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Abstract

Extending the coverage in low average revenue per user networks is a challenging task as the constraints are

very high in terms of cost of deployment. In order to reduce this cost, part of the optical fiber classically used

for the backhaul link can be replaced by a long range wireless link between two base stations. Additionally, an

in-band communication, where the same frequency band is used for the access links and the backhaul link,

avoids dispensing additional spectral resources. In this paper, a massive multiple-input multiple-output system

combined with a new precoding technique is proposed to provide a long-range in-band wireless backhaul link,

while controlling the interference on the user side induced by the in-band communication. The proposed

precoder, called regularized zero forcing with controlled interference, is analytically compared with the

maximum ratio transmission and the zero forcing precoders in terms of received power on the receiving base

station and interference level on the user side. Thereby, this work proves that the proposed precoder

outperforms the zero forcing precoder in terms of received power on the receiving base station side and limits

the interference level on the user side unlike the maximum ratio transmission precoder. Simulation results

confirm the analytical study over a realistic scenario.
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1 Introduction

Mobile networks are constantly evolving and thus more

and more people have access to the internet. The de-

velopment of the fifth generation of cellular networks

(5G) should boost this aspect. However, there are still

inequalities regarding the ease of access to the internet

[1]. In low average revenue per user (ARPU) areas, the
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Télécommunications de Rennes), UMR 6164, F-35000 Rennes, France

Full list of author information is available at the end of the article

deployment of the cellular network is by definition con-

strained by its cost, which slows down its development.

In particular, the deployment of the links between the

base stations (BSs) and the core network, the backhaul

(BH) links, is an expensive task when using a classical

optical fiber communication [2]. Nevertheless, a wire-

less link between two BSs, the first one acting as a relay

for the second one, avoids the use of an optical fiber

between the core network and the second BS. Thereby,

this wireless BH link can be an appropriate solution to

reduce the cost in low ARPU networks [2]. In particu-

lar, it should be a long range link of several kilometers
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and it should provide a sufficient data rate in order

to maintain a good quality of service. Moreover, an

adaptive link is preferable in order to counteract the

damage caused by weather conditions. For example,

the wind can move the antennas and can deflect the

BH beam [3].

Radio-relay technologies are classical solutions to

provide long-range wireless links of typically tens of

kilometers [4]. These technologies are well-known since

the first radio relay link was built in 1934 [4]. How-

ever, this solution is not adaptive and is more likely

impacted by weather conditions (rain, temperature,

wind, etc.). Moreover, even if some radio-relay tech-

nologies can achieve a data rate above 1 Gbps, their

usual capabilities in terms of data rate are rather lim-

ited. Finally, a radio relay link requires a dedicated

frequency band subject to regulation, which induces

additional costs. For these reasons, radio-relay tech-

nologies may not be the best solutions for wireless BH

in low ARPU areas.

In order to cover several kilometers, the use of sub-6

GHz frequencies seems to be appropriate since they ex-

perience lower path loss than higher frequencies. How-

ever, under 6 GHz the frequency resources are very

scarce and expensive, which eliminates the possibil-

ity of using a dedicated frequency band for the BH.

An interesting solution is therefore to use an in-band

wireless BH, where the access links, between the BSs

and the users, and the BH link use the same frequency

band. The feasibility of such a solution was discussed

in [5–10]. In these contributions, the authors multiplex

the BH link and the access links in the time and fre-

quency domains to avoid the spatial interference but

at the price of a low spectral efficiency. They show that

an in-band wireless BH is an interesting solution to im-

prove the throughput of the cellular networks [5, 7–10]

or to extend their coverage at a low cost [6].

Additionally, a massive multiple-input multiple-

output (mMIMO) system with a relatively high num-

ber of antennas, especially on the BS side, is a popular

trend for the development of 5G [11–13]. Indeed, com-

bined with appropriate signal processing techniques,

mMIMO systems offer a substantial number of ad-

vantages. On the transmitter side, they are able to

focus the energy in the space domain [14, 15] and,

on the receiver side, they can increase the signal-to-

interference-plus-noise ratio (SINR) [16, 17]. More gen-

erally, mMIMO systems are interesting solutions to

provide space-division multiple access (SDMA) and to

improve the spectral and energy efficiency of the sys-

tems [18, 19]. For wireless BH, mMIMO techniques are

suitable as they are adaptive solutions able to counter-

act the damage caused by weather conditions. More-

over, by improving the SINR on the receiver side, they

can provide high data rates. The feasibility and chal-

lenges of mMIMO for wireless BH in 5G ultra dense

networks was discussed in [20] in the context of mil-

limeter waves communications. Additionally, in [20]

the authors developed a new mMIMO hybrid precod-

ing/combining scheme to provide point-to-multipoint

wireless BH links. However, a dedicated frequency

band is used for the BH link in [20].

Related Works: This paper considers an in-band

wireless BH using a mMIMO system in order to mul-

tiplex the BH link and the access links in the space

domain. This solution allows an increase of the spec-

tral efficiency compared to these attained in [5–10].

Such a system has been recently studied in [21–25] for

small cells deployment in 5G networks. In these stud-

ies, the BH links are deployed to serve small cell BSs

inside the coverage of a macro cell.

• In [21], the authors proposed a mMIMO precoder

on the BS side to provide an in-band wireless

BH with the objective of maximizing the sys-

tem throughput. Moreover, the mMIMO precoder
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used on the BS side cancels the spatial interfer-

ence on the small cell users.

• In [22], the mMIMO precoder used on the BS side

is designed to simultaneously handle the access

links for macro cell users and the BH links for

small cell BSs. In parallel, a reverse time-division

duplex (TDD) scheme is used in order to avoid

the spatial interference. It means that the uplink

of the small cells happens during the downlink of

the macro cell, and vice versa.

• In [23] and [24], the mMIMO precoder on the BS

side provides the BH links but does not control

the potential spatial interference on the user side.

Therefore, in order to improve the system capac-

ity, they proposed a mix of in-band BH and out-

of-band BH.

• In [25], the mMIMO precoder on the BS side si-

multaneously handles the access links for macro

cell users and the BH links for small cell BSs but

is also designed to suppress the spatial interfer-

ence for small cell users.

All these studies could be extended to the case of a

long-range in-band wireless BH link, where the BH

link serves a neighboring macro cell. However, they

are subject to the following limitations.

