scheme with a dedicated resource sharing strategy. For co-tier 
D2D, we formulate a joint optimization problem of power control and resource reuse with the 
aim of maximizing the overall outage capacity. To solve this non-convex optimization 
problem, we devise a heuristic algorithm to obtain a suboptimal solution and reduce the 
computational complexity. System-level simulations demonstrate the effectiveness of the 
proposed method, which can provide enhanced system performance and guarantee the 
quality-of-service (QoS) of all devices in two-tier macro-small cell networks. In addition, our 
study reveals the high potential of introducing cross- and co-tier D2D in small cell networks: i) 
cross-tier D2D obtains better performance at low and medium small cell densities than co-tier 
D2D, and ii) co-tier D2D achieves a steady performance improvement with the increase of 
small cell density.  
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1. Introduction 

With the exponential increase of mobile data demand, heterogeneous networks, which 
combine different wireless access technologies, standards, and protocols, are considered the 
basic architecture of future 5G cellular networks [1]. Moreover, in the age of data, it will be 
more common for several co-located devices to want to share content wirelessly [2]. Therefore, 
Device-to-Device (D2D) communication, which allows devices to communicate directly 
under the control of a base station (BS), is becoming a promising heterogeneous technology to 
help 5G cellular communication networks cope with the explosive increase of data traffic [3] 
[4]. 

In 2010, Qualcomm pioneered a mobile communication system, FlashLinQ, which 
implements wireless sensing to enable proximity-aware communication among devices [5]. In 
addition, the Third Generation Partnership Project (3GPP) has been investigating D2D 
communications as Proximity Services (ProSe), which mainly include two parts, ProSe 
discovery and ProSe communication. Furthermore, they have defined ProSe-enabled user 
equipment as equipment that supports ProSe discovery and ProSe communication. In 
particular, the feasibility of ProSe and its use-cases in LTE are studied in [6], and the channel 
models for LTE ProSe and physical layer options are defined in [7]. 

In a D2D communication system, each D2D pair has two basic communication modes, 
cellular mode (CM) and direct communication mode (i.e., D2D mode) [8]. In the direct mode, 
data are transmitted to the receiver directly, while the cellular mode requires a base station to 
relay. 

Unlike wireless local-area network technologies (e.g., Wi-Fi, Wi-Fi Direct) and wireless 
personal-area network technologies (e.g., Bluetooth, ZigBee), D2D communication users do 
not need to manually pair with their peers. Instead, the D2D communication procedure is 
invisible for users because the BS handles the peer discovery, D2D pairing and mode selection 
entirely [9].  

1.1 Related Work 
D2D communication can be divided into two categories based on the spectrum in which D2D 
communication occurs [10]: inband D2D communication and outband D2D communication. 
The communication under the inband category occurs on the licensed spectrum (i.e., the 
cellular spectrum), which is used for both D2D and cellular users. The D2D users in the 
outband category exploit the unlicensed spectrum. Because the interference in the unlicensed 
spectrum is hard to manage and the QoS of users is difficult to guarantee, researchers mainly 
focus on inband D2D communication, which can be fully controlled by BSs [11]. 

In an inband D2D communication system, D2D pairs under the direct communication 
mode may use cellular spectrum resources in either an orthogonal or nonorthogonal manner. 
In the nonorthogonal case, inter-channel interference may occur between cellular users and 
D2D users. In the other case, the orthogonal case, D2D pairs use dedicated resources but 
cannot exploit the reuse potential of D2D communication to improve the spectral efficiency. 
Because inter-channel interference between cellular and D2D links exists and may severely 
deteriorate the overall system performance [12], interference management is one of the critical 
challenges and research aspects for D2D communication underlaying cellular networks 
[9][13][14][15][16][17].  
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The authors in [9] studied the case in which one cellular user and one D2D pair share the 
radio resources and aimed to optimize the overall cell throughput with resource allocation and 
power control strategies while giving priority to the cellular user. In [13], the authors 
considered D2D communication to share uplink cellular resources in a multi-user cellular 
system and analysed the globally optimal resource sharing strategy. The authors in [14] 
presented game-theoretic resource allocation methods for selfish D2D users underlying a 
cellular network. For the sake of mitigating the interference from cellular transmission to the 
D2D link, a distance-constrained resource-sharing criterion is proposed in [15]. [16] studied 
the resource sharing between two types of users, cellular users and D2D users, and regarded 
the channel allocation as a 0-1 assignment problem that can be solved by the Hungarian 
algorithm. In addition, [17] considered the D2D communication underlaying cellular networks 
with a multi-antenna BS and proposed to change the precoding vector to mitigate or cancel the 
interference from BS to D2D users. 

