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Abstract—Cooperative hybrid transmit precoder (TP) and
receive combiner (RC) design algorithms are conceived for
cell-free millimeter wave (mmWave) multiple-input multiple-
output (MIMO) networks, operating in the face of asyn-
chronous interference (ASI). To begin with, a Wiener filtering-
based optimal hybrid TP/RC (WHB-U) design is proposed
for unicast scenarios that minimizes the normalized mean
squared error (NMSE) between the received signal and the
desired signal subject to user-specific power constraints. Next,
a signal-to-leakage plus noise ratio (SLNR) maximization-based
hybrid TP/RC design (SHB-U) is conceived, which reduces the
interference engendered by the signal transmission targeted
towards a specific user, rather than focuses on the interference
at a particular user. Next, a multicast transmission scenario
is considered, wherein the users belonging to a particular
multicast group request identical information. Toward this,
the WHB-M and SHB-M hybrid TP/RC schemes are designed
for mitigating both the inter-user and inter-group interference.
Subsequently, we also develop a Bayesian learning (BL)-based
framework for jointly designing the RF and baseband (BB)
TPs/RCs for both unicast and multicast scenarios, which does
not require the full knowledge of mmWave MIMO channel
components. Finally, the efficiency of the proposed TP/RC
schemes is extensively evaluated by simulations both in terms
of their ability to mitigate the ASI, and the spectral efficiency
attained.

Index Terms—mmWave MIMO, hybrid beamforming, cell-
free, multicast, Bayesian learning.

I. INTRODUCTION

Millimeter wave (mmWave) technology has the potential
to enable ultra-high bit rates, reduced latencies and large-
scale access, due to its ability to leverage the ample band-
width available in the frequency range spanning 30-300 GHz
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[1]–[3]. Moreover, the abundant frequency spectrum within
the mmWave band has the capacity to support extensive
interconnection of devices required by the Internet of Things
(IoT) [4]. However, the severe path-loss pose significant
challenges for mmWave communication, before its transition
from pure research to practical deployment. The philosophy
of dense mmWave networks having small cell sizes and dis-
tributed base stations (BSs) has shown considerable promise
toward overcoming these challenges [5], [6].

However, the network densification results in significant
inter-cell interference (ICI), and frequent handovers. To over-
come these limitations, the cell-free multiple-input multiple-
output (MIMO) paradigm has recently been proposed as
a potential architecture for beyond 5G (B5G)/6G wireless
networks [7]–[9] and has emerged as a promising solution
for enhancing the system throughput attained by surpassing
the limitations imposed by the conventional fixed cell ar-
chitecture. By utilizing multiple cooperative access points
(APs) to serve a specific user, a cell-free network enhances
the number of spatial degrees of freedom, hence resulting in
efficient cooperative transmission and reception [10], [11].

The short wavelength of mmWave signals makes it pos-
sible to leverage the benefits of MIMO by placing a large
antenna array on devices having compact form factors. Such
a MIMO architecture can provide a beamforming gain that
is crucial for mmWave systems to mitigate the blockages,
atmospheric absorption and penetration losses that are en-
demic to communication in this band [12]–[14]. However,
in a fully digital (FD) signal processing architecture-based
conventional MIMO system, each antenna element requires
a dedicated RF chain (RFC). The large number of RFCs,
arising due to the massive scale of antenna arrays, in turn,
leads to significantly higher costs and power consumption,
which prohibits the use of FD signal processing in mmWave
MIMO systems [1], [15]. A promising solution to overcome
this challenge is to exploit the novel hybrid RF baseband
(BB) MIMO architecture that utilizes a significantly reduced
number of RFCs in comparison to the number of antennas.
In such a cooperative cell-free mmWave MIMO network,
the interference is inherently asynchronous in nature due
to the different propagation delays of the signals arriving
from the APs to the users [16]–[18]. Note that perfect timing
advance procedures only guarantee the synchronized arrival
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of signals from different APs at their intended receivers.
Thus, designing the RF and BB transmit precoders (TPs) and
receive combiners (RCs) in the presence of asynchronous
interference (ASI) plays a pivotal role in harnessing the
substantial benefits offered by cooperative cell-free mmWave
MIMO communication for 5G/B5G networks. A brief review
of the existing contributions in this context is presented next.

A. State-of-the-art

In recent years, sophisticated beamformer design tech-
niques have been proposed for mmWave multi-cell multi-
user MIMO systems [19]–[22]. Michaloliakos et al. [19]
proposed a novel analog TP design which maximizes the ca-
pacity by exploiting a set of predefined beam patterns. Zhang
et al., in their path-breaking work [20], conceived signal-to-
interference leakage-plus-noise ratio (SLNR) maximization-
based distributed linear TP designs for cooperative multi-cell
systems that rely on reduced information exchange amongst
the BSs. Xiang et al. [21] proposed a coordinated beam-
former scheme, which maximizes the signal-to-interference
noise ratio (SINR), while incorporating realistic per BS
power constraints. The authors of [22] proposed coordinated
TP design for multi-cell networks based on the maximization
of the weighted sum energy efficiency.