• On the one hand, regarding the long distance be-

tween the two considered BSs in low ARPU net-

works, a very directive BH link is required and the

use of highly directive antennas is preferable for

this BH link. On the other hand, the access links

need to cover the entire macro-cell and the anten-

nas should not be too directive for these access

links. Therefore, using the same mMIMO anten-

nas for the BH link and for the access links as in

[22, 25] might not be adapted in the considered

context.

• In general, the amount of data transmitted for

the downlink is larger than the amount of data

transmitted for the uplink. In a TDD scheme, it is

thus preferable to have a longer time slot for the

downlink than for the uplink. The reverse TDD

scheme used in [22] imposes the same duration for

the downlink and the uplink time slots. Therefore,

the solution used in [22] is not suitable in the con-

sidered context and reduces the spectral efficiency

of the system.

• Using the mix of in-band BH and out-of-band BH

proposed in [23, 24] significantly reduces the spec-

tral efficiency of the system as a dedicated fre-

quency band is required for the out-of-band BH.

• The complete suppression of the interference on

the user side as in [21, 25] induces a reduced re-

ceived power on the receiving BS [14, 15]. This

aspect is even more important regarding the long-

range BH link studied in this paper.

Motivation and Contributions: In this paper, a new

mMIMO precoding technique, easy to implement and

called ”regularized zero forcing with controlled inter-

ference” (RZF-CI), is introduced to provide a long-

range in-band wireless BH link. The proposed precoder

has to maximize the received power on the receiving

BS, while limiting to a predetermined level the inter-

ference power on the users of the macro-cell, which are

served in parallel. This study differs from [21–25] by

the following points.

• Unlike in [22, 25], the mMIMO antenna arrays

used in this paper are dedicated to the BH link

and can be added on the top of the existing BSs.

Thereby, these mMIMO antenna arrays can use

highly directive antennas, which is necessary in

order to optimize the gain of the BH link.

• The downlink of the BH link happens during the

downlink of the access links. This solution is more

adapted and more flexible than the reverse TDD

scheme used in [22] as the time slot used for the
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downlink can be longer than the time slot used

for the uplink.

• The proposed RZF-CI precoder aims at control-

ling the interference on the user side unlike in

[23, 24], when the in-band BH is considered.

• The proposed RZF-CI precoder controls but does

not completely suppress the interference on the

user side unlike in [21, 25]. Thereby, the received

power on the receiving BS might be increased.

In order to evaluate the performance of the proposed

RZF-CI precoder, an analytical comparison is car-

ried out with the classical maximum ratio transmition

(MRT) precoder [26], which maximizes the received

power but does not control the interference on the

user side as in [23, 24], when the in-band BH is con-

sidered. Moreover the RZF-CI precoder is also analyt-

ically compared with the zero forcing (ZF) precoder

[27], which completely suppresses the interference on

the user side as in [21, 25]. Finally, the performance of

the proposed RZF-CI precoder is evaluated and com-

pared to the MRT and the ZF precoders thanks to

simulations for a realistic scenario using a geometry-

based channel model.

Organization and Notations: The considered scenario

is presented along with the system model in part 2.

Based on this system model, the problem is defined in

part 3. Then, the MRT and the ZF precoding tech-

niques are presented in part 4 along with the proposed

RZF-CI precoding technique. Moreover, in part 5.1

performance of these precoders are analytically com-

pared. Simulation results are then given in part 5.2 in

order to evaluate the performance of the RZF-CI pre-

coding technique for a realistic scenario and to com-

pare it to the performance of the MRT and ZF precod-

ing techniques. Finally, a conclusion is drawn in the

last part. The following notations are used in this pa-

per. For a complex scalar, | . | denotes the norm and

( . )
∗

denotes the complex conjugate. Moreover, vec-

tors and matrices are represented in small boldface

letters and capital boldface letters respectively. ( . )
T

represents their transpose, ( . )
H

represents their con-

jugate transpose and ‖ . ‖ gives their Euclidean norm.

Finally, IN stands for the (N×N) identity matrix and

E [ . ] stands for the expected value.

2 Scenario and System Model

The aim of this paper is to study the deployment of an

in-band BH link between two neighboring macro cells.

Part 2.1 provides details regarding the considered sce-

nario. Then, the system model is defined in parts 2.2,

2.3 and 2.4 respectively for the propagation channel,

the transmitters and the receivers.

2.1 Considered Scenario

As described by Figure 1, this paper considers two

neighboring macro-cells, the cell 1 and the cell 2, which

are respectively served by the BS 1 and the BS 2. In

particular, the user equipments (UEs) of the cell 1 (re-

spectively the cell 2) are served by the BS 1 (respec-

tively the BS 2) via the access links. These access links

are represented in Figure 1 by the solid green arrows

and are provided by dedicated antennas on the BS 1

and on the BS 2, which are further called access anten-

nas in this paper. For the BH links between the core

network and the two BSs, two schemes can be con-

sidered. On the one hand, in the classical wired BH

scheme illustrated in Figure 1 (a), both the BS 1 and

the BS 2 are connected to the core network via wired

BH links. On the other hand, in the in-band wireless

BH scheme illustrated in Figure 1 (b), the BS 1 is con-

nected to the core network via a wired BH link and

acts as a relay for the BS 2 via a wireless BH link be-

tween the BS 1 and the BS 2. This wireless BH link is

represented in Figure 1 (b) by the solid red arrow and

is created thanks to mMIMO antenna arrays added on

the top of each BS, facing each other and further called

BH antenna arrays. These mMIMO antenna arrays are



Bazin et al. Page 5 of 20

made of directive antennas and are thus adapted for

the BH link as highlighted in the introduction. In this

paper, the second scheme illustrated by Figure 1 (b)

is considered as a potential solution to reduce the cost

of deployment.

It is a known fact that the channel estimation process

in a mMIMO system can be a complicated task when

a Frequency-Division Duplex (FDD) scheme is con-

sidered [12, 18, 19]. Therefore, a TDD system, which

takes advantage of the channel reciprocity, is prefer-

able for the considered scenario and is assumed in this

paper. Moreover, the uplink and the downlink for the

cell 1, for the cell 2 and for the BH are assumed to

be synchronized as in [21–25]. As highlighted in the

introduction, the amount of data transmitted for the

downlink is generally larger than the amount of data

transmitted for the uplink. Therefore, unlike in [22],

the same time slot is used for the downlink of the cell

1, the downlink of the cell 2 and the downlink of the

BH, from the BS 1 to the BS 2. Similarly, the same

time slot is used for the uplink of the cell 1, the uplink

of the cell 2 and the uplink of the BH, from the BS 2

to the BS 1. This scheme is summarized by Figure 2,

where the solid green arrows represent the access links

and the solid red arrow represents the BH link.