1.2 Motivations and Contributions 
The future 5G cellular communication system is expected to be a mixed network of various 
technologies and devices [18]. The combination of D2D communication and cellular networks 
is an overwhelming trend [19]. Furthermore, the cellular network has developed as a multi-tier 
network that comprises a conventional cellular network (i.e., macrocell network) with 
multiple low-power base stations (i.e., small cells) [20]. Different network tiers share the same 
radio spectrum. Therefore, interference management will be a key research challenge with the 
co-existence of D2D communications and multi-tier cellular networks because the 
interference situation is more complicated [21][22]. 

The existing works focus on D2D communications in a single-tier network. The authors in 
[9][17] considered the case in which only one cellular user and two D2D users (i.e., one D2D 
pair) co-exist in one BS network. [13] and [15] studied the scenario in which one D2D pair 
share uplink resources in a cellular system consisting of one BS and multiple cellular users. In 
[16], the authors studied a single cell environment where multiple D2D pairs and multiple 
cellular users are co-deployed. There are some investigations of D2D communication in 
multi-tier networks as well [23][24]. The authors in [23] obtained the per user average rate 
within stochastic geometry analysis for a D2D overlaying two-tier cellular network in which 
the different network tiers are allocated separated spectrum. [24] proposed an auction-based 
distributed solution to allocate radio resources in a D2D-enabled multi-tier heterogeneous 
network, but only considered the case in which D2D pairs are all in macrocell tier.  

In this paper, we study the D2D communications underlaying co-channel deployed 
macro-small cell networks that are composed of two clearly separated tiers, the macrocell tier 
and the small cell tier. We focus on the performance of the co- and cross-tier D2D 
communication in such two-tier networks by jointly considering mode selection, power 
control and resource reuse strategies. Co-tier D2D means both of the devices in a D2D pair are 
with the same network tier. Cross-tier D2D means the D2D pair devices belong to different 
network tiers, for example, one user is with the small cell tier and the other is with the 
macrocell tier. 

The contributions of our work are summarized as follows. 
• For the two-tier network architecture, we propose two resource-sharing strategies, the 

cross-tier resource sharing strategy (CTSS) and dedicated resource sharing strategy (DS) 
for co- and cross-tier D2D users, respectively, to avoid interference between D2D users 
and cellular users in the same tier. 
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• We formulate the joint optimization problem of power control and resource reuse for 
co-tier D2D with the objective of maximizing the overall outage capacity considering 
QoS constraints of cellular and D2D users. To solve this non-convex combinatorial 
optimization problem, we propose a heuristic algorithm to tackle the high computational 
complexity. 

The rest of the paper is organized as follows. In section 2, we describe the co- and cross-tier 
D2D communications underlaying macro-small cell networks. In section 3, we present the 
interference issue in the system and formulate it as a non-convex combinatorial optimization 
problem. In section 4, we devise a suboptimal heuristic algorithm with joint power control and 
resource reuse for co-tier D2D. In section 5, we present extensive simulation to confirm the 
effectiveness of the proposed algorithm. Section 6 concludes this paper. 

2. Cross- and Co-tier D2D Underlaying Macro-small Cell Networks 

2.1 System Model  
In this paper, we focus on macro-small cell networks enabling co-tier and cross-tier D2D 
communications. In such two-tier networks, the mobile users consist of cellular users and D2D 
users, which can be with either the macrocell tier or small cell tier. We divide the mobile users 
into four categories according to their communication methods (i.e., cellular or D2D 
communication) and their network tiers (i.e., the macrocell tier or small cell tier), as depicted 
in Fig. 1.  

 
Fig. 1. Various types of mobile users in macro-small cell networks enabling D2D communication. 

 
• Macrocell cellular user equipment (MUE): The devices with the cellular mode in a 

macrocell include cellular users and the D2D users using cellular mode (CM). This type 
of user is associated with the macrocell. 

• Macrocell D2D user equipment (MDUE): Both of the D2D pair users belong to the 
macrocell tier, and the D2D pair uses the D2D mode to communicate directly, i.e., the 
co-tier D2D considered in this study. This type of user is associated with the macrocell as 
well. 

• Small cell cellular user equipment (SUE): The devices with the cellular mode in a small 
cell include cellular users and the D2D users using cellular mode. This type of user is 
associated with the small cell. 

• Cross-tier D2D user equipment (CDUE): The users of one D2D pair belong to different 
network tiers. Furthermore, the D2D pair uses D2D mode to communicate directly. As 
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shown in Fig. 1, CDUES and CDUEM form a cross-tier D2D pair, in which CDUES 
denotes the one within the coverage of a small cell and CDUEM denotes the other one in 
the coverage of the macrocell. It is noteworthy that CDUES is associated with the small 
cell while CDUEM is associated with the macrocell. 