There are however only very few contributions that ex-
plore the cooperative TP design of cell-free MIMO networks.
Early works in this area designed the FD beamformer
for conventional cell-free MIMO systems [11], [23]–[25].
Nayebi et al. [23] proposed a centralized zero-forcing (ZF)
TP design which significantly improves the achievable data
rates of cell-free MIMO networks. Masoud et al. [24] pro-
posed a modified conjugate beamformer technique for cell-
free systems that completely avoids self-interference, with
no action required at the receivers. The proposed scheme
remarkably improves the achievable downlink data rates
in comparison to conjugate beamforming. Björnson et al.
[11] studied the various levels of cooperation between the
APs and developed minimum mean square error (MMSE)-
based TP algorithms for improving the overall spectral effi-
ciency. The implementation architectures proposed for cell-
free systems lead to a significant reduction in backhaul sig-
nalling overheads. Furthermore, the authors of [25] derived
MMSE-based cooperative centralized TPs by exploiting the
downlink-uplink duality. Cao et al. [26] proposed a specific
reference signal for an over-the-air reciprocity calibration
scheme to avoid channel state information (CSI) feedback
in time-division duplex for cell-free massive MIMO systems.

Some authors have also explored the hybrid TPs designed
for cell-free mmWave MIMO networks. Hou et al. [27]
proposed a two-stage framework for the design of the hybrid
TP in cooperative cell-free networks. In the first stage, the
RF TP is obtained from a predefined codebook, while the
BB TP is obtained in the second stage by employing the
popular semidefinite relaxation (SDR) algorithm. Kim et al.
[28] proposed a weighted MMSE (WMMSE) criterion based
hybrid TP design, where the RF and BB TPs are computed

via the alternate optimization framework. The authors of [29]
maximized the weighted sum rate (WSR) of all the users
in the network by employing a block coordinate descent
(BCD) algorithm for deriving the hybrid TPs. Authors in
[30] proposed a WSR maximization and max-min fairness
based two-stage hybrid beamformer design. In the first
stage, analog beamformers are designed for APs during
uplink training. Subsequently, the baseband beamformer
is obtained by employing the effective baseband channel
in the second stage. He et al. [31] proposed an energy-
efficient hybrid beamformer design based on an iterative
heuristic Gram-Schmidt algorithm for cell-free wideband
mmWave MIMO systems. In [32], the authors considered a
reflective intelligent surface (RIS)-aided cell-free mmWave
MIMO system and designed the cooperative beamformer by
maximizing the WSR. In [33], the authors proposed a hybrid
TPC scheme for cell-free mmWave MIMO networks that
maximizes the user rate. In [34], the authors conceived a
minimum variance distortionless response (MVDR)-based
hybrid TP framework for cooperative cell-free mmWave
MIMO networks for mitigating the multi-user interference
(MUI).

Note however that all the above papers consider syn-
chronous interference, which is based on the assumption that
each user is able to receive both the desired and the interfer-
ing signals transmitted by all the APs synchronously. How-
ever, it must be emphasized that the interference in a cell-free
network is fundamentally asynchronous in nature. Due to
the inevitable difference in propagation delays of the signals
between the APs and several users, it is not possible for the
APs to align all the interfering signals at all the users, which
leads to ASI. Ignoring this property can significantly degrade
the efficiency of the cooperative beamformer design of cell-
free networks. In this context, the authors of [35] derived the
MMSE-based channel estimator considering the ASI in cell-
free MIMO systems, wherein each user is equipped with a
single receive antenna. Li et al. [36] proposed MMSE-based
channel estimation and maximum ratio combining (MRC)-
based TP schemes under asynchronous signal reception
in a cell-free MIMO-aided orthogonal frequency division
multiplexing (OFDM) system. The authors of [37] proposed
a rate-splitting based transmission framework to mitigate
the problem of asynchronous reception of signals caused
by both propagation delays and oscillator phases of the
transceivers. Although these contributions studied the effects
of ASI in cell-free networks, there is a notable scarcity
of contributions addressing the challenges associated with
the high-frequency mmWave band, as discussed earlier. To
the best of our knowledge, the problem of ASI in cell-
free mmWave MIMO networks has not been tackled in
the existing literature. Therefore, to address this knowledge
gap in the existing research literature, this paper proposes a
cooperative asynchronous hybrid TP/RC design for a cell-
free multi-user mmWave MIMO network. The contributions
of this paper are boldly and explicitly contrasted to the
literature in Table I. It can be readily observed from I that
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the contributions of this work are significant, since none of
the existing papers in the literature comprehensively develop
beamformers for mitigating the degrading effects of ASI in
cell-free mmWave MIMO networks. The key novelty of our
current study is to develop a hybrid beamformer considering
different performance metrics for the mitigation of ASI. Our
key contributions are detailed below.

B. Contributions

This treatise proposed efficient hybrid TP/RC techniques
for cell-free mmWave MIMO networks with ASI for both
unicast and multicast scenarios.

