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Abstract

This report analyzes the performance of a Cooperative Device to Device Communication in a Heteroge-
neous Cellular Network. In the proposed work, a heterogeneous network is considered where the base
station of the macro cell wants to communicate with the base station of another cell. But due to link
failure, both base stations aren’t able to communicate directly. So with the assistance of Device to De-
vice transmitter(D2D Tx) which would act as an AF relay, will provide a scheme for the base stations to
communicate with each other over some subcarriers. Also D2D Tx will communicate with the Device
to Device Receiver(D2D Rx) on the remaining subcarriers. The analysis will show that the two way AF
relaying system improves the spectral efficiency and reduce the outage probability.

Keywords: Cooperative Communication, Amplify and Forward Protocol, Relay Selection, Device to
Device Communication, Heterogeneous Network, OFDM
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Chapter 1

Introduction

D2D Communication looks promising for the next generation communication as it can provide high data

rate, increase the spectrum efficiency, the power efficiency and overall system capacity [1]. The concept

of Cooperative Device to Device Communication in Heterogeneous networks was first proposed by [2]

along with the technical challenges associated with D2D Communication.

Figure 1.1: Heterogeneous System Comprising of different Cells

Heterogeneous network gives the opportunity of introducing Cooperative Communication because of

the structure that it inherits. There are two possible relaying strategies that are used in Cooperative

Communication: decode and forward relaying(DF) and amplify and forward relaying(AF). AF relaying

system is mostly preferred over DF as in case of DF, whole decoding process of the received data needs

to be done at the relay while in case of AF [3], the received signal is only amplified and forwarded. In the

heterogeneous network, there are many base stations corresponding to different cells of different radii. In

such an environment, there are lot of cellular users. Because of the nearby proximity of the users, D2D

Communication could be incorporated into it. Suppose two base stations want to communicate with one

another over the same frequency. But due to bad channel conditions, direct link between the base station

fails. Since there are lot of D2D users, some users may be situated between the direct link. Out of these

users, one D2D user could be selected as a relay to help the communication between the base stations.
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Sub-optimal min-max criterion for relay selection is proposed in [4].

Figure 1.2: Transmission Protocol for One-way and Two-way Relaying

The spectral efficiency is further improved if two way relaying is preferred over one way relaying. For

one way relaying, it takes a total of 4 phases for the communication of the system, while in two way

relaying, it only takes 2 phases for the communication of the system. [5]. In two way relaying, two

sources simultaneously send their information to the relay and depending upon the relaying strategies

like AF or DF, the relay forwards the data to both the source nodes.

In proposed work, there are two networks : Cellular Network and D2D Network. Cellular Network

constitutes of the BS1 ,BS2 and the relay(D2D User). Both the base stations sends the signal over

N subcarriers to the D2D user. D2D User amplifies it and forwards it to both the base stations over

D(D < N) subcarriers. The Outage observed at one of the base stations is called the Outage Probability

of Cellular Network.

D2D Network only constitute of the D2D Transmitter and D2D Receiver. D2D transmitter now transmits

information over remaining N − D subcarriers to D2D receiver. The outage observed at D2D receiver

is called the Outage Probability of D2D Network.

The remaining section of the report is organized as follows: Chapter II talks about Related Work. Chapter

III will be on System Model for Cellular Network as well as for D2D Network. In Chapter IV, the Outage

Probability of different systems will be mathematically derived and analysed. The Simulation Results

obtained with different parameters are provided in Chapter V. Chapter VI concludes the report.
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Chapter 2

Related Work

In the proposed work, half duplex heterogeneous network is considered where the macro cell’s base

station communicates to smaller cell’s (micro,femto or pico) base station via D2D UE. Some recent

work have been done related to the proposed work. In [6], full duplex communications in heterogeneous

network are discussed. It talks about the different technical challenges introduced because of FD. Self

Interference is one of the major problem. To reduce SI, the transmit power of the UE must be low. When

the channel state information is known, then the interference could be cancelled in case of direct path or

reflected path. But when CSI is unknown, only interference from the direct path could be mitigated. Be-

cause of such factors, D2D communication can be incorporated in FD communications in heterogeneous

networks.

Distance based transmit power control schemes are discussed in [7] for minimising the interference

caused by the communication between Cellular User and D2D user. They used stochastic geometric

model instead of grid system model to study the coverage probability of cellular as well as D2D UEs.

