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ABSTRACT One of the major challenges with cell-free (CF) massive multiple-input multiple-output
(MIMO) networks is providing backhaul links for a large number of distributed access points (APs).
In general, providing fiber optics backhaul for these APs is not cost-effective and also reduces network
scalability. Wireless backhauling is a promising solution that can be integrated with wireless access links to
increase spectrum efficiency. In this paper, the application of integrated access and backhaul (IAB) technique
in millimeter-wave (mmWave) CF massive MIMO systems is investigated. The access and backhaul links
share a frequency spectrum in the mmWave bands, and in both, hybrid beamforming techniques are adopted
for signal transmission. The bandwidth allocation (division) parameter between the two link types as well as
the beamforming matrices are optimized to maximize the end-to-end data rate. This leads to a non-convex
optimization problem for which an efficient solution method is proposed. The simulation results show
the effectiveness of the IAB technique and our proposed scheme in CF massive MIMO systems. These
simulations also compare the proposed hybrid beamforming method with a fully digital solution in terms of
the number of radio frequency (RF) chains and the volume of backhaul traffic. Finally, the effect of increasing
the number of APs on the users’ data rates in terms of wireless access and backhaul links constraints is also
examined.

INDEX TERMS Integrated access and backhaul (IAB), massive MIMO, millimeter-wave (mmWave), cell-
free (CF), hybrid beamforming.

I. INTRODUCTION
During past years, there have been increasing demands
for new wireless services like enhanced mobile broadband
(eMBB) and ultra-reliable and low latency communication
(URLLC) that motivate researchers to develop new technolo-
gies for efficient and reliable transmission of more data in
minimal time and frequency resources. Massive multiple-
input multiple-output (MIMO) is one of the promising
techniques for accommodating these demands [1]. However,
implementation of a large number of antennas of massive
MIMO on a limited space base station (BS) is not easy
in practice and leads to a degradation in the expected per-
formance. In addition, in the centralized implementation

The associate editor coordinating the review of this manuscript and
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scenarios of the massive MIMO arrays, there is a significant
difference in the signal powers of cell-edge and cell-center
users. This motivates distributed or cell-free (CF) massive
MIMO systems in which the antennas of the massive MIMO
are distributed among a number of access points (APs) in
a wide area [2]. CF massive MIMO systems can provide
uniform quality of service (QoS) over a cell region and
reduce multi-user interference [3]. It is also a good choice for
implementing new services like massive machine type com-
munication (mMTC) and internet of things (IoT), in which
devices are distributed in a wide service area [4].

In the CF networks, a large number of APs are connected
to a central processing unit (CPU) via backhaul links. Each
AP uses spatial multiplexing techniques to serve all net-
work users simultaneously with the same time-frequency
resources. Separating users signals via beamforming can be
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achieved by centralized beamforming at the CPU or decen-
tralized beamforming at each AP. In the centralized scenario,
all APs need to send their channel state information (CSI)
to the CPU over the backhaul link, but in the decentralized
scenario, each AP calculates the beamformingmatrices based
on the local CSI. Therefore, the decentralized beamform-
ing reduces the backhaul link traffic. For example, in [5]
authors introduce a distributed hybrid beamforming approach
in which APs and CPU jointly optimize the beamforming
matrices. The simulation results show that the performance
of the proposed hybrid beamforming algorithm is very close
to the fully digital beamforming and reaches the performance
of the centralized scenario. Another approach to reduce the
backhaul link resources and increase CF network scalability
is the user-centric (UC) idea where each user is served by a
limited number of APs based on their channel conditions. The
simulation results in [6] show that UC achieves a higher data
rate for each user for the vast majority of users using fewer
backhaul resources compared to the traditional CF approach.

CF networks usually face many challenges, including syn-
chronization among the APs, user association, and backhaul
link provisioning for the APs [7]. Considering a wired back-
haul link is a common assumption during these years as the
wireless backhaul link faces the conventional challenges of
the wireless environment, including higher interference and
lower data rates compared to the wired backhaul link. How-
ever, existing cable and optical fiber-based backhaul links are
less suitable for future cellular networks due to implementa-
tion costs and low flexibility. Hence, the wireless backhaul
has attained much attention due to its lower implementation
complexity and higher flexibility [8]. Microwave backhaul
links that operate in line-of-sight (LOS) conditions have
been used for a long time, utilizing dedicated international
telecommunications union (ITU) frequency bands [9]. How-
ever, in 5G, millimeter-wave (mmWave) frequency bands are
a potential candidate to meet the growing bandwidth demand
in the future wireless backhaul link. In addition, due to the
wide bandwidth in the mmWave access spectrum, there is
a new interest to share radio resources between the wireless
backhaul and access links, leading to the concept of integrated
access and backhaul (IAB) [10].