The downlink of the considered TDD system is il-

lustrated by Figure 2 (a). For the BH link, a beam

is created between the BH antenna array of the BS

1 and the BH antenna array of the BS 2 thanks to a

mMIMO precoding technique applied on the BH an-

tenna array of the BS 1. However, this BH link uses

the same frequency band as the access links and thus

the secondary lobes of the created beam induce inter-

fering signals between the BH antenna array of the BS

1 and part of the UEs. It is assumed in this paper that

this interference is located near the BS 1 and thus only

the UEs of the cell 1 are impacted. This assumption

will be further verified through simulations in part 5.2.

These interfering signals are represented by the dotted

red arrows in Figure 2 (a). Additionally, the access an-

tenna of the BS 2 sends data to the UEs of the cell 2,

creating interfering signals on the BH antenna array

of the BS 2. These interfering signals are represented

by the dotted green arrow in Figure 2 (a).

The uplink of the considered scenario is illustrated

by Figure 2 (b). For the BH link, a beam is created

between the BH antenna array of the BS 2 and the

BH antenna array of the BS 1 thanks to a mMIMO

precoding technique used on the BH antenna array of

the BS 2. This transmission creates interfering signals

on the access antenna of the BS 2. These interfering

signals are represented by the dotted red arrow in Fig-

ure 2 (b). Additionally, the UEs of the cell 1 send data

to the access antenna of the BS 1, creating interfering

signals on the BH antenna array of the BS 1. These

interfering signals are represented by the dotted green

arrow in Figure 2 (b).

As in [23–25], this paper does not study the overall

TDD system but focuses on the downlink of the consid-

ered scenario described by Figure 2 (a). In particular,

the mMIMO precoding technique used on the BH an-

tenna array of the BS 1 is investigated. For the rest

of this paper, an orthogonal frequency-division mul-

tiplexing (OFDM) modulation is used for the access

and the BH links and the frequency-division multiple

access (FDMA) method is used to serve the UEs for

the access links. Moreover, each sub-carrier is indepen-

dently processed and the focus is put on a particular

sub-carrier. Finally, single-antenna UEs are considered

in this paper for the sake of simplicity.

2.2 Propagation Channels

The propagation channel for the considered scenario

can be divided in three parts:

• the useful channel, between the two BH antenna

arrays,
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• the interference channel, between the BH antenna

array of the BS 1 and the UEs of the cell 1,

• the access channel, between the access antenna of

the BS 1 and the UEs of the cell 1.

They are defined more thoroughly thereafter.

2.2.1 Useful Channel

The propagation channel between the Nt antennas of

the first BH antenna array and the Nr antennas of

the second BH antenna array is further called the use-

ful channel in this paper. It can be described by the

(Nr ×Nt) matrix
√
P ′UH

′
U , where P ′U is the path loss

between the BH antenna array of the BS 1 and the

BH antenna array of the BS 2. Additionally, the ma-

trix H′U is defined by:

H′U =

[(
h′0U
)T (

h′1U
)T · · ·

(
h′Nr−1
U

)T]T
, (1)

where:

h′nr

U =
[
h′0,nr

U h′1,nr

U · · · h′Nt−1,nr

U

]
(2)

is a (1×Nt) vector with:

E
[∣∣h′nt,nr

U

∣∣2] = 1, ∀(nt, nr) ∈ [0, Nt−1]×[0, Nr−1].

(3)

In particular, h′nr

U defines the propagation channel be-

tween the Nt transmit antennas and the receive an-

tenna of index nr.

An important particularity of the useful propagation

channel studied in this paper is that it is mainly char-

acterized by a long distance and by a strong line-of-

sight (LOS) component. Thanks to theoretical stud-

ies and measurement campaigns [28–30], it is a known

fact that, with such a LOS propagation channel, the

received signals on the BH antenna array of the BS 2

can be seen as plane waves and the channel matrix H′U

can be assumed to be of rank-1. These particularities

lead to the following statements.

• While this mMIMO system can improve the

signal-to-noise ratio (SNR) thanks to its high

number of antennas, with such a rank-1 channel

matrix, no multiplexing gain can be expected.

• As the two BH antenna arrays are facing each

other, the received plane waves are coplanar with

the BH antenna array of the BS 2. Therefore, the

propagation channel is considered to be the same

whatever the receive antenna, meaning:

h′nr

U = h
′n′

r

U = hU ∀(nr, n′r) ∈ [0, Nr− 1]2. (4)

According to these statements, the definition of the

useful channel can be simplified. In particular, the sys-

tem model does not consider the full mMIMO channel

matrix H′U , but only the (1×Nt) multiple-input single-

output (MISO) channel vector hU :

hU =
[
h0
U h1

U · · · hNt−1
U

]
, (5)

with:

E
[
|hnt

U |
2
]

= 1, ∀nt ∈ [0, Nt − 1]. (6)

2.2.2 Interference Channel

As the FDMA method is used for the access links, at

most one UE is impacted by the BH link on the con-

sidered sub-carrier. Moreover, as the UEs are equipped

with a single antenna, the propagation channel be-

tween the BH antenna array of the BS 1 and the im-

pacted UE is defined by a vector of size (1 ×Nt) and

denoted by
√
PI .hI . PI is the path loss of this channel

and hI is defined by:

hI =
[
h0
I h1

I · · · hNt−1
I

]
, (7)

with:

E
[
|hnt

I |
2
]

= 1, ∀nt ∈ [0, Nt − 1]. (8)

This propagation channel is further called the interfer-

ence channel in this paper.
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2.2.3 Access Channel

The propagation channel between the access antenna

of the BS 1 and the impacted UE is further called

the access channel in this paper. It is denoted by the

complex scalar
√
PAcc.hAcc with PAcc the path loss of

this channel and with:

E
[
|hAcc|2

]
= 1. (9)

2.3 Transmitters

For the proposed scenario, two transmitters are con-

sidered: the BH antenna array of the BS 1 and the

access antenna of the BS 1.