• To begin with, a model is developed for cooperative
hybrid beamforming to mitigate the ASI in cell-free
mmWave MIMO networks. The Wiener hybrid beam-
forming (WHB) principle is then employed for the
design of the hybrid TP/RC that minimizes the overall
normalized mean squared error (NMSE) subject to user-
specific power constraints, considering the availability
of angles of arrival/departure (AoAs/AoDs) and path
gains of the multipath components in a unicast scenario.

• Next, an SLNR-based hybrid beamforming (SHB)
scheme is proposed for the unicast scenario to deter-
mine the TP/RC weights, which maximize the SLNR of
each user. This framework differs from all the previous
ones in that it aims for reducing the interference orig-
inating due to the signal transmission targeted towards
a specific user, rather than focus on the interference
at a particular user. Note that NMSE and SLNR are
employed as popular metrics to solve the hybrid beam-
former design problems in [38]–[41]. However, these
studies do not incorporate the ASI and are limited to a
single data stream per user.

• Next, the design and analysis of the proposed schemes
are extended to multicast transmission scenarios,
wherein the users belonging to a particular multicast
group request identical information. Toward this, the
NMSE and SLNR-based hybrid TP/RC schemes are
designed for mitigating both the MUI and inter-group
interference.

• Subsequently, a Bayesian learning (BL)-based frame-
work is introduced for the design of the RF and BB
constituents of the hybrid TP, which is highly valu-
able in scenarios, where precise information about the
AoAs/AoDs and the associated path gains of mmWave
channel is not available.

• Finally, simulation results are presented to demonstrate
the efficacy of the proposed WHB and SHB schemes in
mitigating the ASI in addition to the enhanced spectral
efficiency in comparison to conventional ZF interfer-
ence nulling. It is also shown that the performance
attained by the proposed algorithms approaches that of
the ideal FD transceiver.

Fig. 1: System model for a cooperative cell-free mmWave
MIMO network

C. Notations

Vectors and matrices are denoted by boldfaced lower and
uppercase letters, respectively, while scalars are represented
by lowercase letters. The transpose, Hermitian, conjugate,
and inverse of a matrix F are denoted by FT , FH , F∗,
and F(−1) respectively. Tr(F) denotes the trace of a matrix
F, ∥x∥2 represents the l2 norm of a vector, while ∥A∥F
denotes the Frobenious norm of a matrix A. E [.] signifies
the expectation operator. Furthermore, x ∼ CN (b,A) de-
notes a complex Gaussian random vector with mean b and
covariance matrix A. I represents an identity matrix.

II. SYSTEM MODEL

The cell-free mmWave hybrid MIMO downlink system
consists of N cooperative APs, wherein the APs are con-
nected to a control unit (CU) and jointly serve G user groups.
We assume that all APs serve all users, similar to the related
works [29], [37]. The group g is comprised of Ug users,
as illustrated in Fig. 1. The nth AP is equipped with NT

transmit antennas (TAs) and NRF,n RFCs to transmit K
streams such that K ≤ NRF,n << NT , ∀ 1 ≤ n ≤ N .
Each user is equipped with NR receive antennas (RAs) and
NRF,u RFCs, satisfying K ≤ NRF,u ≤ NR. We consider
a general multicast scenario, where multiple users request
the same data and rely on identical services. Let the uth
user in the gth group be represented by U

(g)
u . Since the

APs are located in different geographical positions, their
transmissions to the users experience different propagation
delays. The desired signals intended for a particular user,
which are transmitted from all the cooperative APs, reach
the user synchronously. This can be achieved via a timing
synchronization mechanism. However, the APs cannot per-
fectly line up all the interfering signals at each user due to
the difference in propagation times between the APs and
users. Therefore, the interference at user U

(g)
u arising from

the APs due to the transmission to other users in the system
is asynchronous in nature with the desired signal of user
U

(g)
u . This, in turn, depends upon the distance between an
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TABLE I: Contrasting contributions to the existing literature

[15] [19] [21] [22] [23] [24] [25] [27] [28] [29] [30] [34] [36] [37] Proposed Work
mmWave communication ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Hybrid architecture ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Multi-user ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Multi-stream ✓ ✓ ✓ ✓ ✓
Cooperative beamforming ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Multicast multi-group ✓ ✓ ✓ ✓
Unicast ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Cell-free ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Asynchronous interference ✓ ✓ ✓
BL-based design ✓

AP and a user. Suffice to say that most standardized wireless
systems rely on adaptive time-frame alignment, where the
APs appropriately estimate their propagation delays and
advance their transmissions, so that they arrive at the user
within the required time window. However, this technique
fails to mitigate the interference. But again, in this work, we
assume that the ASI arises mainly from a difference in the
propagation delays, while the case with hardware oscillator
errors and imperfect CSI is set aside for future research [35],
[36]. Let τ (g)n,u denote the propagation delay from the nth AP
to user U (g)

u . The timing advance δ
(g)
n,u for the user U (g)

u due
to transmission by the nth AP, so that all the signals arrive
simultaneously, can be modeled as