For one D2D pair, whether it should be a CDUE or MDUE depends on its associated 
network tier. If both of the D2D pair users are associated with the macrocell tier (i.e., within the 
coverage of the macrocell), the D2D pair is a MDUE. Otherwise, if the D2D pair users are 
associated with different tiers, i.e., one user is within the coverage of a small cell while the other 
one is within the coverage of the macrocell, the D2D pair is a CDUE. That is caused by the 
two-tier network architecture. 

We assumed that there are N uplink resource blocks and N downlink resource blocks (RBs) 
in the entire system, which are shared for both the macrocell and small cells, and all users are 
ProSe-enabled user equipment, which is defined in [6]. We study the fully loaded case, i.e., 
there is a total of 2N active users in the macrocell tier, N uplink users and N downlink users. 
There are K small cells in the system. Let 2M denote the number of users that belong to each 
small cell, and there are M uplink users and M downlink users. It is noteworthy that each 
macrocell user is only allowed to occupy one RB, while each small cell user can use multiple 
RBs. That is because macrocell BSs are designed for the coverage of large areas and are 
capable of basic communication services, while small cells are designed to realize the high data 
demand in hotspots [25]. 

In the cellular networks, the forming of a D2D pair can be treated as a random event [11]. 
Let P denote the probability that D2D communication takes place for each user, and PC and PM 
are the proportion of CDUE and MDUE to the entire set of D2D users, respectively; obviously, 
PC+PM=1. Therefore, there are 2 MNPP    macrocell D2D users (MDUE) in the macrocell tier 
and 2 CNPP    cross-tier D2D users (CDUE) in the macrocell tier, where ⋅    is the trunc 
operation. Because the users of one MDUE pair both belong to the macrocell tier, the number 
of MDUE pairs equals 2 2M MNPP NPP=       . The users of one CDUE pair belong to 
different network tiers, and one user is with the small cell tier while the other one is in the 
macrocell tier. Therefore, the number of CDUE pairs equals the number of cross-tier D2D 
users in the macrocell tier, which is 2 CNPP   .  

Furthermore, we assume that small cell base stations (SCBSs) and macrocell users are 
randomly distributed inside the coverage area of the macrocell. The probability density 
function (PDF) of its distance r from the macrocell base station (MBS) is  
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where minR  is the minimum distance between base stations, and MR  and SR  are the radius of 
the macrocell and a small cell, respectively. 

For a small cell user, it is randomly and uniformly dropped within the cluster of its small 
cell, and the PDF of its distance r from its associated SCBS is 
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In particular, an instance for the distribution of system devices is illustrated in Fig. 2, in 
which N=50, M=4, K=16, P=0.4, PC=0.4, RM=0.25 km, RS=0.02 km and Rmin=0.08 km. 
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Fig. 2. The distribution of system users in which N=50, M=4, K=16, P=0.4, PC=0.4, RM=0.25 km, 

RS=0.02 km and Rmin=0.08 km. 

2.2 Communication Modes & Resource Sharing Strategies 
Because the macro-small cell networks are self-interference systems due to the co-channel 
deployment between small cells and the macrocell, the interference issue will become more 
severe to manage after introducing inband D2D communication. To solve this, we devise two 
resource-sharing strategies, the Cross-Tier Resource Sharing Strategy (CTSS) and Dedicated 
Resource Sharing Strategy (DS), for D2D users to adapt to the two-tier architecture.  

• Cross-Tier Resource Sharing Strategy (CTSS): A D2D pair’s transmitter uses the 
exclusive resource for its own network tier, which can be shared with other tiers’ devices. The 
CTSS does not exploit the full reuse gain, but it simplifies the interference issue by avoiding 
the interference between D2D users and cellular users in the same tier. This strategy is adopted 
by MDUE. 

 • Dedicated Resource Sharing Strategy (DS): A D2D pair uses a dedicated resource in the 
system, which causes no interference to other devices. This mode is mainly used by CDUE. 

The system spectrum sharing strategies are shown in Fig. 3. CDUEM with the DS utilizes 
the exclusive uplink resource (i.e., the red block), which is not shared by other devices. 
Moreover, CDUES with the DS utilizes the exclusive downlink resource (i.e., the purple block). 
Therefore, CDUE causes no interference to other devices. SUE shares the same spectrum with 
MDUE and MUE. As shown in Fig. 3, the blue spectrum block that is used by MDUE is 
overlaid with the green one, which is utilized by SUE. Meanwhile, the brown spectrum block 
utilized by MUE is overlaid with the SUE’s as well. Because they share the same resources, 
SUE and MUE cause interference with each other, and SUE and MDUE interfere with each 
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other as well. 

Macrocell tier

Small cell tier

Uplink Downlink CDUEM (DS)

MDUE (CTSS)

CDUES (DS)

MUE

SUEUplink Downlink

 
Fig. 3. The spectrum sharing strategies of the system. 