2.3.1 BH Antenna Array of the BS 1

As the channel matrix H′U is a rank-1 channel matrix,

only one symbol per channel use is sent from the BS

1 to the BS 2. In particular, on the considered sub-

carrier, the data c of variance σ2
c is sent towards the

BH antenna array of the BS 2. This transmission is

realized using the precoder described by the vector wU

of size (Nt×1). Therefore, the vector of precoded data

is defined by:

xBH =
wU√
ξw
c, (10)

where ξw = ‖wU‖2 is the power normalization factor,

which is necessary to keep a total transmit power equal

to σ2
c .

2.3.2 Access Antenna of the BS 1

The access antenna of the BS 1 sends the data xAcc

dedicated to a UE of the cell 1. This transmission is

assumed to be synchronous with the BH transmission.

2.4 Receivers

Two receivers are considered in the system: the BH

antenna array of the BS 2 and the UE of the cell 1

served on the considered sub-carrier.

2.4.1 BH Antenna Array of the BS 2

On the BH antenna array of the BS 2, the received

data on the antenna nr coming from the BH antenna

array of the BS 1 is, according to (4):

yU,nr

BH =
√
P ′U .hU .xBH . (11)

Therefore, it comes:

yU,nr

BH = y
U,n′

r

BH ∀(nr, n′r) ∈ [0, Nr − 1]2, (12)

and the received useful signal is approximately the

same whatever the considered receive antenna.

Additionally, there is an interference component

coming from the access antenna of the BS 2. On the

antenna nr, this interference component is denoted by

yI,nr

BH . Finally, the noise component on the antenna nr

is denoted by bnr

BH .

In this paper, the maximum ratio combining (MRC)

technique is used on the BH antenna array of the BS 2

because of its low complexity, as explained thereafter.

Indeed, it does not need to know the propagation chan-

nel between the access antenna of the BS 2 and the

BH antenna array of the BS 2. Moreover, according

to (12), the received useful signals on the BH antenna

array of the BS 2 are similar whatever the considered

antenna. Therefore, the received useful signals arrive

consistently and the MRC combiner only consists in

adding all the received signals in order to maximize

the received useful power.

After adding all the received signals, the received

data yBH on the BH antenna array of the BS 2 is

defined as follows:

yBH = yUBH + yIBH + bBH . (13)

In (13), the noise component of variance σ2
b,BH is:

bBH =

Nr−1∑
nr=0

bnr

BH , (14)
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and the interference component coming from the ac-

cess antenna of the BS 2 is:

yIBH =

Nr−1∑
nr=0

yI,nr

BH . (15)

Moreover, according to (11), the received useful signal

coming from the BH antenna array of the BS 1 is:

yUBH =
Nr−1∑
nr=0

yU,nr

BH = Nr.
√
P ′U .hU .xBH

=
√
PU .hU .xBH ,

(16)

with:

PU = N2
r .P

′
U . (17)

Therefore, according to (10):

yUBH =
√
PU

hUwU√
ξw

c. (18)

In (16), the signals yU,nr

BH add up consistently, while

the noise components bnr

BH in (14) and the interference

components yI,nr

BH in (15) add up in a non-consistent

way. Thus, the MRC technique used in this paper al-

lows increasing the SINR on the BH antenna array of

the BS 2 for a very low complexity.

2.4.2 UE of cell 1

On the UE side, the UE antenna receives the useful

data from the access antenna yUAcc defined as follows:

yUAcc =
√
PAcc.hAcc.xAcc. (19)

However, it also receives the interfering data yIAcc com-

ing from the BH antenna array of the BS 1 and defined

by:

yIAcc =
√
PI .hI .xBH , (20)

and thus, according to (10):

yIAcc =
√
PI

hIwU√
ξw

c. (21)

The received signal yAcc is thus defined as follows:

yAcc = yUAcc + yIAcc + bAcc, (22)

where bAcc is the noise component of variance σ2
b,Acc =

σ2
b .

The system model for the considered scenario is il-

lustrated by Figure 3.

3 Problem Statement

According to (22), the SNR on the UE side is defined

by:

ρ =

∣∣yUAcc∣∣2
σ2
b

, (23)

while the SINR is defined as follows:

γ =

∣∣yUAcc∣∣2∣∣yIAcc∣∣2 + σ2
b

. (24)

In order to evaluate the damage caused by the BH link

on the UE side, the metric ∆ is defined as follows:

∆ =
ρ

γ
=

∣∣yIAcc∣∣2 + σ2
b

σ2
b

= 1 +

∣∣yIAcc∣∣2
σ2
b

, (25)

or equivalently, according to (21):

∆ = 1 +
|hIwU |2

ξw

PIσ
2
c

σ2
b

. (26)

Therefore, ∆ ≥ 1 and the higher the value of ∆, the

bigger the detrimental impact of the BH link on the

UE side.

In order to limit the damage caused by the BH link,

the value ∆ must be under a given value ∆max. The

value of ∆max is set on the BS 1 side. It can be either

small enough to consider a negligible impact of the

BH link or chosen depending on the quality of service

required for the impacted UE. As the system capacity

on the UE side is equal to:

RUE = E [log2 (1 + γ)] , (27)
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keeping ∆ under ∆max induces a guaranteed minimum

system capacity RminUE given by:

RminUE = log2

(
1 +

1

∆max
ρ

)
. (28)

On the BH antenna array of the BS 2, the system

capacity of the BH link is equal to:

RBH = E

[
log2

(
1 +

∣∣yUBH ∣∣2∣∣yIBH ∣∣2 + |bBH |2

)]
. (29)

While the precoder design has no impact on the inter-

ference power |yIBH |2 or the noise power |bBH |2, it can

increase the system capacity of the BH link RBH by

increasing the useful power |yUBH |2. According to (18),

the received useful power on the BS 2 is defined by:

∣∣yUBH ∣∣2 = PUσ
2
c

|hUwU |2

ξw
. (30)

Moreover:

∣∣yUBH ∣∣2 ≤ ∣∣∣∣‖hU‖.‖wU‖√
ξw

∣∣∣∣2 PUσ2
c , (31)

and as (‖wU‖2/ξw) = 1, it comes:

∣∣yUBH ∣∣2 ≤ PU‖hU‖2σ2
c . (32)

The problem addressed in this paper can therefore

be posed as follows:

maximize
wU∈CNt

∣∣yUBH ∣∣2
subject to ∆ ≤ ∆max.