According to [8], D2D links are in poor condition. Direct communication between DUEs is not possible.

So therefore to enhance the quality of service, there must be a relay which have better channel condi-

tion for both the D2D users. They proposed a scheme for distributed resource allocation for relay aided

Device to device communication. As per their work, systems data rate is increased at a cost of small

increase in end-to-end delay.

Recent studies on LTE network has been studied under both homogeneous and heterogeneous net-

work [9]. The study indicates that the system capacity is more in heterogeneous network. Also, the

ability to manage and eliminate interference in the heterogeneous environment is comparatively easier

than in homogeneous network. This allows a better quality of service to the users in that particular

network.
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Chapter 3

System Model

The system model is shown in Fig. 3.1. The links over the nodes are modeled as Rayleigh flat fading.

Link between BS1 and D2D user has a channel coefficient of h1,k. Link between BS2 and D2D user

has a channel coefficient of h2,k. Link between D2D Tx and D2D Rx has a channel coefficient of

hdt,k. When direct link is possible, the link between BS1 and BS2 has a channel coefficient of hdl,k.

k(1 ≤ k ≤ N). The channel coefficients h ∼ CN (0, d−n), where d is the distance between transmitter

and receiver, and n is path loss exponent. The instantaneous channel gain for each subcarrier is defined

as γ1,k = |h1,k|2, γ2,k = |h2,k|2, γdt,k = |hdt,k|2 and γdl,k = |hdl,k|2. The Additive White Gaussian

Noise (AWGN) at each receiver BS1, BS2, D2D Tx and D2D Rx is denoted as n1,k, n2,k, ndt,k, ndr,k ∼
CN (0, σ2). The transmitted signal byBS1 is s1,k, transmitted signal byBS2 is s2,k and D2D transmitted

signal to D2D Receiver is denoted as xdt,k, all having constant unit power.

Figure 3.1: System Model

Distance between BS1 and D2D Tx is d1. Distance between BS2 and D2D Tx is d2. Distance between

D2D Tx and D2D Rx is ddt. Distance between BS1 and BS2 is ddl. LTE Heterogeneous network is

considered where the frequency reuse factor is 1. Also, OFDM is used for the modulation scheme which

makes all the subcarriers orthogonal. Thus, no interference will be there from the subcarriers.
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Chapter 4

Outage Probability Analysis for Different
Networks

In this section, the details about the different networks will be discussed along with their Outage Perfor-

mance.

4.1 Outage Probability of Cellular Network

Figure 4.1: Cellular Network

Cellular Network constitute of two Base Stations, namely BS1 and BS2, and a D2D user which will

perform the role of relay. The overall communication will happen in two phases. In phase 1,Both the

base stations will send their respective data over N subcarriers to the D2D transmitter. Signal s1,k is

transmitted by BS1 to D2D transmitter over kth subcarrier and signal s2,k is transmitted by BS2 to D2D

transmitter over kth subcarrier. The received signal by D2D transmitter over kth subcarrier is

ydtk = (p1,k)
1
2h1,ks1,k + (p2,k)

1
2h2,ks2,k + ndt,k ; 1 ≤ k ≤ N, (4.1)

where p1,k denotes BS1 signal transmission power whereas p2,k denotes the transmission power of BS2
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and ndt,k denotes the Additive White Gaussian Noise for kth subcarrier.

In phase 2, the D2D transmitter will amplify the received signal and forward it two sources node over D

subcarriers. Therefore, the transmitted signal by D2D transmitter over kth subcarrier is

zdtk = βky
dt
k ; 1 ≤ k ≤ D, (4.2)

where the amplification factor, βk is given as

βk = (p1,k|h1,k|2 + p2,k|h2,k|2 + σ2)−
1
2

The signal transmitted by the relay must satisfies the following condition :

E(|zdtk |2) ≤ 1

The signal received at BS1 over kth subcarrier is

yBS1
k = (pdt,k)

1
2h1,kz

dt
k + nBS1,k ; 1 ≤ k ≤ D, (4.3)

(4.3) can be further reduced to

yBS1
k = (pdt,k)

1
2h1,kβky

dt
k + nBS1,k ; 1 ≤ k ≤ D,

yBS1
k = (pdt,k)