2.3 Achievable Transmission Rate 
We consider the Shannon capacity with outage as the achievable transmission rate between 
two devices [26]. Let ijC denote the achievable transmission rate between device i and device 
j:  

( )2 1ij ijC B log SINRε= ⋅ +                                                       (3) 

where B is the bandwidth and ijSINR  is the signal-to-interference plus noise ratio (SINR) of 
the signal from i to j. ε  is defined as 

1,
0,

ij min

ij min

SINR T
SINR T

ε
≥

=  <
                                                          (4) 

where minT  is the minimum received SINR. If the received SINR is below minT , then the 
received bits cannot be decoded correctly, and the receiver declares an outage. Therefore, its 
achievable transmission rate Cij is equal to zero. 

We summarize the notation and description of key symbols in Table 1. 
 

Table 1. List of main symbols used in this paper 

Notation Description 
N number of uplink or downlink resource blocks in the entire system 
M number of uplink or downlink users in each small cell 
K number of small cells in the system 
P probability that D2D communication takes place for each user 

PC / PM proportion of CDUE /MDUE to the entire set of D2D users 
RS radius of a small cell 
RM radius of a macrocell 
Rmin minimum distance between base stations 
hD fading coefficient in the D2D link 
hSC fading coefficient in the small cell cellular link 

DUEp  maximum transmit power of D2D users on one resource block 
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SUEp  maximum transmit power of small cell cellular users on one resource block 
TD predefined SINR or SNR threshold for D2D direct communication 
TC predefined SINR or SNR threshold for cellular communication 

S={1,2,…,s} set of small cell base stations 
I={1,2,…,i} set of MDUE pairs 
L={1,2,…,l} set of users with the cellular mode in the small cells 

, ,s l iα  reuse coefficient, which is a 0-1 variable 
s
lSUE  l-th user with the cellular mode in the s-th small cell 

MDUE
ip  transmit power of the i-th MDUE pair 

, ,s l ip  transmit power of the s
lSUE  on the resource block that is occupied by both s

lSUE  
and the i-th MDUE pair 

MDUE
iSINR  received SINR at the i-th MDUE pair 

, ,s l iSINR  
received SINR at the s-th small cell base station on the resource block occupied by 

both s
lSUE  and the i-th MDUE pair 

CDUEd  distance of the CDUE pair 

, ,s l id  distance between s
lSUE  and the receiver of the i-th MDUE pair 

,s ld  distance from s
lSUE  to its associated small cell s 

,s id  distance from the transmitter of the i-th MDUE pair to small cell s 
MDUE
id  distance of the i-th MDUE pair 
MDUE
iC  achievable transmission rate for the i-th MDUE pair in the macrocell tier 

, ,s l iC  
achievable transmission rate for the resource block in the small cell tier, which is 

occupied by both s
lSUE  and the i-th MDUE pair 

,ˆ MDUE
i sp  constraint for the i-th MDUE pair transmit power of small cell s 

,
MDUE

i sF  control factor for the i-th MDUE pair of small cell s 

,
MDUE
i sI  interference at the receiver of the i-th MDUE pair caused by the user in small cell s 

3. QoS-aware Interference Management for Cross- and Co-tier D2D  

3.1 Mode Selection for Cross-tier D2D 
For cross-tier D2D user equipment (CDUE), D2D pairs are encouraged to apply the dedicated 
resource sharing strategy. When the CDUE pair’s transmitter with DS uses the maximum 
power to transmit a signal x, the received signal y at the receiver can be written as  

( ) 0D DUE CDUEy h p d x nγ−= +                                              (5) 
where DUEp  is the maximum transmit power of D2D users on one RB, γ  is the path loss 
exponent, Dh  stands for the fading coefficient in the D2D link related to the antenna 
characteristics and the attenuation from blockage [27], CDUEd  is the distance of the CDUE pair, 
and 0n  denotes the additive white Gaussian noise with zero mean experienced at the CDUE 
receiver. Let 0N  denote the noise power. Therefore, the received SNR at the CDUE receiver is 
given by 
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                                            (6) 

To guarantee the QoS of the D2D pair, the received SNR should satisfy , where 
 is a predefined SINR or SNR threshold for D2D direct communications. If  is 

lower than , the communication signal has to be relayed by base stations (i.e., the CDUE pair 
adopts the cellular mode) because, in this case, the distance of the D2D pair users is too large, 
and they cannot communicate directly.  

3.2 Joint Power Control and RB Allocation for Co-tier D2D 
For MDUE pairs, if the distance of an MDUE pair is larger than that between the MDUE 
transmitter and MBS, the MDUE pair will adopt the cellular mode. Otherwise, it is encouraged 
to apply the CTSS to communicate directly.  
 

 
 
Fig. 4. An illustration for co-tier D2D, where the  pair uses the same uplink RB with  and 

, and the  pair reuses the same uplink RB with  and . 
 