There are many papers that study wireless backhauling and
IAB techniques in wireless cellular networks. For example,
in [11], the authors consider a cellular heterogeneous net-
work (HetNet) with wireless backhaul links and design the
beamforming matrices for this network. The authors in [12]
maximize the wireless backhaul link rate in the mmWave
bands and then use this rate as a constraint in maximizing
the rate of users in the access link that operate in the sub-
6 GHz frequency band. The design of IAB networks by
multiplexing the access and backhaul links in time domain
is studied in [13]. The authors in [14] maximize end-to-end
sum rate of users (i.e., from the CPU in the network core to
the users) in a mm-wave cellular network by optimizing the
dedicated bandwidth for the access and backhaul links and
power allocation coefficients in the macro-cell BS (MBS).

In addition, the authors in [9] and [15] evaluate the coverage
probability of a cellular network equipped with IAB by con-
sidering different backhaul scenarios (fiber, wireless/fiber,
and IAB). In the case of wireless backhauling, the small-cell
BSs (SBSs) in the backhaul link and users in the access link
are served by different carrier frequencies. In most of the
references, the authors do not optimize the bandwidth alloca-
tion coefficient between the access and backhaul connections
and use a frequency division multiplexing in the access and
backhaul links [16].

There are also a few papers that assume wireless backhaul-
ing in the CF networks. For example, in [17] and [18], the
wireless backhaul links parameters are considered as the con-
straints for the access link optimization in the CF networks.
In [19] the authors optimize end-to-end rate in a UC-CF
network by jointly optimizing the beamforming matrix in
the backhaul link and the power allocation coefficients in
the access link. This paper considers different frequency
bands (mm-wave band and sub-6 GHz) for the access and
backhaul links. However, to the best of our knowledge, the
IAB technique and specially frequency multiplexing between
backhaul and access links in the CF networks has not been
studied before in the literature.

In this paper, we study the use of IAB in the downlink of a
CF massive MIMO network in which the wireless backhaul
and access links are multiplexed in the frequency domain.
In the considered network, there is one CPU (IAB-donor) and
multiple APs (IAB-nodes) that serve a large number of users
at the same time and frequency resource. In this paper, we use
the terms CPU/APs and IAB-donor/IAB-nodes interchange-
ably. We assume that both wireless access and backhaul links
operate in the same mm-wave frequency band, and hybrid
beamforming techniques are used for signal transmission
at both of them. For optimal design of the IAB scheme,
we optimize the bandwidth allocation coefficient between the
access and backhaul links to maximize the minimum end-to-
end rate over them. At the same time, the hybrid beamforming
matrices at the CPU andAPs are also optimized, which finally
leads to a non-convex optimization problem that cannot be
solved efficiently. Hence, we propose a solution method that
optimizes the above variables for access and backhaul links
alternatively. We also derive a closed-form expression for
dividing the mm-wave frequency band between the access
and backhaul links. We verify the performance of the pro-
posed scheme through computer simulations. The results
show the effectiveness of using IAB in the CFmassiveMIMO
systems. We also evaluate the performance of the proposed
hybrid beamforming optimization scheme by comparing it
with fully digital beamforming and centralized beamforming
at the CPU, which illustrates the effectiveness of using this
technique in conjunction with IAB. Then, we investigate the
impact of the number of APs on coverage enhancement of
the CF network in the access link and also on the rate of
the backhaul link. Finally, by considering the effects of both
the access and backhaul rates on the end-to-end rate of the
networks, we show that in the CF massive MIMO systems
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FIGURE 1. System Model of a cell-free Massive MIMO Network with
Integrated Access and Backhaul (IAB).

with wireless backhaul, there is an optimal number of APs
achieving the best performance.

The rest of this paper is organized as follows. The system
model is described in Section II. Following the definition
of the main problem in Section III, the parameters of the
backhaul and access links are optimized in Sections IV andV,
respectively. Section VI specifies a closed-form equation for
the bandwidth allocation coefficient. Section VII presents the
numerical results of the proposed algorithms. In Section VIII,
the paper is summarized.

Throughout this paper, the following notations are used:
a, a, and A stand for a scalar, a column (or row) vector, and
a matrix, respectively; [A]i,j denotes the (i; j)-th element of
matrix A and the i-th element of vector a is denoted by [a]i;
rank(A) is the rank of A; (A)∗, (A)T , and (A)H , denote con-
jugate, transpose, and Hermitian transpose ofA, respectively.
The Euclidean and Frobenius norms of A are denoted by ∥.∥

and ∥.∥F , respectively. Furthermore, we use Tr {}, ℜ {}, and
E {} to respectively represent the trace, real part taking, and
expectation operators. diag {a} forms a diagonal matrix of the
vector a, and IN denotes the N × N identity matrix. z ∼

CN(0, σ 2) denotes a circularly symmetric complex Gaussian
random variable z with zero mean and variance σ 2. Further,
C and Cm×n describe a complex value and a complex matrix
of dimension m × n, respectively. The amplitude and phase
of a complex value z are denoted by |.| and ̸ , respectively.