(33)

Equivalently, using (30), (26) and as ξw = ‖wU‖2, the

problem (33) is equivalent to:

maximize
wU∈CNt

|hUwU |2

‖wU‖2

subject to
|hIwU |2

‖wU‖2
≤ σ2

b

PIσ2
c

(∆max − 1) .

(34)

By setting w′U = wU/‖wU‖, the problem (34) can be

rewritten as follows:

minimize
w′

U∈CNt

− |hUw′U |
2

subject to |hIw′U |
2 ≤ σ2

b

PIσ2
c

(∆max − 1)

and ‖w′U‖
2

= 1.

(35)

In the problem (35), the objective function −|hUw′U |2

is a concave function, the function |hIw′U |2 in the in-

equality constraint is a convex function and the func-

tion ‖w′U‖2 in the equality constraint is a convex func-

tion. To the best of the authors’ knowledge, the prob-

lem (35) does not describe a classical optimization

problem and, in particular, is a non-convex optimiza-

tion problem [31]. In this paper, we decide to simplify

this problem. To this end, the use of a regularized zero

forcing (RZF) precoding structure is proposed in the

next part as in [27].

4 Precoding Techniques

The presented precoding techniques are derived from

the multi-user multiple-input multiple-output (MU-

MIMO) precoding matrices defined in [15, 27]. Indeed,

our system can be seen as a MU-MIMO system with

2 users, where the data cBH = c is sent to the BH

antenna array of the BS 2 and the data cUE = 0 is

sent to the UE. The (Nt × 2) precoding matrix W is

defined as follows:

W =
[
wU wI

]
, (36)

with wI being the (Nt × 1) precoding vector intended

to send the data cUE . Additionally, the (2×Nt) chan-

nel matrix H is described as follows:

H =
[
hTU hTI

]T
. (37)

Finally, the correlation factor Γh is defined by:

Γh =
hI
‖hI‖

hHU
‖hU‖

, (38)
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and thus 0 ≤ |Γh| ≤ 1. This correlation factor reflects

the correlation between the useful channel hU and the

interference channel hI so that the higher the value of

|Γh|, the higher the correlation between hU and hI .

In this part, three precoding techniques are intro-

duced: the MRT and ZF precoders as well as the pro-

posed RZF-CI precoder.

4.1 Maximum Ratio Transmission (MRT)

The MRT precoder [26] is intended to maximize the

received power without controlling the multi-user in-

terference, as in [23, 24]. It is defined as follows for

MU-MIMO systems:

W = HH . (39)

As ξw = ‖wU‖2 and according to (36) and (37), the

precoding vector for wireless BH can be written as

follows:

 wU =
hHU
‖hU‖

,

ξw = 1.

(40)

4.2 Zero Forcing (ZF)

The ZF precoder is designed to suppress the multi-

user interference, as in [21, 25], and is defined by the

following matrix:

W = HH
(
HHH

)−1
, (41)

for MU-MIMO systems. The inversion of a (2×2) ma-

trix A gives:

A−1 =
1

det(A)
adj(A), (42)

where det(A) is the determinant of A and adj(A) is

the adjugate matrix of A. Therefore, according to (37)

and (38), it simply comes:

HHH =

‖hU‖2 (
hIh

H
U

)∗
hIh

H
U ‖hI‖2


= ‖hU‖ ‖hI‖


‖hU‖
‖hI‖

Γ∗h

Γh
‖hI‖
‖hU‖

 ,
(43)

and (42) gives:

(
HHH

)−1
=

‖hU‖ ‖hI‖
det (HHH)


‖hI‖
‖hU‖

−Γ∗h

−Γh
‖hU‖
‖hI‖



=
‖hU‖ ‖hI‖2

det (HHH)


1

‖hU‖
− Γ∗h
‖hI‖

− Γh
‖hI‖

‖hU‖
‖hI‖2

 .
(44)

Therefore, as ξw = ‖wU‖2 and according to (36) and

(37), the precoding vector for wireless BH can be writ-

ten as follows: wU =
hHU
‖hU‖

− Γh
hHI
‖hI‖

,

ξw = 1− |Γh|2.
(45)

One can see that the complexity is low for wireless BH

transmissions as no matrix inversion is needed.

4.3 Regularized Zero Forcing with Controlled

Interference (RZF-CI)

The proposed RZF-CI precoder is based on the RZF

matrix structure, which is defined by:

W = HH
(
HHH + α′I2

)−1
, (46)

with α′ ∈ R+, for MU-MIMO systems. On the one

hand, when α′ → +∞ the RZF precoder is equiva-

lent to a MRT precoder. On the other hand, when

α′ = 0 the RZF precoder is equivalent to a ZF pre-

coder. Therefore, the RZF precoder structure allows

reaching a trade-off between the MRT precoder and
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the ZF precoder. According to (37) and (38), it comes:

HHH + α′I2

=

‖hU‖2 + α′
(
hIh

H
U

)∗
hIh

H
U ‖hI‖2 + α′


= ‖hU‖ ‖hI‖


‖hU‖2 + α′

‖hU‖ ‖hI‖
Γ∗h

Γh
‖hI‖2 + α′

‖hU‖ ‖hI‖

 .
(47)

Therefore, (42) gives:

(
HHH + α′I2

)−1

=
‖hU‖ ‖hI‖

det (HHH + α′I2)


‖hI‖2 + α′

‖hU‖ ‖hI‖
−Γ∗h

−Γh
‖hU‖2 + α′

‖hU‖ ‖hI‖

 ,
(48)

or equivalently:

(
HHH + α′I2

)−1
=

‖hU‖ ‖hI‖2

det (HHH + α′I2)

×


1

‖hU‖

(
1 +

α′

‖hI‖2

)
− Γ∗h
‖hI‖

− Γh
‖hI‖

‖hU‖
‖hI‖2

(
1 +

α′

‖hU‖2

)
 .

