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Abstract—By observing that the relay stations (RSs) will
receive a signal replica of the users’ transmissions during the
broadcast phase, we propose an adaptive relay cooperation
scheme. The RSs will utilize the readily available signal replica
and the additional diversity naturally inherent in them to either
perform cooperative multipoint (COMP) relaying or remain
silent with only the direct transmission being considered. We
investigate this scheme in a 7 cell network to demonstrate system
level capacity and energy efficiency improvements. Results show
that the proposed scheme outperforms the conventional adaptive
relay scheme and is able to benefit from the more aggressive
full bandwidth frequency reuse plan at low relay transmit power.

Index Terms – Green communication, adaptive relay coopera-
tion, MIMO, spectral-energy efficiency tradeoff.

I. INTRODUCTION

First pioneered by [1], wireless relaying is now envisioned

in the Long Term Evolution-Advanced (LTE-A) standards and

beyond. Regardless of the forwarding mechanisms, a portion

of the radio resources will be allocated to the RSs during

each transmission frame. Conventionally, RSs operate inde-

pendently and radio resources that are orthogonal in time or

frequency are allocated exclusively to these RSs to minimize

interference [2]–[4]. Consequently, system performance may

not improve significantly despite registering gains for the

individual relay links. To overcome this problem, the RSs

must ideally share the same relay slots to better utilize scarce

radio resources. However, this comes at a cost of increased

interference. In [5], the independent RSs share relay slots

and interference was controlled by managing the number of

interfering relays.

Recently, much attention is given to cooperative commu-

nication as it promises significant throughput improvement.

In cooperative relaying, our work focusses on the possibility

that the RSs share not only relay slots but also information

to perform joint transmission to the user equipments (UEs),

thus being a form of COMP relaying. In [6], the spectral

efficiency of a flexible downlink resource management scheme

for cooperative RSs was evaluated for a single cell whereby a

few RSs were utilized to meet a minimum signal quality target

at the UE. In [7], inter-cell relay cooperation in forming the

uplink precoders to maximize the signal-to-interference-plus-

noise ratio (SINR) was investigated and its transmission rate

was evaluated for a linear 3 cell topology. The authors in [8]

demonstrated energy efficiency improvement through a com-

bination of relay selection and cooperative relay beamforming

in a linear topology. Other forms of cooperative transmissions

were explored in [9]–[12].

While green radio advocates the importance of energy

efficiency [13], an evaluation based on joint spectral-energy

efficiency performance is essential as networks of today are

constrained by both power and bandwidth. In [14], a multi-

ple antenna decode-and-forward relay system was considered

whereby one BS desires to transmit to one UE with the help of

the RSs. A subgroup of RSs, selected based on their success to

individually decode the BS signal, then cooperatively relay the

signal to the UE. In [15] a network consisting of multiple BSs,

RSs and UEs, each having multiple antennas, was considered.

Each BS desires to transmit to its own UE with the help

of a very large group of RSs. During the relay phase, all

RSs in the group will cooperatively beamform their signals

towards the UEs. In these works, only radio frequency (RF)

transmit power is considered when evaluating the spectral-

energy efficiency performance. Circuit power, especially in

multiple-input multiple-output (MIMO) systems, consumes a

sizeable amount of the input power and has begun to be

adopted in energy efficiency evaluation [13]. Furthermore,

these relay cooperation schemes were not evaluated in a

multicell cellular network topology.

In this paper, we propose an adaptive relay cooperation

(ARC) scheme for a multicell cellular network. Utilizing the

signal replica of the UEs obtained through cooperative de-

coding during the broadcast phase and their naturally inherent

spatial diversity, the RSs will either cooperatively transmit or

remain silent so that only the BS direct transmission is con-

sidered. We will outline the relay cooperative mechanism and

evaluate both its system level information-theoretic capacity

and energy efficiency by considering the operational power

(RF and circuit powers) and frequency reuse plans.

The rest of the paper is organized as follows. Section II

describes the system model and the proposed relay cooperation

scheme. In Section III, the interference for various frequency

reuse patterns is analysed. The power consumption model is

described in Section IV while simulation results are discussed

in Section V. Finally, the paper concludes in Section VI.