II. SYSTEM MODEL
As depicted in Fig. 1, we consider a CF massive MIMO
system consisting of M NA-antenna APs (i.e., IAB-nodes)
that serve K single-antenna users. All the IAB-nodes are
connected to an NC -antenna CPU (i.e., IAB-donor). Since
the focus of this study is on the integration of the access and
backhaul links in CF networks, we assume for simplicity that
each AP serves all users and leave the concept of UC-CF to
future works. Both the access and backhaul links operate at
the same frequency band in the mmWave frequencies. All
the access and backhaul links are served by full-duplex APs.
We assume that B and η ∈ (0, 1] indicate the total available
bandwidth in the network and the bandwidth allocation coef-
ficient between the access and backhaul links, respectively.

Thus, the dedicated bandwidth to the access and backhaul
links become ηB and (1−η)B, respectively. In the following,
we discuss signal transmission and reception in the access and
backhaul links.

A. ACCESS LINK
Let xk ∈ C denotes the k-th user’s signal in the access link,
which is transmitted from all the APs and E{|xk |2} = 1. The
received signals at the k-th user is

yk =

M∑
m=1

K∑
j=1

hk,mWRF
m wBB

j,mxj + nk

=

M∑
m=1

hk,mWRF
m wBB

k,mxk︸ ︷︷ ︸
Desired signal

+

M∑
m=1

K∑
j=1
j ̸=k

hk,mWRF
m wBB

j,mxj

︸ ︷︷ ︸
Interference

+ nk , (1)

where Wm = WRF
m WBB

m ∈ CNA×K denotes the hybrid
beamforming matrix of the m-th AP which is product of an
analog beamformingmatrixWRF

m ∈ CNA×NA
RF and a baseband

digital beamforming matrix WBB
m ∈ CNA

RF×K (where wBB
k,m

is the k-th column of WBB
m ). Here, NA

RF is the number of
RF chains at each AP. The analog beamforming matrix has
a unit-module constraint (i.e.,

∣∣∣[WRF
m

]
i,j

∣∣∣ =
1

√
NA

) and the
digital beamforming matrix must satisfy AP power constraint∥∥WBB

m

∥∥2
F ≤ PA, where PA is the total AP’s power constraint

for the access link. In addition, nk ∼ CN(0, σ 2
k ) is the

additive white Gaussian noise at the k-th user.
The channel gain of them-th AP to the k-th user is denoted

by hk,m ∈ C1×NA that follows Saleh-Valenzuela (SV) channel
model [20], [21] and is defined as

hk,m =

√
NA ϑL

k,m aL(ϕAoDk,m )

+

Lk,m∑
l=1

√
NA
Lk,m

ϑN
l,k,m aL(ϕAoDl,k,m) . (2)

In this equation, Lk,m, ϕAoDk,m (ϕAoDl,k,m), and aL(.) represent the
number of non-line-of-sight (NLOS) paths, the angle of
departure, and the normalized array response vector, respec-
tively. Without loss of generality, we consider a uniform
linear array (ULA) at each AP and CPU. For an N -element
ULA, the array response can be expressed as

aL(ϕ)
1
=

1
√
N

[
1, ej

2π
λ
dA sin(ϕ), . . . , ej

2π
λ
dA(N−1) sin(ϕ)

]
∈ C1×N , (3)

where λ is the wavelength, and dA indicates inter-element
spacing. Also, ϑL

k,m ∈ CN
(
0, I (d) 10−0.1κ)

indicates path
loss of the channel between the m-th AP and the k-th user
in the LOS link, in which I (d) is a parameter that shows
the existence of a LOS link between APs and users, where
I (d) = 1 means there is a LOS link in the access link by
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probability ρ, which for Urban Microcellular (UMi) scenario
can be defined as [22]

ρ = min
(
20
d

, 1
) (

1 − e
−d
39

)
+ e

−d
39 . (4)

Similarly, ϑN
l,k,m ∈ CN

(
0, 10−0.1κN

)
determines the NLOS

link path loss model. Here, κ is also obtained as below [23]

κ = 32.4 + 20 log10(fc) + 10 log10(d
α), (5)

where fc, d , and α represent the carrier frequency in GHz,
distance between transmitter and receiver in meter, and the
channel path loss exponent, respectively.