We use S={1,2,…,s} to denote the set of small cell base stations and I={1,2,…,i} to denote 
the set of MDUE pairs; and  are the transmitter and receiver of the i-th 
MDUE pair, respectively. Additionally, let L={1,2,…,l} denote the set of users with the 
cellular mode in small cell s (i.e., SCBSs), and  stands for the l-th cellular mode user in 
small cell s. To clarify this, we take an example; as shown in Fig. 4, the  pair shares 
the same uplink RB with  and . Therefore, , which acts as the receiver of 
the  pair, suffers interference from  and . The  pair shares the 
same uplink RB with  and . , the transmitter of the  pair, can 



1490                                                                                Li et al.: Performance Analysis of Co- and Cross-tier Device-to-Device 
Communication Underlaying Macro-small Cell Wireless Networks 

thus cause interference on 2SCBS  and 3SCBS . Because the MDUE pair is using the 
Cross-Tier Resource Sharing Strategy, it will not cause interference with other devices in the 
macro-tier. 

Let , ,s l iα  denote the resource reuse coefficient, which is a 0-1 variable. If , , 1s l iα = , s
lSUE  

reuses the same uplink RB occupied by the iMDUE  pair. Otherwise, , , 0s l iα = . When 
T
iMDUE  transmits a signal ix  to R

iMDUE  with CTSS, and s
lSUE  transmits a signal ,l sx  to its 

base station SCBSS, the received signal at R
iMDUE  can be written as  

( ) ( ), , , , , , , 0
MDUE MDUE

i D i i i s l i D s l i s l i l s
s l

y h p d x h p d x n
γ γ

α
− −

∈ ∈

 = + + 
 

∑∑
S L

                (7) 

where MDUE
ip and MDUE

id  respectively represent the transmit power and the distance of the 

iMDUE  pair. , ,s l ip  denotes the transmit power of the s
lSUE  on the RB that is shared by the 

iMDUE  pair and s
lSUE . The distance between s

lSUE  and R
iMDUE  is denoted by , ,s l id . 

Because each individual MDUE  pair can only use one RB while one SUE  can use multiple 
RBs, there may be interference between several MDUE  pairs and one SUE .  

Based on equation (7), the received SINR at R
iMDUE  is given by 

( )
( )( )

2

2
0 , , , , , ,

MDUE MDUE
D i iMDUE

i

s l i D s l i s l i
s l

h p d
SINR

N h p d

γ

γ
α

−

−

∈ ∈

=
+∑∑

S L

                               (8) 

Similarly, the SINR at the SCBSs on the RB occupied by both s
lSUE  and the iMDUE  pair 

is given by 

( )
( )

2
, , , , ,

, , 2
0 ,

s l i SC s l i s l
s l i MDUE

SC i s i

h p d
SINR

N h p d

γ

γ

α
−

−=
+

                                           (9) 

where SCh  is the fading coefficient of the small cell cellular link and ,s ld  and ,s id  are the 
distances from SCBSs to s

lSUE  and R
iMDUE , respectively. We ignore the co-tier 

interference from the other small cells because we set a minimum separation for base stations.  

To optimize the sum outage capacity of MDUE pairs and small cell uplink cellular users, the 
optimization problem can be formulated as: 

, ,,
max +MDUE

i s l i
i s l i

C C
∈ ∈ ∈ ∈

 
 
 
∑ ∑∑∑α Q I S L I

                                              (10) 

where { } ,, , ,s l i li s
α

∈ ∈∈
=

I L S
α , { }, , ,,

,MDUE
i s l i l si

p p
∈∈ ∈

=
SLI

Q , MDUE
iC  is the achievable transmission 

rate for the iMDUE  pair in the macrocell tier, and , ,s l iC  is the achievable transmission rate 
for the RB in the small cell tier, which is shared by s

lSUE  and the iMDUE  pair. 
Based on equations (3) and (4), equation (10) can be rewritten as:  

( ) ( )2 2 , ,,
max log 1 + log 1    MDUE

i s l i
i s l i

SINR SINR
∈ ∈ ∈ ∈

 
+ + 

 
∑ ∑∑∑α Q I S L I

                  (11) 

                        s.t. 
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,  ≥ ∀ ∈IMDUE
i DSINR T i                                                                               (12) 

, , , ,, ,,1,α≥ = ∈∀ ∈ ∈I SLs l i C s l i iSINR T l s                                              (13) 

,  ∀≤ ∈IMDUE
i DUE ip p                                                                            (14) 

, , , ,,∀ ∈ ∈≤ ∈I L Ss l i SUEp p l si                                                                    (15) 

, , 1, ,α
∈

≤ ∀ ∈ ∈∑
L

I Ss l i
l

i s                                                                               (16) 

{ }, , 0,1 , , ,  α ∈ ∀ ∈ ∈∈I L Ss l i i sl                                                                (17) 
where SUEp  is the maximum transmit power of a small cell cellular user on one RB and CT  is a 
system predefined value that is adopted to maintain the cellular link quality. Equation (12) 
guarantees the QoS of the iMDUE  pair. When , , 1s l iα = , s

lSUE  reuses the RB occupied by the 

iMDUE  pair, equation (13) guarantees the QoS of s
lSUE . The transmit power limitations on 

one RB of a D2D user and cellular mode user are given in equations (14) and (15). Equation (16) 
guarantees the orthogonal use of RBs for the cellular mode users in each small cell. 