δ(g)n = τ (g)n − τ (g)ng
, (1)

where ng denotes the AP that is closest to the gth user group.
The signal r̃

(g)
u (t) ∈ CNRF,u×1 received at the user U

(g)
u

after RF combining can be expressed as

r̃(g)u (t) =

∞∑
m=0

{
N∑

n=1

(
W

(g)
RF,u

)H
H(g)

u,nFRF,nF
(g)
BB,nx

(g)(m)

p
(
t−mT − τ (g)n

u(g) ,u

)}
+

∞∑
m=0

{
G∑
l=1
l ̸=g

N∑
n=1

(
W

(g)
RF,u

)H

H(g)
u,nFRF,nF

(l)
BB,nx

(l)(m)p
(
t−mT − τ (g)n + δ(l)n

)}
+
(
W

(g)
RF,u

)H
ṽ(g)
u (t), (2)

where H
(g)
u,n ∈ CNR×NT and x(g)(m) denote the mmWave

MIMO channel matrix from the nth AP to the user U (g)
u and

the signal transmitted by the nth AP to the gth user group,
respectively. Furthermore, FRF,n ∈ CNT×NRF,n represents
the RF TP and F

(g)
BB,n ∈ CNRF,n×K denotes the BB TP

utilized by the nth AP for its transmission to the gth group.
Furthermore, W(g)

RF,u ∈ CNR×NRF,u denotes the RF com-
biner employed by the uth user in the gth group, p (t) rep-
resents the unit-energy BB signature waveform of duration
T and ṽ

(g)
u (t) ∈ CNR×1 denotes the additive white Gaussian

noise (AWGN) vector with distribution CN (0, σ2I). The
received signal r

(g)
u (t) is passed through a filter matched

to p
(
t−mT − τ

(g)
ng

)
, which is delayed by τ

(g)
ng . The signal

r̃
(g)
u (m) received at the output of the matched filter after BB

combining can be expressed as

r(g)u (m) =

N∑
n=1

(
W

(g)
RF,uW

(g)
BB,u

)H
H(g)

u,nFRF,nF
(g)
BB,nx

(g)(m)

+

G∑
l=1
l ̸=g

N∑
n=1

(
W

(g)
RF,uW

(g)
BB,u

)H
H(g)

u,nFRF,nF
(l)
BB,nν

(l,g)
n (m)

+W
(g)
BB,uW

(g)
RF,uṽ

(g)
u (m), (3)

where the quantity ν
(l,g)
n (m) ∈ CK×1 denotes the ASI at the

gth user group due to the signal transmitted by the nth AP
for the user group l. The ASI is dependent on the difference
between the timing-advances τ

(l,g)
n used by AP n for the

multicast groups l and g:

τ (l,g)n = (τ (g)n + δ(l)n )− τ (g)ng
= δ(g)n − δ(l)n . (4)

In (3), the ASI term ν
(l,g)
n (m) at group g emerges from two

successive symbols, for example, with indices m
(l,g)
n and

m
(l,g)
n + 1, that are transmitted to group g from AP n. Let

δ
(l,g)
n = τ

(l,g)
n mod T . Then, we have:

ν(l,g)
n (m) = ρ(δ(l,g)n − T )x(g)(m(l,g)

n )

+ ρ(δ(l,g)n )x(g)(m(l,g)
n + 1), (5)

where ρ(τ) =
∫ T

0
g(m)g(t − τ)dt with ρ(0) = 1. Let us

define the effective channel matrix between the nth AP
and the user U

(g)
u as H̃

(g)
u,n =

(
W

(g)
RF,u

)H
H

(g)
u,nFRF,n ∈

CNRF,u×NRF,n . Thus, the system model in (3) can be recast
as

r(g)u (m) =

N∑
n=1

(
W

(g)
BB,u

)H
H̃(g)

u,nF
(g)
BB,nx

(g)(m)

+

G∑
l=1
l ̸=g

(
W

(g)
BB,u

)H N∑
n=1

H̃(g)
u,nF

(l)
BB,nν

(l,g)
n (m) + v(g)

u (m),

(6)

where v
(g)
u (m) =

(
W

(g)
BB,u

)H (
W

(g)
RF,u

)H
ṽ
(g)
u (m). Let

us also define the concatenated BB TP F
(g)
BB ∈ CÑ×K ,

where Ñ =
∑N

n=1 NRF,n, for the gth group as F
(g)
BB =[(

F
(g)
BB,1

)H
,
(
F

(g)
BB,2

)H
, . . . ,

(
F

(g)
BB,M

)H]H
. The concate-

nated effective channel matrix between the user U
(g)
u
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and all the cooperating APs is defined as H̃
(g)
u =

[H̃
(g)
u,1, H̃

(g)
u,2, . . . , H̃

(g)
u,N ] ∈ CNRF,u×Ñ . Therefore, the effec-

tive received signal at user U (g)
u can be written as

r(g)u (m) = W
(g)
BB,uH̃

(g)
u F

(g)
BBx

(g)(m)