The signal-to-interference-plus-noise-ratio (SINR) at each
user (in the access link) can be expressed as

SINRAk =

M∑
m=1

∣∣∣hk,mWRF
m wBB

k,m

∣∣∣2
K∑
j=1
j ̸=k

M∑
m=1

∣∣∣hk,mWRF
m wBB

j,m

∣∣∣2 + σ 2
k

. (6)

Thus, the sum rate of all users in the access link becomes

RA = ηB
K∑
k=1

log
(
1 + SINRAk

)
. (7)

B. BACKHAUL LINK
In the backhaul link, the IAB-donor with NC antennas and
NC
RF RF chains transmits a single stream to each IAB-node

through the backhaul link [24]. If sm ∈ C (E{|sm|
2
} = 1)

denotes the transmitted signal for the m-th IAB-node, the
received signal at the m-th IAB-node is obtained as

yAPm = w̃mHB
m,C

M∑
n=1

FRF fBBn sn + w̃mnAPm

= w̃mHB
m,C FRF fBBm sm︸ ︷︷ ︸
desired signal

+w̃mHB
m,C

M∑
n=1
n ̸=m

FRF fBBn sn

︸ ︷︷ ︸
Interference

+ w̃mnAPm , (8)

where fBBm denotes the m-th column of digital beamforming
matrix FBB ∈ CNC

RF×M and FRF ∈ CNC×NC
RF is the analog

beamforming matrix at the IAB-donor. Also, w̃m ∈ C1×NA is
the analog beamforming vector of the m-th IAB-node in the
backhaul link. Here, nAPm ∼ CN(0, σ 2

m) represents the additive
white Gaussian noise at each AP in the backhaul link. For
fixed IAB-node locations, we only consider the LOS channel
HB
m,C ∈ CNA×NC between the CPU and the m-th IAB-node

that can be modeled as

HB
m,C =

√
NC NA ζ Lm,C aHL (ϕ

AoA
m,C ) aL(ϕ

AoD
m,C )

∈ CNA×NC , (9)

where ζ Lm,C ∈ CN
(
0, 10−0.1κ)

is the path loss of the LOS
channel, and ϕAoAm,C determines the angle of arrival.

With these assumptions, the received SINR at the m-th
IAB-node in the backhaul link can be written as

SINRBm =

∣∣∣w̃mHB
m,C FRF fBBm

∣∣∣2
M∑
n=1
n ̸=m

∣∣∣w̃mHB
m,C FRF fBBn

∣∣∣2 +
∥∥w̃m

∥∥2σ 2
m

. (10)

Thus, the achievable rate of the m-th IAB-node in the back-
haul link can be obtained as

RBm = (1 − η)B log(1 + SINRBm). (11)

Since in the CF systems, all APs simultaneously transmit
users’ signals in the access link, it is important for all APs
to fully receive data streams in the backhaul link before
transmitting them. Thus, the effective rate of the backhaul link
becomes

RB = min
m

(RBm). (12)

Hence, the end-to-end network rate can be expressed as

R = min(RB,RA). (13)

III. PROBLEM FORMULATION
As stated before, our target in this paper is to maximize
the end-to-end rate of an IAB-assisted CF massive MIMO
system by optimizing the system parameters consisting of the
hybrid beamforming matrices at CPU and APs and also the
bandwidth allocation parameter. Formaximizing the system’s
end-to-end rate, the minimum backhaul link rate must be
greater than or equal to the access link sum rate to ensure
that each IAB-node can provide the access link sum rate.
Therefore, (13) equivalents to RA, and the end-to-end rate
optimization problem can be formulated as

max
η, {w̃m}

M
m=1,F

BB,FRF ,{
WRF

m ,WBB
m

}M
m=1

RA (14a)

s.t.

RB ≥ RA, (14b)
M∑
m=1

∥∥∥fBBm ∥∥∥2 ≤ PB, (14c)

∣∣∣∣[FRF]
i,j

∣∣∣∣2 =
1
NC

, ∀i, j, (14d)

K∑
k=1

∥∥∥wBB
k,m

∥∥∥2 ≤ PA ,m = 1, . . . ,M , (14e)

∣∣∣∣[WRF
m

]
i,j

∣∣∣∣2 =
1
NA

, ∀i, j , m = 1, . . . ,M , (14f)∣∣[w̃m
]
i

∣∣2 =
1
NA

, ∀i , m = 1, . . . ,M , (14g)

0 < η ≤ 1, (14h)

where PB is the CPU total transmitted power constraint.
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In the above optimization problem, the objective function
and some constraints are non-convex due to highly coupled
optimization variables and integer constraints ((14d), (14f)
and (14g)). Thus, finding the optimal solution to this prob-
lem is intractable. However, by taking a close look at the
problem, we observe that the backhaul and the access links
have different transmitters (CPU or APs) and receivers (APs
or users). Therefore, we can separately optimize each pair of
the transmitters and receivers’ beamforming matrices. This
motivates us to propose an alternating solution to find the
optimal η and then the beamforming matrices. The resulting
sub-problems are presented in the following sections.

IV. MINIMUM BACKHAUL RATE MAXIMIZATION
For any given η and access link’s parameters, it is evident
that the performance of the access link is upper bounded with
the minimum rate of the backhaul link. Therefore, in the end-
to-end rate maximization problem we have to maximize the
minimum backhaul link rate of APs. In this sense, (14) can
be reformulated as

max
{w̃m}

M
m=1,

FBB,FRF

min
m

log
(
1 + SINRBm

)
s.t.