The optimization problem (11) is a non-convex optimization due to the uncertainty of 
interference terms in the instantaneous SINR in equations (8) and (9), which is caused by the 
varying of reuse coefficients. Therefore, it is a challenging task to obtain the optimal solution 
directly. Alternatively, we propose a suboptimal and efficient solution in the following section. 

4. Heuristic Algorithm for Co-tier D2D to solve the Optimization Problem 

In this section, we design a heuristic algorithm for co-tier D2D users to find a suboptimal 
solution for the non-convex combinatorial optimization problem as shown in equation (11). 
This algorithm is a joint method with power control and RB allocation, which aims to mitigate 
the interference and reduce the computational complexity when solving the problem in 
equation (11). The procedure of the proposed algorithm is presented in Algorithm 1. 

For the sake of resource reuse gain and the improvement of spectrum efficiency, in 
initialization, for each RB occupied by the iMDUE  pair ( i∈I ), a small cell s randomly 
chooses a cellular user l (i.e., s

lSUE ) to reuse it, i.e., , , 1s l iα = , and sets the transmit power of 
s
lSUE  on the RB, which is occupied by both the iMDUE  pair and s

lSUE , to the maximum 
value (i.e., , ,s l i SUEp p= ). 

To enable cellular communication, equation (13) has to be satisfied. Assume that the 
channel state information (CSI) can be collected by measurements and/or feedback from the 
user equipment [28], small cell s calculates the maximum transmit power for T

iMDUE  as 
follows: 

( )
( )

2
, , ,

0 , ,2
, , ,

, ,

, 1

,  0

s i s l i SC SUE
s l iMDUE

i s SC C s l i

DUE s l i

d h p
N

p h T d

p

γ

γ

α
α

α

−

−

  
  − =  =   

=

                         (18) 

The transmit power constraint for T
iMDUE  can be given as: 
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{ }, ,ˆ min ,MDUE MDUE
i s i s DUEp p p=                                               (19) 

For a small cell s, s∈S , there is an exclusive constraint for the iMDUE  pair’s transmit 
power, as shown in equation (19). Let { }, ,1 ,2 ,

ˆ ˆ ˆ ˆ, ,...,MDUE MDUE MDUE MDUE
i s i i i sp p p=P  denote the set of 

constraints; then, we set the transmit power of the iMDUE  pair ( ),min ˆMDUE
i

MDUE
i sp = P . 

Based on equation (8), the macrocell BS can obtain the MDUE
iSINR . If the MDUE

iSINR  does 
not satisfy equation (12), the receiver of the iMDUE  pair (i.e., R

iMDUE ) suffers severe 
interference from the small cell tier and requires further action, e.g., the design of an RB 
allocation strategy for interference mitigation.  

To this end, we devise a control factor denoted as ,
MDUE

i sF  and let , ,, ˆMDUE MDUE
i s

MDUE
i si s pF I= −  

for the small cell s and the iMDUE  pair, where ,
MDUE
i sI  is the interference at R

iMDUE  caused 
by the user in the small cell s. ,

MDUE
i sI  can be obtained as 

( )( )2
, , , , ,
MDUE
i s s l i D SUE s l i

l
I h p d

γ
α

−

∈

=∑
L

                                (20) 

Let { }, ,1 ,2 ,, ,...,MDUE MDUE MDUE MDUE
i s i i i sF F F=F  denote the set of control factors. MBS first chooses 

the small cell that has the maximum control factor, then sets , , 0s l iα =  and updates ,
ˆ MDUE

i sP  and 
MDUE
ip  until equation (12) is satisfied. These selected small cells, for which , ,s l iα  equals zero, 

are usually too close to R
iMDUE  or T

iMDUE , and it is inappropriate to reuse the RB, which is 
occupied by iMDUE . The computational complexity of the proposed heuristic algorithm is 

( )MO NPPK    , where K is the number of small cells in the system and MNPP    is the 
number of MDUE pairs. 