1
2 (p1,k)

1
2 |h1,k|2βks1,k+(pdt,k)

1
2 (p2,k)

1
2h1,kh2,kβks2,k+(pdt,k)

1
2h1,kβkndt,k+nBS1,k ; 1 ≤ k ≤ D,

(4.4)

Since BS1 knows its own information (s1,k), so after applying interference cancellation techniques [10],

(4.4) can be reduced to

yBS1
k = (pdt,k)

1
2 (p2,k)

1
2h1,kh2,kβks2,k + (pdt,k)

1
2h1,kβkndt,k + nBS1,k ; 1 ≤ k ≤ D, (4.5)

The signal power at BS1 is

S = pdt,kp2,k|h1,k|2|h2,k|2β2k ; 1 ≤ k ≤ D, (4.6)

The noise power at BS1 is

N = pdt,k|h1,k|2σ2β2k + σ2 ; 1 ≤ k ≤ D, (4.7)

After putting the value of βk, Signal to Noise Ratio for kth subcarrier is

SNRk =
pdt,kp2,kγ1,kγ2,k

pdt,kγ1,kσ2 + p1,kγ1,kσ2 + p2,kγ2,kσ2 + σ4
(4.8)
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The instantaneous rate received at BS1,

RPBS1 =
1

2

D∑
k=1

log2 (1 + SNRk) (4.9)

The factor of 1
2 is because of two phase communication.

RPBS1 =
1

2

D∑
k=1

log2

(
1 +

pdt,kp2,kγ1,kγ2,k
pdt,kγ1,kσ2 + p1,kγ1,kσ2 + p2,kγ2,kσ2 + σ4

)
(4.10)

The target rate of Cellular Network is RPth and outage occurs if RPBS1
< RPth. When p2,k = p2,∀ k;

pdt,k = pdt,∀ k ; γ1,k = γ1, ∀ k and γ2,k = γ2, ∀ k,

RPBS1 =
D

2
log2

(
1 +

pdtp2γ1γ2
pdtγ1σ2 + p1γ1σ2 + p2γ2σ2 + σ4

)
(4.11)

The outage probability for the Cellular Network can be defined as,

PPout = Pr{RPBS1 < RPth}, (4.12)

PPout = Pr

{
D

2
log2

(
1 +

pdtp2γ1γ2
pdtγ1σ2 + p1γ1σ2 + p2γ2σ2 + σ4

)
< RPth

}

PPout = Pr

{
(

pdtp2γ1γ2
pdtγ1σ2 + p1γ1σ2 + p2γ2σ2 + σ4

) < 2
2RPth
D − 1

}
(4.13)

Assuming p1 = P , p2 = α2P pdt = αsP ,P >> σ2

0 ≤ αdt ≤ 1, 0 ≤ α2 ≤ 1,

(4.13) could be further deduce to

PPout = Pr

{
αdtα2Pγ1γ2

(1 + αdt)γ1σ2 + α2γ2σ2
< 2

2RPth
D − 1

}
(4.14)

PPout = Pr

(
αdtα2P

(1+αdt)σ2

γ2
+ α2σ2

γ1

< 2
2RPth
D − 1


PPout = Pr

 αdtα2P

(2
2RP
th
D − 1)

<
(1 + αdt)σ

2

γ2
+
α2σ

2

γ1


PPout = Pr

 αdtα2P

(2
2RP
th
D − 1)

− α2σ
2

γ1
<

(1 + αdt)σ
2

γ2
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PPout = Pr

γ2 <
(1 + αdt)σ

2

α2(
αdtP

(2
2RP
th
D −1)

− σ2

γ1
)


PPout = Pr {γ2 < ζ}

where,

ζ =
(1 + αdt)(2

2RPth
D − 1)σ2γ1

α2(αdtPγ1 − σ2(2
2RP
th
D − 1))

(4.15)

As γ2 ∼ exp (dn2 ), and for exponential random variable,

ζ > 0

(1 + αdt)(2
2RPth
D − 1)σ2γ1

α2(αdtPγ1 − σ2(2
2RP
th
D − 1))

> 0

αdtPγ1 − σ2(2
2RPth
D − 1) > 0

γ1 >
σ2(2

2RPth
D − 1)

αdtP
(4.16)