+

G∑
l=1
l ̸=g

N∑
n=1

W
(g)
BB,uH̃

(g)
n F

(l)
BB,nν

(l,g)
n (m) + v(g)

u (m). (7)

Furthermore, upon considering perfect synchronization, i.e.
synchronous interference, the expression in (7) reduces to
the following one

r(g)u (m) = W
(g)
BB,uH̃

(g)
u F

(g)
BBx

(g)(m)

+

G∑
l=1
l ̸=g

W
(g)
BB,uH̃

(g)
u F

(l)
BBx

(l)(m) + v(g)
u (m). (8)

A. mmWave MIMO channel model

The propagation environment between the APs and users
is modeled as a geometric channel comprising L dominant
multipath components in the mmWave MIMO system [1],
[15]. Under this model, the mmWave channel matrix Hn,u ∈
CNR×NT of the link spanning from the nth AP to the uth
user can be expressed as

Hn,u =

√
NR ×NT

L

L∑
l=1

β(l)
n,uaR(ϕ

R
l,n,u)a

H
T (ϕT

l,n,u), (9)

where β
(l)
n,u, ϕR

l ∈ [0, 2π] and ϕT
l ∈ [0, 2π] denote the

complex path gain, AoA and AoD, respectively, associated
with the lth multipath component. Let λ and d denote the
signal wavelength and antenna spacing, respectively. The
quantities aR(ϕ

R
l ) and aT (ϕ

T
l ) represent the receive and

transmit array manifold vectors, respectively, corresponding
to the lth path, which are defined for a uniformly spaced
linear arrays (ULA) as

aR(ϕ
R
l ) =

1√
NR

[1, ej
2π
λ d sin(ϕR

l ), ..., ej
2π
λ (NR−1)d sin(ϕR

l )]T .

aT (ϕ
T
l ) =

1√
NT

[1, ej
2π
λ d sin(ϕT

l ), ..., ej
2π
λ (NT−1)d sin(ϕT

l )]T .

The MIMO channel model in (9) can be compactly repre-
sented as

Hn,u = AR,n,uH
β
n,uA

H
T,n,u, (10)

where AT = [aT (ϕ
T
l,n,u), ...,aT (ϕ

T
L,n,u)] ∈ CNT×L and

AR = [aR(ϕ
R
l,n,u), ...,aR(ϕ

R
L,n,u)] ∈ CNR×L are the

concatenated matrices of the transmit and receive array
manifold vectors, respectively. The diagonal matrix Hβ

n,u =

diag
(
β
(1)
n,u, β

(2)
n,u, ..., β

(L)
n,u

)
contains the path gains for each

diagonal entry. Next, we determine the statistical proper-
ties of the ASI ν

(l,g)
n (m). This study primarily focuses

on single-carrier communication over flat-fading channels.
However, there is potential for future research to substan-
tially broaden its perspective to include delay-dispersive

(frequency-selective) channels, with a particular emphasis on
the widely used orthogonal frequency division multiplexing
(OFDM) waveform.

B. Statistics of the asynchronous interference (ASI)
Observe from (5) that the expected value of ASI is

zero, i.e., E[ν(l,g)
n (m)] = 0 , for all l, g, and n, and

E[ν(i,g)
n1 (m)(ν

(k,g)
n2 (m))H ] = 0, for user groups i ̸= k,

i ̸= g, and k ̸= g and APs n1 and n2. Let the cross-
covariance for i = k = l ̸= g between ν

(l,g)
n1 (m) and

ν
(l,g)
n2 (m) be defined as

E[ν(l,g)
n1

(m)ν(l,g)
n2

(m)H ] = α(l,g)
n1,n2

IK , (11)

where the quantity α
(l,g)
n1,n2 denotes the asynchronous inter-

ference correlation, which can be formulated as [17], [42]

α(l,g)
n1,n2

=



0, if
∣∣∣m(l,g)

n2 −m
(l,g)
n1

∣∣∣ ≥ 1;

ρ
(
δ
(l,g)
n1

)
ρ
(
δ
(l,g)
n2 − T

)
, if m(l,g)

n2 = m
(l,g)
n1 + 1;

ρ
(
δ
(l,g)
n1 − T

)
ρ
(
δ
(l,g)
n2 − T

)
+ ρ

(
δ
(l,g)
n1

)
ρ
(
δ
(l,g)
n2

)
,

if m(l,g)
n2 = m

(l,g)
n1 ;

ρ
(
δ
(l,g)
n2

)
ρ
(
δ
(l,g)
n1 − T

)
, if m(l,g)

n2 = m
(l,g)
n1 − 1.

(12)

Also, α(g,g)
n1,n2 = 1, for all APs n1 and n2. Since all the U

users employ an identical waveform, the correlation values
of the ASI associated with different timing parameters can
be computed in advance and stored in a look-up table.
Furthermore, note that we have considered both line-of-sight
(LoS) and non-LoS (NLoS) components to model the ASI.
It is important to note that the system model of Section II
represents a multicast framework, wherein a user group can
make requests for identical information. A specific instance
of this multicast information transmission is the unicast
scenario, where each user requests distinct data, as described
in the next section.