Algorithm 1: Heuristic Algorithm For MDUE 
Initialization: randomly choose a cellular mode user l and let , , 1s l iα =  and , ,s l i SUEp p=  

, si∀ ∈ ∈I S   
For the RB occupied by the iMDUE  pair do 

calculate ,
MDUE
i sp  s∀ ∈S  and obtain ,

ˆ MDUE
i sP  

let ( ),min ˆMDUE
i

MDUE
i sp = P  

while MDUE
i DSINR T<  do 

calculate ,   MDUE
i sI s∀ ∈S  and obtain ,

MDUE
i sF   

, , 0s l iα =  where ( ),arg max MDUE
i

s
ss

∈
←

S
F  

update ,
ˆ MDUE

i sP  and MDUE
ip  

end 
end for 
Outcome: α,P . 
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5. Numerical Results 
In this section, we evaluate the performance of co- and cross-tier D2D underlaying 
macro-small cell networks. We consider a two-tier network with a set of small cells located in 
a macrocell. The performance measure is computed after averaging 1000 independent runs. 
The key simulation parameters are set up according to [7] [29] and are given in Table 2. 

 
Table 2. Key simulation parameters 

Parameter Value 
Macrocell radius 250 m 
Small cell radius 20 m 
System carrier 2 GHz 

System bandwidth 20 MHz 
Maximum Tx power of macrocell users 27 dBm 
Maximum Tx power of small cell users 10 dBm 

Maximum Tx power of MBS 46 dBm 
Maximum Tx power of SCBS 23 dBm 

Number of users for each small cell 12 
Path loss mode for a macrocell cellular link 26 log10(d[m])+39+20 log10(fc[GHz]/5.0) 
Path loss mode for a small cell cellular link 22.7 log10(d[m])+41+20 log10(fc[GHz]/5.0) 

Path loss mode for a D2D link 18.7 log10(d[m])+46.8+20 log10(fc[GHz]/5.0) 
Noise spectral density -174 dBm/Hz 

SINR threshold for a D2D receiver 4 dB 
SINR threshold for a cellular receiver 6 dB 
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Fig. 5. Overall capacity under four cases with various SCBS densities in which P=0.6 and PM=0.8. 

We first look into the capacity of the two-tier network enabling the co-tier and cross-tier 
D2D communications. Fig. 5 depicts the overall capacity under four cases with various SCBS 
densities. We use ‘Type I’ to denote the macro-small cell networks that are without the D2D 
direct communication, that is, all D2D users are forced to use the cellular mode (CM). ‘Type II’ 
denotes the D2D heterogeneous networks that allow D2D users to perform mode selection and 
adopt the direct communication mode. Moreover, we use ‘no eICIC’ to denote small cells that 
are without any enhanced inter-cell interference coordination (eICIC) and ‘eICIC’ to denote 
small cells that apply the fourth power control approach (objective SINR of MUE) listed in [30], 
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which is to guarantee a minimum SINR at the MUEs while controlling the maximum transmit 
power of small cell base stations. ‘Hungarian algorithm’ means that MDUE pairs conduct the 
RB allocation with the Hungarian algorithm and the power control schemes proposed in [16].  

In Fig. 5, it is observed that ‘Type II Proposed,’ which stands for the Type II D2D 
heterogeneous network with the proposed D2D interference management algorithm, achieves 
the best capacity performance in low and medium SCBS densities. This is because, with the 
CDUE pairs adopting the DS to communicate directly, the cross-tier interference from the 
CDUE pairs is avoided; moreover, the MDUE pairs with the CTSS communicating directly 
also mitigate the cross-tier interference because the transmit power of MDUE is much smaller 
than MBS. In high and super-high SCBS densities, the overall capacity of the ‘no eICIC’ case is 
higher than that of ‘eICIC.’ That is because taking no action at the small cells (i.e., ‘no eICIC’) 
results in worse macrocell user protection but better small cell throughput performance 
compared with the ‘eICIC’ cases. The small cell throughput takes almost all of the system 
capacity for high and super-high SCBS densities. 
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Fig. 6. The number of macrocell outage users under four cases with various SCBS densities in which 

P=0.6 and PM=0.8. 
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Fig. 7. Overall capacity versus the D2D probability in which PC=0.4, PM=0.6 and 30 SCBS/km2 
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We then assess the QoS of macrocell users. Fig. 6 depicts the number of macrocell outage 
users with various SCBS densities. We can see that the ‘eICIC’ and ‘proposed’ interference 
management algorithms have better performance in avoiding the outage of users. With the 
increase of the SCBS density, the numbers of macrocell outage users of ‘Type I no eICIC’ and 
‘Type II Hungarian algorithm’ rise stably. These two cases sacrifice the QoS of macrocell users, 
including cellular users and D2D users, in trade for better small cell throughput performance, 
which is also supported in Fig. 5. 

Fig. 7 illustrates the overall capacity versus the D2D probability. With the increase of the 
D2D probability, the overall capacity of ‘Type II Proposed’ grows significantly. That is 
because there are more CDUE pairs and MDUE pairs to avoid and mitigate the cross-tier 
interference, respectively, and improve the capacity performance with the growth of the D2D 
probability.  