γ1 > δ (4.17)

where,

δ =
σ2(2

2RPth
D − 1)

αdtP
(4.18)

Joint probability density function (pdf) of independent and exponential random variables γ1 and γ2 can

be represented as,

dn2e
−dn2 γ2dn1e

−dn1 γ1 (4.19)

Therefore, the Outage Probability of the Cellular Network observed at the BS1 is,

PPout =

∫ ∞
γ1=δ

∫ ζ

γ2=0
dn2e
−dn2 γ2dn1e

−dn1 γ1dγ2dγ1

= e−d
n
1 δ − dn1

∫ ∞
γ1=δ

e−d
n
1 γ1−dn2 ζdγ1 (4.20)
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Figure 4.2: Distance Between the different nodes

4.2 Outage Probability of D2D Network

Figure 4.3: D2D Network

D2D Network constitute of the D2D transmitter and D2D receiver. D2D Transmitter will transmit data

over N − D subcarriers to the D2D Receiver. Signal xdt,k is transmitted by D2D Transmitter to D2D

Receiver over kth subcarrier. The received signal at D2D Receiver over kth subcarrier is denoted as yDRk
which is equal to,

yDRk = (pdt,k)
1
2hdt,kxdt,k + ndr,k ;D + 1 ≤ k ≤ N, (4.21)
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The Signal Power component from (4.21) is

Sdr,k = pdt,k|hdt,k|2

The Noise Power component from (4.21) is

Ndr,k = σ2

Therefore, the Signal to Noise ratio for kth subcarrier is SNRdr,k, given as

SNRdr,k =
pdt,k|hdt,k|2

σ2

The instantaneous rate received at D2D Receiver is,

RSd2d =
1

2

N−D∑
k=1

log2

(
1 +

pdt,kγdt,k
σ2

)
(4.22)

The target rate of D2D Network isRSth. The factor of 1
2 is coming because the transmission is done in two

phases. Outage occurs if RSd2d < RSth. When pdt,k = pdt,∀ k; γdt,k = γdt,∀ k, the outage probability for

the D2D Network can be defined as,

PSout = Pr{RSd2d < RSth}. (4.23)

PSout = Pr

{
N −D

2
log2

(
1 +

pdtγdt
σ2

)
< RSth

}

= Pr

{
γdtpdt
σ2

< 2
2RSth
N−D − 1

}

= Pr

{
γdt <

σ2

pdt

(
2

2RSth
N−D − 1

)}
, (4.24)

As γdt ∼ exp (dndt), and for exponential random variable, the probability density function (pdf) of inde-

pendent and exponential random variables γdt can be expressed as,

dndte
−dndtγdt (4.25)

Therefore, the closed form expression of Outage probability of D2D Network is,

PSout =

∫ σ2

pdt
(2

2RSth
N−D−1)

γdt=0
dndte

−dndtγdtdγdt

= 1− e−d
n
dt(2

2RSth
N−D−1) σ

2

pdt . (4.26)
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4.3 Outage Probability Derivation for Direct Link Between the Base Sta-
tions

We will analyse, the outage probability when there was a direct link between the base stations. Base

Station 1(BS1) wants to send x1,k to Base Station 2(BS2) and BS2 wants to send x2,k to BS1 over kth

subcarrier. All the information will be transferred over N subcarriers.

We will find the Outage Probability at BS1.

The received signal at BS1 over kth subcarrier is denoted as yBS1k which is equal to,

yBS1k = (p2,k)
1
2hdl,kx2,k + n2,k ; 1 ≤ k ≤ N, (4.27)

The instantaneous rate received at BS1,

RBS1 =
1

2

N∑
k=1

log2

(
1 +

p2,kγdl,k
σ2

)
(4.28)

The target rate of Direct-Link transmission is RBS1th . Outage occurs if RBS1 < RBS1th . When p2,k =

p2,∀ k; γdl,k = γdl, ∀ k, the outage probability for the D2D Network can be defined as,

P dlout = Pr{RBS1 < RBS1th }. (4.29)

P dlout = Pr

{
N

2
log2

(
1 +

p2γdl
σ2

)
< RBS1th

}

= Pr

{
γdlp2
σ2

< 2
2RBS1th
N − 1

}

= Pr

{
γdl <

σ2

p2

(
2

2RBS1th
N − 1

)}
, (4.30)