(14c), (14d), (14g). (15a)

By considering perfect CSI and setting NC
RF = M , the analog

beamforming matrix of the CPU can be chosen as [25]

FRF =

[
aHL (ϕ

AoD
1,C ), aHL (ϕ

AoD
2,C ), . . . , aHL (ϕ

AoD
M ,C )

]
. (16)

In the same way, the analog beamforming vector at the m-th
AP can be fixed as w̃m = aL(ϕAoAm,C ) for m = 1, 2, . . . ,M .

For the specifiedFRF and
{
w̃m

}M
m=1, the backhaulmax-min

rate problem (15) can be written as

max
FBB

min
m

log


1 +

∣∣bm fBBm
∣∣2

M∑
n=1
n ̸=m

∣∣bm fBBn
∣∣2 + σ 2

m


s.t.

(14c), (17a)

where bm = w̃mHB
m,C FRF ,m = 1, 2, . . . ,M . By using

auxiliary variable t , the above problem can be rewritten as

max
FBB,t

t (18a)

s.t. ∣∣bm fBBm
∣∣2

M∑
n=1
n ̸=m

∣∣bm fBBn
∣∣2 + σ 2

m

≥ 2t − 1 , ∀m,

(14c), (18b)

which due to (18b), is a non-convex problem. For a fixed t >

0, we have the following feasibility problem.

Find {FBB} (19a)

s.t.(
1 +

1
2t − 1

) ∣∣∣bm fBBm
∣∣∣2 ≥

M∑
n=1

∣∣∣bm fBBn
∣∣∣2 + σ 2

m , ∀m,

(14c). (19b)

In particular, if t⊛ represents the optimal value of t , we can
conclude that, while the previous problem is feasible for a
given t , we have t⊛ ≥ t; on the contrary, if it is infeasible,
we can find that t⊛ < t . Thus, the optimal value of t can be
found by applying the bisection algorithm over t and solving
some optimization problems [2]. Furthermore, when FBB⊛ is
the optimal solution of (19), we can find arbitrary phase shifts
{φm}

M
m=1 for which FBB⊛diag

{
ejφm

}
is also optimal because

the absolute value of ejφm equals 1 and it will not affect the
SINR value [26]. Hence, by considering bm fBBm ≥ 0 for
∀m (i.e. non-negative real valued with zero imaginary part),
we can express (19b) and (14c) as the Second-order cone
(SOC) constraints shown below.

√
1 +

1
2t − 1

bm fBBm ≥

∥∥∥∥∥∥∥∥∥∥∥

bm fBB1
bm fBB2

...

bm fBBM
σm

∥∥∥∥∥∥∥∥∥∥∥
, ∀m, (20)

∥∥∥∥∥∥∥∥∥
f1
f2
...

fM

∥∥∥∥∥∥∥∥∥ ≤

√

PB. (21)

Therefore, (19) can be reformulated as

Find {FBB}

s.t.

(20), (21), (22a)

which is a convex second-order cone programming (SOCP)
problem and can be solved by using CVX [27]. The above
procedures are summarized in Algorithm 1.

V. ACCESS LINK SUM RATE MAXIMIZATION
In this section, we desire to maximize the sum rate of users in
the access link by optimizing the hybrid beamforming matrix
of each AP. For given η and the backhaul link’s parameters,
(14) can be written as

max
{WRF

m ,WBB
m }

M
m=1

RA (23a)

s.t.
K∑
k=1

∥∥∥wBB
k,m

∥∥∥2 ≤ PA ,m = 1, . . . ,M , (23b)
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Algorithm 1Hybrid BeamformingOptimization in the Back-
haul Link
1: Input : HB

m,C for m = 1, 2, . . . ,M ;
2: Initialize : ε > 0, tmin, tmax;
3: Compute : FRF based on (16);
4: Set : w̃m = aL(ϕAoAm,C ) for m = 1, 2, . . . ,M ;
5: Set : t :=

tmin+tmax
2 ;

6: Find {FBB} : for given t , solve (22);
7: if problem (22) is feasible then
8: tmin := t;
9: else
10: tmax := t;
11: end if;
12: if tmax − tmin < ε then
13: FBB := FBB;
14: else
15: go to step (5);
16: end if;
17: Output : FBB, FRF , and

{
w̃m

}M
m=1.

∣∣∣∣[WRF
m

]
i,j

∣∣∣∣2 =
1
NA

, ∀i, j m = 1, . . . ,M . (23c)

Due to the non-convex objective function and integer con-
straints, finding the global optimal solution is intractable.
Hence, we introduce a two-stage optimization strategy that
optimizes the WRF

m and WBB
m in the different stages. As the

first step, we optimize the analog beamformingmatrix of each
AP without considering inter-user interference. In the next
step, we optimize the digital baseband beamformingmatrix of
each AP to eliminate interference among users in the access
link. Using simulations, we demonstrate the effectiveness of
our proposed decentralized hybrid beamforming, which can
achieve the performance of both centralized and decentral-
ized fully-digital beamforming.