III. PRECODER/ COMBINER DESIGN FOR UNICAST
SCENARIOS

This section designs the BB TPs and RCs for a mmWave
unicast scenario, wherein each user requests different ser-
vices. Thus, there is a single user in each group, i.e., G = U
and Ug = 1, where U represents the total number of
users present in the system. The signal r̃u(m) ∈ CNRF,u×1

received at user u, after RF combining at time index m, can
be expressed as

r̃u(m) =

N∑
n=1

WH
RF,uHu,nFRF,nFBB,u,nxu(m)

+

U∑
j=1
j ̸=u

N∑
n=1

WH
RF,uHu,nFRF,nFBB,j,nνju,n(m)

+WH
RF,uṽu(m), (13)
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where xu(m) represents the signal vector intended for user
u and ṽu(m) ∈ CNR×1 denotes the AWGN vector at the
uth user. One can design the RF TP and RC as follows: set
the columns of the RF TP FRF,n as the dominant NRF,n

transmit array manifold vectors corresponding to each user.
In a similar manner, the columns of the RF RC WRF,u can
be selected as the NRF,u dominant receive array manifold
vectors corresponding to each AP. Initially, one can obtain
the index Iu,n of the multipath component associated with
the user u that has the maximum absolute path gain, i.e.,
Iu,n = max

{∣∣∣β(l)
u,n

∣∣∣ , ∣∣∣β(2)
u,n

∣∣∣ , . . . , ∣∣∣β(L)
u,n

∣∣∣}, to design the RF
TP for the nth AP. The RF TP FRF,n for the nth AP can
now be obtained by selecting the NRF,n columns indexed by
the set In = {I1,n, I2,n, . . . , IU,n} from the matrix AT,u,n.
This can be mathematically represented as

FRF,n = [AT,1,n(:, I1,n), . . . ,AT,U,n(:, IU,n)] . (14)

In a similar fashion, one can also obtain the RF RC
WRF,u for each user. Let H̃u,n = WH

RF,uHu,nFRF,n ∈
CNRF,u×NRF,n denote the effective end-to-end channel ma-
trix from the nth AP to the uth user. Furthermore, let us
define the concatenated end-to-end channel matrix H̃u ∈
CNRF,u×Ñ containing the channels spanning from the uth
user to all the APs and the corresponding stacked BB
TP matrix FBB,u ∈ CÑ×K of the uth user as H̃u =[
WH

RF,uHu,1FRF,1, ...,W
H
RF,uHu,NFRF,N

]
and FBB,u =[

FT
BB,u,1, . . . ,F

T
BB,u,N

]T
, respectively. Upon employing the

BB RC WBB,u ∈ CNRF,u×K , the combined output signal
at user u can be expressed as

ru(m) = WH
BB,uH̃uFBB,uxu(m)

+

U∑
j ̸=u

N∑
n=1

WH
BB,uH̃u,nFBB,jνju,n(m) + vu(m), (15)

where vu(m) = WH
BB,uW

H
RF,uṽu(m). Let νju,n(m) rep-

resent the ASI experienced by the uth user due to the signal
transmitted by the nth AP intended for user j, which is
defined as

νju,n(m) = ρ(δju,n−T )xj(mju,n)+ρ(δju,n)xj(mju,n+1).

Our goal is to design the BB TP and RC matrices for
cell-free mmWave MIMO networks to mitigate the ASI.
However, obtaining the linear TP and RC in the absence
of ASI is a conceptually complex and computationally
challenging task. In the presence of ASI, the conventional
ZF methods [23], [43], which design the TP/RC matrices by
satisfying the constraints, H̃uFBB,j = 0, ∀ u ̸= j, cannot
eliminate all the interference terms in (7). Furthermore, it has
been demonstrated that the ZF methods are capable of sup-
porting only U ≤

∑N
n=1 NRF,n

NRF,u
users, imposing a significant

undesirable constraint [34]. Note that this constraint arises
only in the ZF TP/RC, since it tries to completely cancel
the multi-user interference. By contrast, the proposed WHB
and SHB schemes minimize and maximize the NMSE and
SLNR, respectively, thus not imposing any constraint. The

WHB and SHB have been considered as the TP/RC design
methods in the proposed work for a cell-free mmWave
MIMO network to mitigate the ASI. These two methods
offer the benefit of being analytically tractable. Thus, we
shall compare them in terms of their enhancements of the
individual metrics and their collective impact on the capacity
of the system. The next section develops the WHB technique
for designing the TPs/RCs for cooperative cell-free mmWave
MIMO systems.