As γdl ∼ exp (dndl), and for exponential random variable, the probability density function (pdf) of inde-

pendent and exponential random variables γdl can be expressed as,

dndle
−dndlγdl (4.31)

Therefore, the closed form expression for Direct link between the Base Stations is,

P dlout =

∫ σ2

p2
(2

2RBS1th
N −1)

γdl=0
dndle

−dndlγdldγdl

= 1− e−d
n
dl(2

2RBS1th
N −1)σ

2

p2 . (4.32)
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Chapter 5

Simulation Results

The following parameter were used for the simulations.
Parameter Value

Path Loss Exponent(n) 2.5
ddt 25m

Noise Variance −110 dBm
Radius of Macro Cell 1000m
Radius of Micro Cell 500m
Radius of Pico Cell 50m

Radius of Femto Cell 10m
Total Subcarriers 32
Threshold Rate 32bits/sec

Table 5.1: Simulation Parameters

5.1 Outage Probability Analysis for the Cellular Network

5.1.1 Macro Cell Communicates with Micro Cell

Macro Cell’s base station wants to communicate with Micro Cell’s base station in an heterogeneous

network. For the above situation, transmitting Power of base station of the Macro Cell is 0dBm while

the transmitting power of the Micro Cell’s base station is −10dBm. D2D user transmits with the power

of 0dBm.

The Outage Probability plot is shown in fig. 5.1. We compare the outage probability with the case

when there was a direct link between the base stations. For the same outage probability, we can transfer

data over less subcarriers(D) and thus obtaining the spectral efficiency in the system. The remaining

subcarriers(N-D) could be used in the D2D Network. Table 4.2 gives the required number of subcarriers

that would be needed to satisfy same outage constraint when there was a direct link. From the fig. 5.1, it

is observed that when d1 = 100 m, no amount of subcarriers could provide the same outage as in case of

direct link. But as we increase the distance,d1, fewer subcarriers would be needed for the transmission.

12



When d1 was 150 m, out of 32 subcarriers 29 or more could be used to give better performance of cellular

network. While the remaining subcarriers could be used in D2D network.

Figure 5.1: Outage Probability of Macro-Micro vs Number of subcarriers

Macro - Micro Communication

d1(in meters) D subcarriers N −D subcarriers

100 None Available All available

150 29 3

200 24 8

Table 5.2: Number of subcarriers that D2D user will allocate for Cellular Networks at different distances.

5.1.2 Macro Cell Communicates with Pico Cell

Macro Cell’s base station wants to communicate with Pico Cell’s base station in an heterogeneous net-

work. For this situation, transmitting Power of base station of the Macro Cell is 20dBm while the trans-

mitting power of the Pico Cell’s base station is 0dBm. D2D user transmits with the power of 17dBm.

The Outage Probability plot is shown in fig. 5.2. When Macro Cell communicates with Pico Cell,it is

observed that when d1 = 400 m, 28 subcarriers or more could provide lesser Outage when compared

with direct link. When d1 was 700 m, out of 32 subcarriers, 14 or more could be used to give better

performance of cellular network. While the remaining subcarriers could be used in D2D network. Refer

to table 4.3.
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Figure 5.2: Outage Probability of Macro-Pico vs Number of subcarriers

Macro - Pico Communication

d1(in meters) D subcarriers N −D subcarriers

400 28 4

550 20 12

700 14 18

Table 5.3: Number of subcarriers that D2D user will allocate for Cellular Networks at different distances.

5.1.3 Macro Cell Communicates with Femto Cell

Macro Cell’s base station wants to communicate with Femto Cell’s base station in an heterogeneous

network. For this situation, transmitting Power of base station of the Macro Cell is 30dBm while the

transmitting power of the Femto Cell’s base station is 0dBm. D2D user transmits with the power of

27dBm. The Outage Probability plot is shown in fig. 5.3. Refer to table 4.4.

Macro - Femto Communication

d1(in meters) D subcarriers N −D subcarriers

550 21 11

650 17 15

750 13 19

Table 5.4: Number of subcarriers that D2D user will allocate for Cellular Networks at different distances.

14



Figure 5.3: Outage Probability of Macro-Femto vs Number of subcarriers

5.2 Outage Probability Analysis for the D2D Network

After satisfying the outage constraint of the Cellular Network, the D2D user can now transmit its own

data to the nearby D2D receiver. This communication will happen over the remaining subcarriers.