(49)

Therefore, as ξw = ‖wU‖2 and according to (36) and

(37), the precoding vector for wireless BH can be writ-

ten as follows: wU = (1 + α)
hHU
‖hU‖

− Γh
hHI
‖hI‖

,

ξw = (1 + α)2 − 2(1 + α)|Γh|2 + |Γh|2,
(50)

with:

α =
α′

‖hI‖2
, (51)

α ∈ R+. With this RZF structure, the received useful

power on the second BH antenna array |yUBH |2, defined

in (30), and the metric ∆, defined in (26), are now

function of the variable α. Therefore, |yUBH |2 and ∆

become |yUBH(α)|2 and ∆(α).

The RZF structure provides a degree of freedom with

the variable α. Based on the RZF structure described

before, the proposed RZF-CI precoder exploits this de-

gree of freedom. It uses the optimal value of α to max-

imize the received power on the receiving BS, while

keeping the interference power on the UE side under

a given power level. In particular, the value of α is

chosen to solve the following problem:

maximize
α∈R+

∣∣yUBH(α)
∣∣2

subject to ∆(α) ≤ ∆max.
(52)

The variable ∆∞ is defined as follows:

∆∞ = ∆(α→ +∞) = 1 + |Γh|2PI ‖hI‖2
σ2
c

σ2
b

. (53)

∆∞ corresponds to the value of ∆ when the MRT pre-

coder is used and it can be computed on the UE side

during a preliminary step and sent to the BS 1 during

the uplink. Additionally, the variable α0 is defined as

follows:

α0 =

(
1− |Γh|2

)
+

√
(1− |Γh|2)

(
∆∞−1

∆max−1 − |Γh|2
)

∆∞−1
∆max−1 − 1

.

(54)

This value can be computed by knowing the values of

∆max, ∆∞ and |Γh|2.

Appendix A shows that the problem (52) is easier

to solve than the problem (33), as the variable to be

optimized is the real positive scalar α instead of the

complex vector wU . Moreover, Appendix A also gives

the optimal solution of the problem (52). In partic-

ular, it gives the following structure for the RZF-CI

precoder if ∆∞ ≤ ∆max: wU =
hHU
‖hU‖

,

ξw = 1,

(55)
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and, if ∆∞ > ∆max: wU = (1 + α0)
hHU
‖hU‖

− Γh
hHI
‖hI‖

,

ξw = (1 + α0)2 − 2(1 + α0)|Γh|2 + |Γh|2.
(56)

One can see that wU is equivalent to a MRT precoder

when ∆max ≥ ∆∞ and to a ZF precoder when ∆max is

set to its minimum value 1. Moreover, the complexity

of the RZF-CI precoder is slightly increased compared

to this of the ZF precoder defined in (45) but remains

low as no matrix inversion is needed.

5 Results and Discussion

In part 5.1 performance of the three precoders defined

previously are analytically compared. Simulation re-

sults are then given in part 5.2 in order to evaluate

performance of these precoding techniques for a real-

istic scenario.

5.1 Analytical Results

The performance of the studied precoders, defined in

the previous part, are now analytically compared in

terms of received useful power on the BH antenna ar-

ray of the BS 2 and of interference power on the UE

side.

Proposition 1 With the MRT precoder, the received

useful power on the BH antenna array of the BS 2 is

maximized and equal to:

∣∣yUBH ∣∣2 = PU ‖hU‖2 σ2
c . (57)

However, the interference on the UE side is not con-

trolled and thus this precoding technique might not ful-

fill the condition ∆ ≤ ∆max.

Proof Using (40) in (30) directly leads to (57). This is

the maximum value for the received useful power on

the receiving BS according to (32). Moreover, using

(40) in (26), it comes:

∆ = ∆∞ = 1 + |Γh|2 PI ‖hI‖2
σ2
c

σ2
b

. (58)

Therefore, the condition ∆ ≤ ∆max is fulfilled only if:

|Γh|2 ≤ (∆max − 1)
σ2
b

PI ‖hI‖2 σ2
c

. (59)

Proposition 2 With the ZF precoder, the received

useful power on the BH antenna array of the BS 2 is

equal to:

∣∣yUBH ∣∣2 = PU ‖hU‖2 σ2
c ×

(
1− |Γh|2

)
, (60)

and is maximized only if |Γh| = 0. Additionally, the

value of ∆ is minimized and thus the condition ∆ ≤
∆max is always fulfilled.

Proof using (45) and (38) in (30), the received useful

power on the BH antenna array of the BS 2 is equal

to:

∣∣yUBH ∣∣2 = PUσ
2
c

∣∣‖hU‖ − |Γh|2 ‖hU‖∣∣2
1− |Γh|2

= PU ‖hU‖2 σ2
c ×

∣∣1− |Γh|2∣∣2
1− |Γh|2

= PU ‖hU‖2 σ2
c ×

(
1− |Γh|2

)
.

(61)

According to (32), the received useful power on the BS

2 is maximized only if |Γh| = 0. Moreover, using (45)

in (26), it comes:

∆ = 1+

∣∣hI (hHU /‖hU‖ − Γhh
H
I /‖hI‖

)∣∣2
1− |Γh|2

PIσ
2
c

σ2
b

. (62)

According to (38), it comes:

∆ = 1 +
|(‖hI‖Γh − ‖hI‖Γh)|2

1− |Γh|2
PIσ

2
c

σ2
b

= 1. (63)

Therefore, ∆ is equal to its minimum value.
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Proposition 3 With the RZF-CI precoder, the re-

ceived useful power on the BH antenna array of the

BS 2 is equal to:

∣∣yUBH ∣∣2 = PU ‖hU‖2 σ2
c if ∆∞ ≤ ∆max,

PU ‖hU‖2 σ2
c

(
1− ε.|Γh|2

)
if ∆∞ > ∆max,

(64)

with:

ε =

(
1 + 2α0 +

α2
0

1− |Γh|2

)−1

, (65)

and with:

0 ≥ ε ≥ 1. (66)

Therefore, the received useful power with the RZF-CI

precoder is always higher or equal to the received useful

power with the ZF precoder. Additionally, the condition

∆ ≤ ∆max is always fulfilled.

Proof Appendix B provides the detailed theoretical

derivation of the expression of the received useful

power with the RZF-CI precoder. Moreover, The RZF-

CI precoder is designed to fulfill the condition ∆ ≤
∆max as explained in part 4.3.