It is mentioned that each AP is equipped with NA
RF RF

chains, where K ≤ NA
RF ≤ NA. Since the number of RF

chains is limited, we can choose NA
RF = K and turn the

main hybrid beamforming problem in (23) into computing the
analog beamforming matrix and finding the corresponding
baseband beamforming matrix at each AP. We assume that
each user’s signal is directly transmitted through one of the
RF chains. Also, assuming a fully connected hybrid beam-
forming, each RF chain is connected to all APs’ antennas with
NA phase shifters. By determining the singular value decom-

position of the hk,m as hk,m = Uk,m
∑

k,m

[
V1
k,m,V0

k,m

]H
,

the optimal fully digital beamforming vector for the k-th user
at the m-th AP will be wopt

k,m = V1
k,m ∈ CNA×1 which is the

right singular vector of the channel between the k-th user and
the m-th AP. If we define WRF

m = [wRF
1,m,wRF

2,m, . . . , wRF
K ,m],

we can not express wRF
k,m as wopt

k,m for k = 1, . . . ,K and
m = 1, . . . ,M due to the constant module constraint of the
elements of the analog beamforming matrix. Thus, for maxi-
mizing the sum rate of the access link users, we minimize the

distance betweenwRF
k,m andwopt

k,m [28], [29] by considering the
constraints of the wRF

k,m elements that can be formulated as

min
wRFk,m

∥∥∥wopt
k,m − wRF

k,m

∥∥∥2 (24a)

s.t.∣∣∣[wRF
k,m

]
i

∣∣∣2 =
1
NA

, i = 1, . . . ,NA. (24b)

We can assume
(
wRF
k,m

)H
wRF
k,m ≈ INA since non-diagonal

elements of
(
wRF
k,m

)H
wRF
k,m are the sum of random numbers

that with high portability are lower than constant diagonal
elements. Hence, by considering the orthogonal property of
wopt
k,m, the objective function of (24) can be written as

∥∥∥wopt
k,m − wRF

k,m

∥∥∥2 = Tr
{
(wopt

k,m − wRF
k,m)

H
(wopt

k,m − wRF
k,m)

}
∝ −Tr

{
ℜ

((
wopt
k,m

)H (
wRF
k,m

))}
. (25)

Thus, for minimizing the objective function of (24), we can
maximize

Tr
{
ℜ

((
wopt
k,m

)H (
wRF
k,m

))}
=

NA∑
i=1

ℜ

{([
wopt
k,m

]
i

)∗[
wRF
k,m

]
i

}
.

(26)

Also, we have

ℜ

{([
wopt
k,m

]
i

)∗[
wRF
k,m

]
i

}
=

∣∣∣[wopt
k,m

]
i

∣∣∣ ∣∣∣[wRF
k,m

]
i

∣∣∣ cos (
̸

[
wRF
k,m

]
i
− ̸

[
wopt
k,m

]
i

)
. (27)

Obviously, for minimizing the objective function of (24),
we set

̸

[
wRF
k,m

]
i
= ̸

[
wopt
k,m

]
i
, i = 1, 2, . . . ,NA. (28)

To eliminate inter-user interference in the access link, we pro-
pose the Block Diagonalization (BD) algorithm that removes
interference among all users by optimizing the digital beam-
forming matrix at each AP [30].

Based on the given analog beamforming matrix, the effec-
tive channel between the k-th user and the m-th AP in the
access link can be expressed as

h̄k,m = hk,mWRF
m ∈ C1×NA

RF . (29)

Thus, for inter-user interference cancellation, based on the
given h̄k,m, the baseband digital precoder of each user should
be orthogonal to the effective channel of other users (i.e.
h̄j,m wBB

k,m = 0 ; k ̸= j where wBB
k,m indicates the k-th

column of WBB
m ). To be more specific, if we define H̃k,m =[

h̄T1,m|h̄T2,m| . . . |h̄Tk−1,m|h̄Tk+1,m| . . . |h̄TK ,m

]T
∈ CK−1×NA

RF ,

the wBB
k,m should be laid in the null space of H̃k,m. In this

regard, by introducing r = rank(H̃k,m), which has to satisfy

VOLUME 11, 2023 71663



A. H. Jazi et al.: Integrated Access and Backhaul (IAB) in Cell-Free Massive MIMO Systems

rk,m ≤ K − 1, the singular value decomposition (SVD) of
H̃k,m can be written as

H̃k,m = Ũk,m6̃k,mṼH
k,m

= Ũk,m6̃k,m

[
Ṽ1
k,m Ṽ0

k,m

]H
, (30)

where Ṽ1
k,m and Ṽ0

k,m represent Ṽk,m(:, 1 : rk,m) and Ṽk,m(:
, rk,m+1 : end), respectively. It is clear that Ṽ0

k,m includes the
orthogonal basis of the null space of H̃k,m, so h̄j,mṼ0

k,m can
be formulated as

h̄j,mṼ0
k,m =

{
0 ; k ̸= j
Uk,m6k,mVH

k,m ; k = j . (31)