In fig. 5.4, three curves have been plot for the different power allocated to the D2D user. The power

of the D2D user was dependent upon the different cell sizes. Since the user was playing a role of relay,

larger distance communication demanded higher D2D transmission power. In case of Macro-Micro

Communication, Cellular network demanded atleast 24 orthogonal subcarriers when D2D user was 200

m away from the Macro Cell’s BS. Remaining 8 subcarriers could be used to serve for D2D network.

Transmission power of D2D user in Cellular Network of Macro-Micro was 0 dBm. D2D network will

get an outage performance of close to 10−4 when 8 subcarriers were used in D2D network. For Macro-

Pico, 12 subcarriers could be used in D2D network, when Macro Cell’s BS was 550 m apart from the

D2D user and the transmission power of D2D user was 16.99 dBm. The outage observed in fig 5.4 is

10−6. And for Macro-Femto Communication, when distance between the BS of Macro Cell and D2D

UE was 750 m and D2D UE’s power was 26.99 dBm, the outage performance was approximately 10−8

for 19 subcarriers.
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Figure 5.4: Outage Probability of D2D Network

16



Chapter 6

Conclusion

After analysing the performance of both Cellular as well as D2D Network, we can model a system

comprising both of these systems in a heterogeneous network. The number of subcarriers needed for

the Cellular Network depends upon the threshold rate set for the Cellular Network. We saw that D2D

user could be used as a relay and send signal over some subcarriers to the base stations while send it’s

own signal over the remaining subcarriers to it’s nearby user. This increases the spectral efficiency of the

system by introducing two-way AF relaying strategy. The analytical expressions are validated through

simulation results.

17



Bibliography

[1] Arash Asadi, Qing Wang, and Vincenzo Mancuso. A survey on device-to-device communication

in cellular networks. IEEE Communications Surveys Tutorials, 2014.

[2] Shahid Mumtaz, Kazi Mohammed Saidul Huq, and Jonathan Rodriguezura. Direct mobile-to-

mobile communication: Paradigm for 5g. IEEE Wireless Communications, 21:14 – 23, 2014.

[3] Olalekan Bello ; Hushari Zen ; Al-Khalid Othman ; Khairuddin Abd Hamid. Amplify-and-forward

relaying to improve capacity and error rate at destination terminal. Communications (MICC), 2015

IEEE 12th Malaysia International Conference on, 2015.

[4] Lingyang Song. Relay selection for two-way relaying with amplify-and-forward protocols. IEEE

Transactions on Vehicular Technology, pages 1954 – 1959, 2011.

[5] Can Sun* and Chenyang Yang. Energy efficiency analysis of one-way and twoway relay systems.

Wireless Communications and Networking, 2012.

[6] Li Wang ; Fei Tian ; Tommy Svensson ; Daquan Feng ; Mei Song ; Shaoqian Li. Exploiting full

duplex for device-to-device communications in heterogeneous networks. IEEE Communications

Magazine, 2015.

[7] Zekun Zhang; Rose Qingyang Hu; Yi Qian. D2d communication underlay in uplink cellular net-

works with distance based power control. 2016 IEEE International Conference on Communications

(ICC), 2016.

[8] Monowar Hasan ; Ekram Hossain. Distributed resource allocation for relay-aided device-to-device

communication: A message passing approach. IEEE Transactions on Wireless Communications,

2014.

[9] Aubida.A.Jasim and Sami A. Mawjoud. Lte heterogeneous network: A case study. International

Journal of Computer Applications, 2013.

[10] J. G. Andrews. Interference cancellation for cellular systems: a contemporary overview. IEEE

Wireless Communications, 2005.

18


	Introduction
	Related Work
	System Model
	Outage Probability Analysis for Different Networks
	Outage Probability of Cellular Network
	Outage Probability of D2D Network
	Outage Probability Derivation for Direct Link Between the Base Stations

	Simulation Results
	Outage Probability Analysis for the Cellular Network
	Macro Cell Communicates with Micro Cell
	Macro Cell Communicates with Pico Cell
	Macro Cell Communicates with Femto Cell

	Outage Probability Analysis for the D2D Network

	Conclusion