II. SYSTEM MODEL

Let us consider a multicell cellular network with 7 cells of

set V ⊆ {1, · · · , 7}. We have 3 sectors of set U ⊆ {1, 2, 3} in
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a cell. Each sector has M RSs of set W ⊆ {1, · · · ,M} and

K UEs of set K ⊆ {1, · · · ,K}. One BS with nT antennas

per sector is located in the middle of each cell. The number of

antennas at the RS and UE are nR and nD, respectively. For

practical reasons, a half-duplex transmission mode is assumed

for the RSs. The time duration of each transmission frame is

assumed to be shorter than the coherence time of the channel.

A. Adaptive Relay Cooperation

Let us define Hb,r(m) ∈ C
nR×nT , Hb,u(k) ∈ C

nD×nT

and Hr(m),u(k) ∈ C
nD×nR as the channel matrices from the

BS to the mth RS, the BS to the kth UE and the mth RS

to the kth UE of a particular sector in a cell, respectively,

where m ∈ W and k ∈ K. It is assumed that the RSs are

able to share the channel state information (CSI) and data

through the cooperative link that is formed between them. This

cooperative link can be a high capacity wireless conference

channel that utilizes a different bandwidth than the cellular

network. The transmission occurs in a time division multiple

access (TDMA) manner as illustrated in Fig. 1(a). During

each broadcast phase ϕk, the BS transmits the kth UE signal

orthogonally in time while the RSs listen and cooperatively

decode the broadcast signal. Therefore, the sum capacity of

the broadcast phases is

CBC =
K
∑

k=1

τklog2

∣

∣

∣

∣

∣

IMnR
+

PTGϕk
G

H
ϕk

nT (Rϕk

BC +N0BIMnR
)

∣

∣

∣

∣

∣

(1)

where τk, PT , B and N0 are the fraction of time used during

the ϕkth broadcast phase, effective BS transmit power, system

bandwidth and noise power spectral density, respectively. Note

that all capacities here have unit of bits/s/Hz. The effective

channel matrix of Gϕk
=

[

H
T
b,r(1),ϕk

· · ·HT
b,r(M),ϕk

]T

is the

cascaded channel matrix between the BS and RSs during the

ϕkth broadcast phase. The transpose, Hermitian transpose and

determinant of a matrix are represented by ( · )
T

, ( · )
H

and

| · |, respectively, while Im denotes the identity matrix of size

m × m. The interference covariance matrix R
ϕk

BC and also

those hereafter will be evaluated in the next section. We also

consider the direct link from the BS to the UEs in which case

the RSs will be silent if this direct link capacity is higher

than that achieved by relaying. The direct link sum capacity

is given as

CBCD =
K
∑

k=1

τklog2

∣

∣

∣

∣

∣

InD
+

PTHb,u(k),ϕk
H

H
b,u(k),ϕk

nT (Rϕk

D +N0BInD
)

∣

∣

∣

∣

∣

. (2)

During the relay phase represented by Phase ϕR in Fig. 1(a),

the RSs occupy the same relay slot to cooperatively relay to

the UEs. Let Fk =
[

Hr(1),u(k),ϕR
· · ·Hr(M),u(k),ϕR

]

be the

effective channel matrix between the RSs and the kth UE.

The RSs jointly calculate the precoder matrix Wk in order to

maximize the sum capacity of the relay phase given as

CR = max

K
∑

k=1

fτRlog2

∣

∣

∣

∣

∣

InD
+

SkS
H
k

(

Rk
R +N0BfInD

)