Let us define Vk,m as Vk,m=

[
V1
k,m V0

k,m

]
, where V1

k,m is

the first column of VH
k,m. As a result, for jointly suppressing

the inter-user interference and enhancing the spectrum effi-
ciency, the digital beamforming matrix of them-th AP can be
expressed as

WBB
m =

[
Ṽ0
1,m V1

1,m, Ṽ0
2,m V1

2,m, . . . , Ṽ0
K ,m V1

K ,m

]
. (32)

The above procedure is summarized in Algorithm 2, where
(∗) is defined to satisfy the APs power constraints in the
access link [31].

Algorithm 2 Optimal Hybrid Beamforming Design in the
Access Link
1: Input : hk,m for ∀k,m;
2: RepeatforeachAP :

3: Compute : WRF
m based on (28);

4: Compute :

5: for k = 1 to K do
6: h̄k,m = hk,mWRF

m ;

7: H̃k,m =

[
h̄T1,m|h̄T2,m| . . . |h̄Tk−1,m|h̄Tk+1,m| . . . |h̄TK ,m

]T
;

8: H̃k,m = Ũk,m
∑̃

k,m

[
Ṽ1
k,m Ṽ0

k,m

]H
;

9: h̄k,m Ṽ0
k,m = Uk,m

∑
k,mV

H
k,m;

10: WBB
m =

[
Ṽ0
1,m V1

1,m, Ṽ0
2,m V1

2,m, . . . , Ṽ0
K ,m V1

K ,m

]
;

11: WBB
m =

PAWBB
m

∥WBB
m ∥F

(∗);
12: end for;
13: Output : {WBB

m ,WRF
m }

M
m=1.

VI. BANDWIDTH ALLOCATION COEFFICIENT
OPTIMIZATION
In the previous sections, the minimum backhaul rate and
access link sum-rate have been maximized (in bps/Hz). Now
we try to find an optimal bandwidth allocation coefficient
that satisfies (14)’s constraints and maximize its objective
function. Hence, (14) can be rewritten as

max
η

ηCA (33a)

s.t.

(1 − η)CB ≥ η CA, (33b)

0 < η ≤ 1, (33c)

where CA and CB are given as

CA = B
K∑
k=1

log

1 +

M∑
m=1

∣∣∣hk,mWRF
m wBB

k,m

∣∣∣2
K∑
j=1
j ̸=k

M∑
m=1

∣∣∣hk,mWRF
m wBB

j,m

∣∣∣2 + σ 2
k

,

(34)

CB = min
m

B log

1 +

∣∣∣w̃mHB
m,C FRF fBBm

∣∣∣2
M∑
n=1
n ̸=m

∣∣∣w̃mHB
m,C FRF fBBn

∣∣∣2 + σ 2
m

 .

(35)

If we rewrite (33b) as η ≤
CB

CA+CB
, it is clear that η is upper

bounded, so the maximum value of η (i.e. optimal value of
(33)) can be found as

η =
CB

CA + CB
. (36)

Therefore, based on (36) and (34) (or 35), the end-to-end rate
of the proposed system determined in (13) can be calculated
as

R =
CA CB
CA + CB

. (37)

In the above sections, we optimize all optimization param-
eters. Algorithm 3 summarizes the CFmassiveMIMO system
end-to-end rate optimization. Using this algorithm, the hybrid
beamforming matrices of the access and backhaul links can
be optimized simultaneously. The bandwidth allocation coef-
ficient is then calculated using the CA and CB parameters.
It should be noted that the proposed hybrid beamforming
algorithm in the access link is locally calculated by each AP.
Then, each user’s desired and interference signals should be
sent to the CPU by each AP. In the following, we evaluate
the access link performance for decentralized beamforming
at each AP and centralized beamforming at the CPU and
evaluate the backhaul resources required for each scenario.

Algorithm 3 End-to-End Rate Optimization in the CF Mas-
sive MIMO Systems

1: Input : hk,m, HB
m,C ; ∀k,m;

2: Optimize: the backhaul link parameters via Algorithm
1 and optimize the access link parameters via Algorithm
2;

3: Find: optimum bandwidth allocation coefficient based
on the (36).
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TABLE 1. CF massive MIMO system parameters.

FIGURE 2. Sum rate of Access link users versus different transmitter
power constraint with M = 6, K = 8.

TABLE 2. Backhaul link resources for the access link beamforming
optimization.

VII. SIMULATION RESULTS
In this section, we evaluate performance of the proposed
scheme by computer simulation. The performance of the
backhaul and access links are evaluated based on the num-
ber of IAB-nodes, transmit power constraints, and different
bandwidth allocation coefficients. The simulation parameters
are shown in Table 1.