Based on these theoretical results, Figure 4 gives

the theoretical received power on the BS 2 with the

MRT, the ZF and the proposed RZF-CI precoders as

a function of the correlation factor Γh and of the ratio

(∆∞ − 1)/(∆max − 1) for the RZF-CI precoder. This

ratio can be seen as the amount of interference to sup-

press as it increases when the impact of the BH link

on the UE side increases, meaning when ∆∞ increases

and decreases when the limit ∆max increases. As ex-

pected, the RZF-CI precoder is a trade-off between the

MRT precoder, comparable to those used in [23, 24],

and the ZF precoder, similar to the precoders used in

[21, 25]. Moreover, the received power with the RZF-CI

Table 1 Simulation Parameters

FFT size 1024

Inter-carrier spacing 15 kHz

CP length 4.7 µs

Center frequency 4 GHz

BH antenna arrays: number of antennas per 16

column

BH antenna arrays: number of antennas per line 4

BH antenna arrays: inter-antenna spacing 10 cm

BH antenna arrays: half-power beamwidth 30◦

BH antenna arrays: height 35 m

Distance between the BS 1 and the BS 2 10 km

UE: height 1.5 m

precoder increases when the ratio (∆∞−1)/(∆max−1)

decreases, meaning when the amount of interference to

suppress decreases.

5.2 Simulation Results

In order to numerically evaluate the performance of the

RZF-CI precoder, the QuaDRiGa 3D channel simula-

tor [32, 33] is used in this part to simulate geometry-

based channel models. The simulations thus take into

account the geometry of the propagation environment

and the correlation between the antennas, which is im-

portant as the correlation factor Γh depends on these

aspects and has a significant impact on the perfor-

mance of the system as shown in the previous part.

The BH antenna arrays are identical uniform rectan-

gular arrays facing each other and the channel model

used between these two antenna arrays is the 3GPP

38.901 rural macro-cell (RMa) LOS spatial channel

model [34]. Moreover, the considered UE is equipped

with an omni-directional antenna, is located on the

straight line joining the BS 1 and the BS 2 and the

3GPP 38.901 RMa LOS spatial channel model is also

used between the BS 1 and this UE. This configura-

tion corresponds to the worst case for the UE, which

might be highly impacted by the BH link. For the sake

of simplicity, a perfect channel estimation is assumed.

The simulation parameters are given by Table 1.



Bazin et al. Page 14 of 20

The normalized interference power on the UE side is

first drawn in Figure 5 as a function of the distance be-

tween the BS 1 and the UE when the MRT precoder

is used. This Figure shows that the secondary lobes

of the created beam induce interference peaks with a

significant power when the distance between the BS 1

and the UE is below 1 km. After 1 km, the path loss

induces a reduction of the interference power, which

constantly decreases and loses more than 20 dB at a

distance of 5 km. Therefore, and in accordance with

preliminary assumptions described in part 2, the inter-

ference on the UE side is predominant for UEs located

near the BS 1.

The bit error rate (BER) on the UE side is then com-

puted as a function of the SNR when the MRT, the

ZF and the RZF-CI precoders (with ∆max = 0.5 dB

and ∆max = 1 dB) are used. The distance between

the BS 1 and the UE is set to 2 km. The results are

given by Figure 6. The interference on the UE side is

canceled using the ZF precoder, which experiences the

best results in terms of BER on the UE side. Con-

versely, the interference on the UE side highly impacts

the BER when the MRT precoder is used as it does not

control this interference. Therefore, to reach a BER of

10−2 when the MRT precoder is used, the UE needs a

SNR greater than 20 dB while only 14.5 dB is neces-

sary when the ZF precoder is used. As the interference

level is high for a UE at this position, the value of ∆∞

is greater than ∆max. Therefore, in Figure 6 the curves

for the proposed RZF-CI precoder are shifted versions

of the ZF curve with a shift equal to the value of ∆max.

As expected, the performance of the RZF-CI precoder

is thus slightly worse than this of the ZF precoder but

remains under control.

The normalized received useful power on the BS 2

|yUBH |2 / (PU ‖hU‖2 σ2
c ) is now computed as a func-

tion of the distance between the BS 1 and the UE

when the MRT, the ZF and the RZF-CI precoders

(with ∆max = 0.5 dB and ∆max = 1 dB) are used.

The results are given by Figure 7. On the one hand,

while the MRT precoder offers poor performance in

terms of BER on the UE side, it always maximizes the

received useful power on the BS 2. On the other hand,

the good performance of the ZF precoder in terms of

BER on the UE side is balanced by the high loss in

terms of received useful power on the BS 2. There-

fore, a loss of almost 8 dB can occur, compared to the

received useful power reached by the MRT precoder,

when the UE is at the cell-edge. As expected, the RZF-

CI precoding technique outperforms the ZF precoding

technique in terms of received useful power on the BS

2. Moreover, this result is consistent with the theoret-

ical results as the higher the value of ∆max, the higher

the received useful power on the BS 2. Finally, the loss

of received useful power is very limited compared to

the received useful power reached by the MRT pre-

coder. The RZF-CI precoder looses at most 1.5 dB

when ∆max = 0.5 dB and 1 dB when ∆max = 1 dB.

To conclude, the proposed RZF-CI precoding tech-

nique appears to be a good trade-off between the MRT

and the ZF precoding techniques used in the literature

[21, 23–25]. By choosing the value of ∆max, the per-

formance in terms of BER on the UE side is controlled

and the loss of received useful power on the BS 2 re-

mains limited. Therefore, the simulations highlight the

superiority of the proposed solution compared to the

MRT and ZF precoders without leading to an excessive

complexity.

6 Conclusion

A new mMIMO precoder called RZF-CI is proposed

in this paper. This precoder is intended to provide a

long-range in-band wireless BH link between two BSs.

The particularity of the RZF-CI precoder is its ability

to control the interference on the UE side, unlike the

classical MRT precoder so that a minimum capacity

is guaranteed for each UE. Moreover, in this paper,
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an analytical study proved that the proposed solution

always outperforms the ZF precoder used in the liter-

ature in terms of received power on the receiving BS

and thus allows a higher system capacity for the BH

link.

The simulations conducted in this paper highlight

the benefits of this novel precoding technique. In terms

of BER on the UE side, the degradation is controlled

with the proposed RZF-CI precoder, while the perfor-

mance with the MRT precoder is highly impacted by

the in-band communication. In terms of received use-

ful power on the receiving BS, the RZF-CI precoder

allows an important gain compared with the ZF pre-

coder (up to 8 dB), while the loss of power is rather

limited compared with the MRT precoder (up to 1.5

dB).