∣

∣

∣

∣

∣

(3)

where f is the frequency reuse factor depending upon the

relay frequency reuse (RFR) pattern, Sk = FkWk and τR
is the fraction of time used during the relay phase. Note that
K
∑

k=1

τk + τR = 1. Assuming the interval is equal for all K

UEs, we have τk = 1−τR
K . Without intra-cell interference, the

condition FlWk = 0 : l ∈ K, l 6= k and K ≤
⌈

nRM
nD

⌉

must be met, with ⌈ · ⌉ being the ceiling operator. Lets define

F̃k =
[

F
T
1 · · ·FT

k−1 F
T
k+1 · · ·F

T
K

]T
. The solution for Wk that

will maximize the sum capacity and simultaneously suppress

intra-cell interference is obtained through the combination of

the singular vector decomposition (SVD) and water-filling

approaches. For each k, we obtain the right singular vector

null spaces, Ṽnull
k by SVD of F̃k. Next, the SVD

(

FkṼ
null
k

)

is evaluated and the singular value diagonal matrix, Γ̄k ∈ R
r×r

and its corresponding first r right singular vectors V̄
base
k are

extracted, whereby r = rank
(

FkṼ
null
k

)

. Water filling is

then applied to the diagonal elements of Γ̄k to produce the

power allocation matrix, Πk, that satisfies the power constraint
K
∑

k=1

trace
(

WkW
H
k

)

= MPR, where PR is the effective RS

transmit power. Finally, the kth precoder matrix is obtained as

Wk = Ṽ
null
k V̄

base
k Π

1/2
k . The capacity of the relay cooperation

is then calculated as

CRCoop = max {min {CBC, CR} , CBCD} . (4)

For the UEs that are located near the BS or have a high

quality BS link, the use of relays becomes redundant as

relay systems will incur multiplexing loss due to the two-

hop requirement. In this case, we will switch to purely direct

transmission mode whose sum capacity is given as

CD =
1

K

K
∑

k=1

log2

∣

∣

∣

∣

∣

InD
+

PTHb,u(k),ϕk
H

H
b,u(k),ϕk

nT (Rϕk

D +N0BInD
)

∣

∣

∣

∣

∣

. (5)

Thus, the overall capacity for the adaptive relay cooperation

(ARC) scheme is

CARC = max {CRCoop, CD} . (6)

III. INTERFERENCE ANALYSIS

We now analyze the interference when using different RFR

patterns in order to evaluate performance of the scheme at

the system level. We start by defining the channel matrix

in more detail. Let HX,Y ∈ C
A×B be the channel ma-

trix between nodes X and Y. The elements of HX,Y are

ha,b (1 ≤ a ≤ A, 1 ≤ b ≤ B) and can be expressed by

ha,b = GX ·GY · (LX,Y)
−1

· 10
υX,Y/10 · µX,Y (7)

where GX and GY are the gains of the transmit and receive

antennas, respectively. The path loss between X and Y is

defined as LX,Y. The next term is the log-normal shadowing

with υX,Y following the Gaussian distribution with zero mean

and standard deviation, σ dB. Lastly, µX,Y represents the

complex Rayleigh fast fading coefficient with unit variance.
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More details of their values are tabulated in Table I. Let us

further define b (i, j), r (i, j,m) and u (i, j, k) as the BS from

the ith sector of the jth cell, the mth RS from the ith sector

of the jth cell and the kth UE from the ith sector of the jth

cell, respectively, with i ∈ U and j ∈ V .

It is sufficient to focus on one sector of the base (centre)

cell as the performance of other sectors is identical on average.

We choose (i, j) = (1, 1) as the base sector (Fig. 1). During

the broadcast phases, the BS transmits at a full frequency

reuse factor to be spectrally efficient. Interference is commonly

minimized through sectorization and deploying high gain

directional antennas at the BS. For this transmission phase, the

set of interference sources to both the RSs and UEs are from

the BSs transmitting at all the sectors across the cells besides

the base sector, that is, X ⊆ U ×V : (i, j) 6= (1, 1). Assuming

the interference is independent, the interference covariance

matrix of the broadcast phase ϕk for the cooperative RSs,

R
ϕk

BC in (1), is a block diagonal matrix given as

R
ϕk

BC = diag [Uϕk

1 U
ϕk

2 · · · U
ϕk

M ] (8)

where

U
ϕk
m =

∑

p∈X

PT

nT
Hb(p),r(1,1,m),ϕk

H
H
b(p),r(1,1,m),ϕk

(9)

while the interference covariance matrix at broadcast phase ϕk

for the kth UE, R
ϕk

D in (2) and (5) is written as

R
ϕk

D =
∑

p∈X

PT

nT
Hb(p),u(1,1,k),ϕk

H
H
b(p),u(1,1,k),ϕk

. (10)