First, we compare our proposed hybrid beamforming
BD-based algorithm with the fully digital (shown by FD
abbreviation) BD algorithm [30] (i.e., when the number of
RF chains equals to the number of the transmitter’s antennas)
and random analog beamforming matrices. Fig. 2 illustrates
the sum rate of users (in bps/Hz) in the access link versus
the AP’s transmitter power constraints. It can be seen that
our proposed hybrid BD algorithm approximately achieves
the same performance as fully-digital BD. Also, it signifi-
cantly outperforms random beamforming. This figure also

FIGURE 3. Max-Min rate of APs in the Backhaul link versus different
power constraints and number of APs.

FIGURE 4. End-to-end rate versus different values of η with M = 6, K = 8.

presents the performance of the centralized FD beamforming
algorithm, in which the CPU designs the beamformingmatrix
of each AP in the access link using the CSI of all users.
It is observed that a centralized beamforming can increase the
access link rate of the users, but the instantaneous CSI of each
user must be provided for the CPU. Backhaul resources that
should be used in the centralized and decentralized scenarios
are shown in Table 2. In the centralized fully-digital system,
each AP has to transmit its channel to all users in the UL
to receive the optimal fully-digital beamforming matrix and
bandwidth allocation parameter in the DL. However, in the
decentralized systems, each AP sends each user’s desired and
interference signals, which are used in (34), and the CPU
should only send back the bandwidth allocation parameter in
the DL. We can see in Table 2 that the centralized beamform-
ing optimization requires considerable backhaul resources,
especially in large antenna cases, but does not provide a
significant improvement.

Fig. 3 shows how increasing the number of IAB-nodes will
reduce the max-min rate of the IAB-nodes in the backhaul

VOLUME 11, 2023 71665



A. H. Jazi et al.: Integrated Access and Backhaul (IAB) in Cell-Free Massive MIMO Systems

FIGURE 5. End-to-end rate versus the access and backhaul links power
constraints with M = 6, K = 8.

link due to the inter-IAB-node interference. In fact, increasing
the number of IAB-nodes can inversely affect the max-min
rate of the IAB-nodes in the backhaul link and directly affect
the sum rate of the access link’s users.

Fig. 4 depicts the end-to-end rate of the system using an
exhaustive search through all possible η values. The end-to-
end rate is also determined based on the bandwidth allocation
coefficient that has been defined in (36). It can be seen that the
proposed bandwidth allocation strategy maximizes the end-
to-end rate of the system for different power constraints in the
access and backhaul links. According to the figure, improving
one link will result in more bandwidth being allocated to
another. For example, by increasing the backhaul link power
constraint from 0 dBm to 30 dBm, the system has to allocate
more bandwidth to the access link to maximize the end-to-
end rate.

Fig. 5 shows the end-to-end rate of the system versus
the access and backhaul links power constraints. It can be
observed that by decreasing the access link APs power, the
end-to-end rate is less affected by backhaul link power con-
straints, indicating that the access link limits the system’s
performance. In the same way, the end-to-end rate is affected
slowly by the access link power variation as the backhaul link
power decreases. As a result, we can conclude that we need to
provide enough power for both the access and backhaul links
to achieve a specified end-to-end data rate.

In Fig. 6, we evaluate coverage without taking into con-
sideration the NLOS paths in (2). This figure shows the
end-to-end rate of the network for different numbers of APs.
Based on (13), the end-to-end rate of the network corresponds
to the minimum rate of the access and backhaul links. When
there are only a small number of APs, the end-to-end rate of
the network is the same as the data rate of the access link.
As the data rate of the access link increases, the end-to-end
rate of the network also increases. But if the number of APs
grows, the end-to-end rate of the network is determined by the
data rate of the backhaul link and decreases as the backhaul
link’s rate decreases. This shows that an optimum number of
APs can be found in the system, which is 9 in this setting.

FIGURE 6. End-to-end rate versus the different number of APs with
PA = 30 dBm, PB = 30 dBm.

VIII. CONCLUSION
In this paper, we considered a CF massive MIMO system and
maximized the end-to-end rate of the users by optimizing the
hybrid beamforming matrices of the CPU and the IAB-nodes
in the backhaul and access links, respectively. For integrating
the two link types, we developed a close-form expression
for the bandwidth allocation coefficient between the access
and backhaul links. In comparison to fully digital beamform-
ing, the simulation results demonstrate the effectiveness of
the proposed hybrid beamforming algorithm. Furthermore,
for different power constraints in the access and backhaul
links, the proposed bandwidth allocation strategy maximizes
the end-to-end rate of the system. The end-to-end rate of
the system was analyzed by an increasing number of IAB-
nodes, demonstrating that the end-to-end rate of the users first
increased and then decreased due to the access and backhaul
links’ limitations. Therefore, due to the dependence of the
end-to-end rate of the users in both access and backhaul links,
increasing the number of IAB-nodes in these systemsmay not
always be beneficial.
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