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

5

10

15

20

25

30

35

N
um

be
r o

f M
ac

ro
ce

ll 
O

ut
ag

e 
U

se
rs

The D2D Probability

 

 

Type I no eICIC
Type I eICIC
Type II Proposed 
Type II Hungarian algorithm

 
Fig. 8. The number of macrocell outage users versus the D2D probability with PC=0.4 and PM=0.6. 
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Fig. 9. Overall capacity with various CDUE proportions and SCBS densities in which P=0.4. 

 



1496                                                                                Li et al.: Performance Analysis of Co- and Cross-tier Device-to-Device 
Communication Underlaying Macro-small Cell Wireless Networks 

Fig. 8 depicts the number of macrocell outage users versus the D2D probability. It is 
observed that the number of macrocell outage users in the ‘Type II Hungarian algorithm’ case 
increases gradually with the growth of the D2D probability, and it also leads to the decline of 
overall capacity, as shown in Fig. 7. The reason is that, with the growth of the D2D probability, 
there are more and more MDUE in the system, and the inter-channel interference between 
MDUE and small cell users becomes more severe. While the Hungarian algorithm cannot 
manage the interference very well, the extravagant interference leads to an increase of the 
number of MDUE outages. 

We also look into how the overall capacity changes with various CDUE proportions and 
SCBS densities, as shown in Fig. 9, while P=0.4. The dashed lines in Fig. 9 represent the 
outage capacity with various SCBS densities when the macro-small cell networks are without 
D2D communication, i.e., all D2D users are using the cellular mode. Therefore, the dashed 
lines are approximately invariant during the increase of the CDUE proportion for various cases 
of SCBS density. The solid lines describe the outage capacity of ‘Type II Proposed’ with the 
varying of the CDUE proportion and density of small cells. With the rise of the CDUE 
proportion, the overall outage capacity grows stably for low and medium SCBS densities but 
declines for higher SCBS densities. The reason behind this is that the CDUE pairs with the 
Dedicated Resource Sharing Strategy (DS) can avoid interference and yield benefits for 
macro-small cell networks. Alternately, more RBs need to be assigned to the CDUE pairs with 
the increase of the CDUE proportion. As a result, the number of available RBs for the small cell 
tier is decreasing. Therefore, when the SCBS density is low or medium, the growth of the 
outage capacity is attributed to the benefits of the CDUE pairs. When the SCBS density is high, 
the outage capacity declines due to insufficient RBs for dense small cell deployment. 
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Fig. 10. Overall capacity with various MDUE proportions and SCBS densities when P=0.6. 

 

Furthermore, we study the impact of the MDUE proportion on system capacity. Fig. 10 
describes the overall capacity with various MDUE proportions and SCBS densities when P=0.6. 
In low and medium SCBS densities, the outage capacity of ‘Type II proposed,’ shown via the 
solid lines, declines with the growth of the MDUE proportion. In other words, the CDUE pairs 
yield more benefits than MDUE pairs, which is also supported in Fig. 9. In addition, when all 
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D2D pairs are MDUE, i.e., the MDUE proportion is equal to one, similar to the situation in 
which the CDUE proportion is equal to zero in Fig. 9, the macro-small cell system with D2D 
communication can obtain better performance than traditional macro-small cell networks with 
various cases of SCBS density. This reveals that the co-tier D2D can obtain steady benefits for 
macro-small cell systems during the densification of small cells. 

6. Conclusions 
In this paper, we have investigated the performance of cross- and co-tier D2D 

communications underlaying two tier macro-small cell networks. We divide the system users 
into four types: MUE, MDUE, SUE and CDUE. Then, we propose two resource-sharing 
strategies, CTSS and DS for co-tier and cross-tier D2D, respectively, to avoid the interference 
between D2D users and cellular users in the same tier. For co-tier D2D, we formulate the joint 
optimization problem of power control and resource reuse with the purpose of maximizing the 
overall outage capacity. Because the joint optimization problem is non-convex, we devise a 
heuristic algorithm to obtain a suboptimal solution and guarantee the QoS requirements of all 
users.  

The system-level simulations indicate that the cross-tier D2D pairs adopting DS and the 
cross-tier D2D pairs with the CTSS can avoid and mitigate the interference, respectively, and 
yield benefits for macro-small cell networks. The simulations also reveal that cross-tier D2D 
can obtain better performance for low and medium SCBS densities but lower performance for 
high SCBS density. Moreover, the co-tier D2D can achieve a steady improvement with the 
increase of SCBS density. In conclusion, our study presents the high potential of both cross-tier 
D2D and co-tier D2D for the future deployment of heterogeneous small cell networks. 
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