During the relay phase ϕR, the set of interference sources

are from other RSs not belonging to the base sector which

are relaying at the frequency band at which the kth UE in

the base sector is currently receiving, that is, Pk ⊆ X ×
W : r(i, j,m)freq = u(1, 1, k)freq. Thus, the interference

covariance matrix at relay phase ϕR for the kth UE, Rk
R in

(3), can be written as

R
k
R =

∑

qk∈Pk

PR

nR
Hr(qk),u(1,1,k),ϕR

H
H
r(qk),u(1,1,k),ϕk

. (11)

A. Relay Frequency Reuse Pattern

As the RSs’ antennas are usually omni-directional, careful

relay frequency reuse planning is essential to mitigate in-

terference in the relay phase. Three types of RFR patterns

are investigated. We introduce the f = 1/3 RFR pattern of

Fig. 1(b) (Type I) to work with the proposed ARC scheme.

The f = 1/3 RFR pattern of Fig. 1(c) (Type II) is commonly

utilized by conventional relaying and will be used for com-

parison purposes. We are also interested in the performance

of f = 1 RFR pattern of Fig. 1(d) (Type III) whereby the RSs

utilize the full bandwidth for relaying.

Firstly, we consider the Type I RFR pattern used in the

ARC scheme. With this RFR pattern, inter-cell interference

coming from the immediately adjacent sectors around the

the base cell can be avoided. The intra-cell interference in

each sector due to co-location of the same frequency band is

further eliminated through the proposed ARC scheme which

also simultaneously provides additional diversity gain through

cooperative relaying. The only interference sources are those

coming from the surrounding cells with distances of at least

one sector away from the base sector. Given the finite exponent

decay of path loss, the outer inter-cell interference sources

are usually weak. In contrast, the Type II RFR pattern is

adopted by conventional relaying to minimize (but not com-

pletely eradicate) intra-cell interference during the relay phase.

However, it is not able to avoid inter-cell interference from the

immediately adjacent cell sites when a system level perspective

is considered as illustrated in Fig. 1(c). Thus, the accumulated

interference power in (11) is smaller for the Type I RFR pattern

as compared to the Type II RFR pattern. As for the Type III

RFR pattern, all the RSs are using the same frequency and

time slot for transmission. Because of this, it is spectrally most

efficient but incurs the highest accumulated interference power.

Therefore, we have
∥

∥R
k
R,Type I

∥

∥

F
<

∥

∥R
k
R,Type II

∥

∥

F
<

∥

∥R
k
R,Type III

∥

∥

F
(12)

where ‖ · ‖F is the Frobenius norm of a matrix. To avoid an

excessive level of interference, conventional relay schemes

do not usually use the Type III RFR pattern. Nevertheless,

the benefit of full bandwidth utilization in Type III RFR

pattern can be exploited in the proposed ARC scheme as it

is able to remove interference from within its own sector. For

completeness, we will also evaluate this RFR pattern with the

conventional relaying scheme.

IV. POWER CONSUMPTION MODEL

Unlike prior work in [8] [14] [15], we include both the RF

transmit power and the circuit power consumption.

A. Operational Power Consumption

Let PBS , PRS and NSector be the RF transmit power

allocated to the BS for the entire cell, the RF relay power

allocated to each RS and the number of sectors per cell,

respectively. Also, let αB and αR be the effective efficiencies

at the BS and RS, respectively, taking into consideration

the aggregate effect of the duplexer/feeder losses and the

efficiencies of the antenna/amplifier modules. We assume PBS

is equally allocated at each sector. Therefore, the effective BS

transmit power at each sector is

PT =
PBS

NSector
. (13)

We also assume that each sub-channel of the relay phase

is allocated equal power. Consequently, the RSs will use a

fraction of the allocated PRS according to its RFR pattern.