A. Wiener hybrid beamforming for unicast scenarios

In this method, the goal is to jointly design the BB
TPs {FBB,u}Uu=1 and RCs {WBB,u}Uu=1 of all the U users
by minimizing the NMSE between the desired signal du

and the received signal ru. The advantage of using this
method is that it optimizes the system performance at both
the transmitter and receiver end. The desired signal du is
processed to imitate a single-user MIMO scenario in which
it is devoid of noise and inter-user interference. The ideal
desired signal can therefore be set as du = H̃uBuxu. The
linear TP matrix Bu can be obtained by the eigenvalue
decomposition of the channel matrix H̃u, followed by power
allocation using the water-filling strategy that maximizes the
capacity of the system in the interference-free scenario. The
NMSE is defined as

NMSE =

U∑
u=1

E[∥ru − du∥2]
Ωu

=

U∑
u=1

NMSEu, (16)

where NMSEu = E[∥ru−du∥2]
Ωu

denotes the NMSE of the uth

user and Ωu = E[Tr
{
dud

H
u

}
] = Tr

{
H̃uBuB

H
u H̃H

u

}
rep-

resents the average received power of the desired signal. Let
Ju =

∑U
j ̸=u

∑N
n=1 W

H
BB,uH̃u,nFBB,j,nνju,n(m) denote

the multi-user interference term in (15). Thus, the NMSE
expression of the uth user can be formulated as

NMSEu =
1

Ωu
E
[(

WH
BB,uH̃uFBB,usu −Ausu + Ju + vu

)H
(
WH

BB,uH̃uFBB,usu −Ausu + Ju + vu

)]
,

(17)

where Au = H̃uBu. Upon employing the results obtained
in Section II-B, the simplified NMSEu expression can be
obtained as shown in (18). The cooperative TP and RC
design problem of mitigating the ASI, which minimizes the
total NMSE while satisfying the power constraint, can be
formulated as

min
{WBB,u}U

u=1,{FBB,u}U
u=1

U∑
u=1

NMSEu

s.t. Tr
{
(FBB,u)

HFBB,u

}
≤ Pu, ∀u. (19)

To obtain the solution for the cooperative beamformer, we
minimize the following Lagrangian constructed for the above
problem:
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NMSEu =
1

Ωu
Tr

{
N∑

n1=1

N∑
n2=1

WH
BB,uH̃u,n1FBB,u,n1F

H
BB,u,n2

HH
BB,u,n2

WBB,u

}
− 1

Ωu
Tr

{
N∑

n=1

WH
BB,uH̃u,nFBB,u,nA

H
u

}

+
1

Ωu
Tr

{
−Au

N∑
n=1

FH
BB,uH̃

H
u,nWBB,u +AuA

H
u

}
+

1

Ωu
Tr
{
WH

BB,uW
H
RF,uWRF,uWBB,u

}
+

1

Ωu
Tr


K∑

j ̸=k

N∑
n1=1

N∑
n2=1

αju,n1,n2
WH

BB,uH̃u,n1
FBB,j,n1

FH
BB,j,n2

H̃H
u,n2

WBB,u

 , (18)

f
(
{FBB,u,WBB,u}Uu=1

)
=

U∑
u=1

NMSEu

+

U∑
u=1

ζu

(
Tr

{
N∑

n=1

(FBB,u,n)
HFBB,u,n

}
− Pu

)
, (20)

where ζu denotes the Lagrange multiplier associated
with the power constraints for the uth user and

Tr

{
N∑

n=1
(FBB,u,n)

HFBB,u,n

}
= Tr

{
(FBB,u)

HFBB,u

}
.

Solving (20) by applying the KKT conditions [44] with
respect to the variable matrices, i.e. the optimal BB TP
FBB,u,n and RC WBB,u, these quantities can be derived
as shown below. To begin with, FBB,u,n is determined as

FBB,u =
1

Ωu
(Cu + ζuIÑ )

−1
H̃H

u WBB,uAu, (21)

where the matrix Cu and its components Cu,n1,n2
are

defined as

Cu =


Cu,1,1 Cu,1,2 · · · Cu,1,N

Cu,2,1 Cu,2,2 · · · Cu,2,N)

...
...

. . .
...

Cu,N,1 Cu,N,2 · · · Cu,N,N

 , (22)

Cu,n1,n2
=

U∑
j=1

α
(u,j)
n1,n2

Ωj
H̃H

j,n1
WBB,uW

H
BB,uH̃j,n2

. (23)

The quantity WBB,u can be expressed as

WBB,u =
1

Ωu

(
Gu +WH

RF,uWRF,u

)−1
H̃uFBB,uAu,

(24)

where the matrix Gu is defined similar to Cu in (22) and
the sub-matrix Gu,n1,n2

is formulated as

Gu,n1,n2
=

U∑
j=1

α
(u,j)
n1,n2

Ωj
H̃H

j,n1
FBB,j,n1

FH
BB,j,n2

H̃j,n2
.