By combining the flexibility and the low complex-

ity of the new RZF-CI precoder with the advantages

of having an in-band wireless BH link, the proposed

solution is a cheap and effective way to extend the

coverage of the cellular networks and to improve the

quality of service in low ARPU networks.

Further studies could complete this contribution.

Firstly, on the BH antenna array of the BS 2, other

combining techniques could be studied. For example,

a ZF technique canceling the interference coming from

access antenna of the BS 2 or a minimum mean square

error (MMSE) technique providing a trade-off between

the MRC and the ZF techniques. Moreover, this pa-

per focused on the downlink of a TDD system, but the

uplink of the proposed system can be investigated in

order to cope with the interference induced in this con-

text (see Figure 2 (b)). Finally, the FDMA method is

considered in this study to separate the UEs. However,

it would be interesting to extend this work with MU-

MIMO systems, where multiple UEs share the same

frequency-time resources.

7 Methods/Experimental

The aim of this work is to design a new mMIMO pre-

coder for long-range in-band wireless BH. To this end,

a RZF structure is used and the optimization problem

defined in (52) is solved accordingly. Simulations are

then conducted using Matlab and the QuaDRiGa 3D

channel simulator [32, 33].

Appendix A: Solution of the Problem (52)

Using (50) in (30), it comes:

∣∣yUBH(α)
∣∣2

= PUσ
2
c

∣∣(1 + α) ‖hU‖ − |Γh|2 ‖hU‖
∣∣2

((1 + α)− |Γh|2)
2

+ |Γh|2 − |Γh|4

= PU ‖hU‖2 σ2
c

(
(1 + α)− |Γh|2

)2
((1 + α)− |Γh|2)

2
+ |Γh|2 − |Γh|4

,

(67)

and:∣∣yUBH(α)
∣∣2 = PU ‖hU‖2 σ2

c

×

(
1−

|Γh|2
(
1− |Γh|2

)
(1 + α− |Γh|2)

2
+ |Γh|2 (1− |Γh|2)

)
.

(68)

Therefore, as 0 ≤ |Γh|2 ≤ 1, the value of
∣∣yUBH(α)

∣∣2 in-

creases with the increase of α and is thus an increasing

function.

Additionally, using (50) in (26), it comes:

∆(α)

= 1 +
PIσ

2
c

σ2
b

|(1 + α)Γh ‖hI‖ − Γh ‖hI‖ |2

(1 + α)2 − 2(1 + α)|Γh|2 + |Γh|2

= 1 + PI ‖hI‖2 σ2
c

σ2
b

α2|Γh|2

α2 + 2(1− |Γh|2)α+ (1− |Γh|2)

= 1 + PI ‖hI‖2 σ2
c

σ2
b

|Γh|2

1 + 2(1− |Γh|2) 1
α + (1− |Γh|2) 1

α2

.

(69)

As 0 ≤ |Γh|2 ≤ 1, the value of ∆(α) also increases with

the increase of α and is thus an increasing function.

Let us define the variable ∆∞ as follows:

∆∞ = ∆(α→ +∞) = 1 + |Γh|2PI ‖hI‖2
σ2
c

σ2
b

. (70)
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If ∆∞ ≤ ∆max, the value of
∣∣yUBH(α)

∣∣2 is not limited

by the value of ∆(α) and can reach its maximum value

when α→ +∞. If ∆∞ > ∆max, the value of
∣∣yUBH(α)

∣∣2
is limited by the value of ∆(α). As both

∣∣yUBH(α)
∣∣2

and ∆(α) are increasing functions, the problem (52) is

solved in this context when ∆(α) = ∆max. Therefore,

the optimal value for α is:

α =

 +∞ if ∆∞ ≤ ∆max,

α0 if ∆∞ > ∆max,
(71)

α0 being the positive solution of the equation ∆(α) =

∆max. This equality is equivalent to:

∆(α)− 1 = ∆max − 1, (72)

or, using (70) in (69):

α2

α2 + 2(1− |Γh|2)α+ (1− |Γh|2)
=

∆max − 1

∆∞ − 1
. (73)

The equation (73) is equivalent to the following second

order equation:

(
1− ∆∞ − 1

∆max − 1

)
α2 +2(1−|Γh|2)α+(1−|Γh|2) = 0,

(74)

which has a unique positive solution when ∆∞ >

∆max:

α0 =

(
1− |Γh|2

)
+

√
(1− |Γh|2)

(
∆∞−1

∆max−1 − |Γh|2
)

∆∞−1
∆max−1 − 1

.

(75)

Appendix B: Received Power on the BS 2

with the RZF-CI Precoder

If ∆∞ ≤ ∆max, then wU = hHU /‖hU‖ and using (30),

it comes:

∣∣yUBH ∣∣2 = PU ‖hU‖2 σ2
c . (76)

If ∆∞ > ∆max, using (56) in (30), the received power

on the BS 2 is equal to:

∣∣yUBH ∣∣2
= PUσ

2
c

∣∣(1 + α0) ‖hU‖ − |Γh|2 ‖hU‖
∣∣2

(1 + α0)2 − 2(1 + α0)|Γh|2 + |Γh|2

= PU ‖hU‖2 σ2
c

(
(1 + α0)− |Γh|2

)2
((1 + α0)− |Γh|2)

2
+ |Γh|2 − |Γh|4

,

(77)

and thus:

∣∣yUBH ∣∣2 = PU ‖hU‖2 σ2
c

×

(
1−

|Γh|2
(
1− |Γh|2

)
(1 + α0 − |Γh|2)

2
+ |Γh|2 (1− |Γh|2)

)
.

(78)

Finally, the received power on the BS 2 is equal to:

∣∣yUBH ∣∣2 = PU ‖hU‖2 σ2
c

(
1− ε.|Γh|2

)
, (79)

with:

ε =


(

1 + α0 − |Γh|2
)2

1− |Γh|2
+ |Γh|2


−1

,

=
((

1− |Γh|2
)

+ 2α0 +
α2

0

1−|Γh|2 + |Γh|2
)−1

,

=

(
1 + 2α0 +

α2
0

1− |Γh|2

)−1

.

(80)

As α0 ≥ 0 and |Γh|2 ≤ 1, it comes 0 ≤ ε ≤ 1.
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