Thus, the effective RS transmit power is

PR = PRSf (14)

where f is determined by the RFR pattern being used as

illustrated in Fig. 1. Since the base sector is of primary focus,

the total RF transmit power per sector per user is given as

PRF,Total =

{

αBPT τk + βαRPRτRMK−1 if relay

αBPTK
−1 if DT

(15)
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where DT stands for direct transmission and β = {0, 1}
determines whether the relay scheme is using only the direct

link (β = 0) or the full relaying mechanism (β = 1).
Similar to [16], it is assumed that the circuit power con-

sumption of the BS and RSs is proportional to their effective

transmit power defined in (13) and (14). Let PC,max be the

maximum circuit power at maximum transmit power, Pmax.

Therefore, the total circuit power per sector per user can be

written as

PC,Total =
PC,max

KPmax
(PT +MPR) . (16)

Finally the operational power consumption per sector per

user, calculated by summing (15) and (16), is given as

POp = PRF,Total + PC,Total

=



























PT

(

αBτk +
PC,max

KPmax

)

+PRM
K

(

βαRτR +
PC,max

Pmax

)

if relay,

PT

K

(

αB +
PC,max

Pmax

)

+
PRMPC,max

KPmax
if DT.

(17)

After some algebraic manipulation, the first and second terms

of each piecewise equation in (17) are the BS and RSs oper-

ational power per sector per user, respectively. It is observed

that although the direct transmission mode is selected, the RSs

are still turned on. Thus, the RSs’ circuit power consumption

remains in this case.

B. Energy Consumption Ratio

The energy consumption ratio (ECR) is used to measure the

energy efficiency of the system. It is proportional to the ratio

of the average operational power to the average capacity of

the system. For a given system bandwidth, B, the ECR for

the ARC scheme is thus

ECRARC =
E {POp}

B · E {CARC}
(18)

where E { · } is the expectation operator. The ECR metric has

a unit of J/bit.

V. SIMULATION RESULTS AND ANALYSIS

In our simulations, each sector has two RSs (M = 2) and

two randomly dropped UEs (K = 2), their positions being

uniformly distributed. We compare the ARC scheme against

the conventional adaptive relay (AR) scheme. The AR scheme

also switches between relaying and direct transmission but its

RSs operate independently in exclusive relay slots. Table I lists

the rest of the simulation parameters.

In Fig. 2, the 10% outage capacity of the schemes is shown.

At PRS = 2W in Fig. 2(a), the ARC scheme outperforms

the AR scheme by 4% and 10% for f = 1/3 and f = 1,

respectively. As f goes from 1/3 to 1, the ARC scheme

improves by 22% while the AR scheme achieves a 16% higher

data rate. Therefore, the ARC scheme is better at suppressing

intra-cell and strong inter-cell interferences through its Type

I RFR pattern with relay cooperation. The aggressive full

bandwidth Type III RFR pattern is also exploited by the ARC

scheme by mitigating intra-cell interference through relay

cooperation. The benefit of the ARC scheme over the AR

scheme is observed again in Fig. 2(b) at PRS = 6W albeit a

2% reduction in gains due to stronger interference. Increasing

PRS from 2W to 6W while maintaining the RFR patterns

achieves only marginal capacity gains. Thus, adopting a full

bandwidth RFR pattern achieves higher capacity gains than

increasing relay transmit power, especially at low PRS .

The average sector capacity and energy efficiency are shown

in Fig. 3. For f = 1/3 and PRS = 2W in Fig. 3(a), the capacity

of the AR scheme saturates at 2.51 bits/s/Hz with an ECR of

9.8 µJ/bit while the ARC scheme achieves a similar capacity at

3.6 µJ/bit. At f = 1, the capacity of the AR scheme saturates

at 2.63 bits/s/Hz with an ECR of 10.8 µJ/bit while the ARC

scheme requires 2.7 µJ/bit for the same capacity. Furthermore,

at 3.6 µJ/bit the capacity of the ARC scheme improves by 11%

as it switches from f = 1/3 to f = 1 while the AR scheme

gains only 3%. Thus, while the ARC scheme is more energy

efficient than the AR scheme with reuse factor f = 1/3,

further capacity and energy efficiency gains are achieved for a

reuse factor f = 1. At PRS = 6W in Fig. 3(b), we see the same

energy saving trend but at higher energy per bit values. Going

from PRS = 2W to PRS = 6W while maintaining the same

RFR pattern, an overall loss in energy efficiency is observed as

the interference strength is increased. A higher energy per bit

is required at PRS = 6W to achieve the same capacity as when

PRS = 2W, with the f = 1 RFR patterns leading to higher

energy consumption. Therefore, utilizing the full bandwidth

RFR pattern is more energy efficient at low PRS while partial

bandwidth RFR pattern (f = 1/3) is favoured at high PRS

though at lower energy efficiency.

VI. CONCLUSIONS

An ARC scheme with two different frequency reuse plans

has been proposed whereby the relays either perform coop-

erative relaying to the users or remain silent while direct

transmission is considered if the direct link capacity is high.

The system level capacity and energy efficiency have been

jointly evaluated and compared with the conventional AR

scheme with independent relaying. Results have shown that

relay slot sharing with cooperative transmission in the pro-

posed scheme outperforms individual relay slot allocation with

no relay cooperation represented by the conventional relay

scheme, with full bandwidth frequency reuse planning and low

relay transmit power being favoured.
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TABLE I
SIMULATION PARAMETERS

Parameters Values

Cell radius , rcell 2000 m

Inter-site distance , dISD 3of cellradius

RS distance , dRS 0.7 of cell radius

BS transmit power , PBS Maximum 40 W per cell

RS transmit power , PRS 2 W and 6 W

Relay time fraction , �R 1/3

Effective BS efficiency , �B 2.84

Effective RS efficiency , �R

Number of antennas nT = nR = nD = 2

Maximum circuit power , PC, max

Noise power spectral density , N0 -174 dBm

System bandwidth , B 10 MHz

Path loss model (d in km)

BS�RS

RS�UE

BS�UE

125.2 + 36.3log10(d) dB

131.1 + 42.8log10(d) dB

145.4 + 37.5log10(d) dB

Shadowing standard deviation

BS�RS

RS�UE

BS�UE

6 dB

10 dB

10 dB

Antenna pattern

BS ( )
2

3dB

min 12 , dBmA
θ

ρ θ
θ

� �� �
� �= − � �� �� �� �

RS�BS

RS�UE Omni

UE Omni

Antenna gain (boresight)

BS

RS�UE

RS�BS

14 dBi (including cable losses )

7 dBi (including cable losses )

5 dBi (including cable losses )

UE 0 dBi

2.84

577 W at Pmax = 40 W

( )3dB 70 , 20 dBmAθ = =�

( )
2

3dB

min 12 , dBmA
θ

ρ θ
θ

� �� �
� �= − � �� �� �� �

(b) (c)

(a)

Strong interference
Bandwidth, B

f = 1

f = 1/3

RS1, RS2�UE1,...,UEK

Phase �R

B

T

… BS�RS1, RS2, UEK

Phase �K

BS�RS1, RS2, UE1

Phase �1

(d)

RS

Cooperative link

Base sector

AR scheme

ARC scheme

Fig. 1. The ARC scheme’s (a) timing protocol at each sector and (b) its
Type I relay frequency reuse (RFR) pattern, while (c) shows the Type II RFR
pattern of the conventional AR scheme and (d) shows the Type III RFR pattern
for both schemes for a single cell (M = 2).
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Fig. 2. Outage capacity of the ARC and AR schemes with their corresponding
f = 1/3 (Type I,II) and f = 1 (Type III) RFR patterns at PRS of 2W and
6W for various PBS (figures share common y-axis).
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Fig. 3. Energy consumption ratio v.s. average sector capacity of the ARC and
AR schemes with their corresponding f = 1/3 (Type I,II) and f = 1 (Type
III) RFR patterns at PRS of 2W and 6W (figures share common y-axis).
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