(25)

The key aspect of the WHB-based hybrid design is that
both the BB TP FBB,u and RC WBB,u incorporate the
effect of ASI. Since the optimum BB TPs {FBB,u}Uu=1 and
RCs {WBB,u}Uu=1 are interdependent, direct computation of
these quantities is mathematically intractable. To circumvent
this challenge, we propose a WHB algorithm that iteratively
designs the TPs and RCs. At each iteration, the algorithm
initially evaluates each FBB,u for a given WBB,u and

Algorithm 1: WHB procedure

1 Input: H̃u, WRF,u, α(u,j)
n1,n2 , stopping parameter υ;

2 Initialization: W(0)
BB,u, set counter k = 0;

3 while
(∥∥∥W(k+1)

BB,u −W
(k)
BB,u

∥∥∥2
F
> υ

)
do

i TP-step: Compute the matrices {F(k)
BB,u}Uu=1

using (21).
ii RC-step: Use {F(k)

BB,u}Uu=1 updated in TCP-step
to compute {W(k)

BB,u}Uu=1 using (24).
end

4 Output: {FBB,u}Uu=1 and {WBB,u}Uu=1.

subsequently updates WBB,u using (24) for a fixed FBB,u.
The iterative nature of the WHB algorithm also leads to
improved alignment of the RCs at the users with the TPs
at the AP, and vice versa. The iterative nature of the WHB
algorithm also enables the RCs at the users to better align
with the TPs at the AP, and vice versa in comparison to
the works [35]–[37] that only design fully digital TP or
RC. A step-by-step procedure describing the WHB-based
TP and RC design procedure is presented in Algorithm 1.
Next, we conceived an alternative method for the design
of the cooperative ASI cancellation beamformer considering
the SLNR criterion, which is presented next.

B. SLNR-based hybrid beamforming for unicast scenarios
(SHB-U)

In this method, we consider SLNR as a performance
metric for designing the hybrid beamformer. The SLNR
refers to the ratio of the power of the desired signal re-
ceived at the uth user and the sum of the noise plus the
total interference power (leakage) at other users due to the
transmission to the uth user. On the other hand, the SINR
is defined as the ratio of desired signal power and the sum
of interference plus noise power at user u. No closed-form
solutions are available for maximizing the SINR due to the
coupled nature of the optimization problem. The solution
obtained by maximizing the SLNR is sub-optimal compared
to the SINR metric because it only tries to maximize
the SLNR from the transmitter’s perspective and cannot
guarantee SINR maximization at the receiver end. However,
the SLNR metric provides a closed-form expression for
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TPs and RCs, and we show that the largest value that the
SLNR ratio can achieve is equal to the maximum eigenvalue
of a certain matrix. The SHB-U scheme designs the BB
TP FBB,u of all the users via the maximization of the
SLNR. The SHB-U scheme minimizes the interference that
is caused by the signal transmission to a user rather than
the interference at the receiver of the user. While designing
the BB TPs for each user, we restrict the search space to
matrices of the form FBB,u =

√
Pu

K Qu, where the matrix

Qu ∈ CÑ×K is a semi-unitary matrix, i.e., QH
u Qu = IK .

Although this restriction leads to sub-optimality, it results in
a manageable framework for the computation of the BB TPs
as the solution to the pertinent SLNR maximization problem.
Interestingly, this also leads to enhanced performance, since
the orthonormality eliminates the interference among the
streams received at the user.

We commence by deriving the expression for the SLNR.
The desired signal component received by the uth user
is xu =

√
Pu

K H̃uQusu and the corresponding desired

signal power is PR,u = Pu

K Tr
{
QH

u H̃H
u H̃uQu

}
. Based

on (15), the ASI leakage at user j due to the signal xu

intended for user u, transmitted by the N APs, is expressed
as
∑N

n=1 H̃j,nFBB,u,nνuj,n. Therefore, the power of this
leakage signal PL

uj is given by

PL
uj =

Pu

K

N∑
n1=1

N∑
n2=1

αu,j
n1,n2

Tr

{
QH

u,n1
H̃H

j,n1
H̃H

j,n2
Qu,n2

}
,

where the sub-matrix Qu,n accumulates the rows in the
matrix Qu corresponding to the nth AP. Note that the noise
power at the uth user is σ2Tr

{
WH

RF,uWRF,u

}
. Therefore,

the expression of the SLNR for user u can be expressed as

SLNRu =
PR,u∑U

j ̸=u P
L
uj + σ2Tr

{
WH

RF,uWRF,u

} . (26)

Moreover, one can simplify the SLNRu expression as

SNLRu =
Tr
{
(Qu)

HTuQu

}
Tr {(Qu)HRuQu}

=

K∑
k=1

qH
ukTuquk

K∑
k=1

qH
ukRuquk

, (27)

where quk represents the kth column of the matrix
Qu, Tu = PuH̃

H
u H̃u and Ru = σ2WH

RF,uWRF,u +∑U
j ̸=u PuZuj . The quantity Zuj ∈ CÑ×Ñ is constructed

as

Zuj =


α
(u,j)
1,1 H̃H

j,1H̃j,1 · · · α
(u,j)
1,N H̃H

j,1H̃j,N

α
(u,j)
2,1 H̃H

j,2H̃j,1 · · · α
(u,j)
2,N H̃H

j,2H̃j,N

...
. . .

...
α
(u,j)
N,1 H̃H

j,NH̃j,1 · · · α(u,j)
N,N H̃H

j,NH̃j,N

 . (28)

One can note that the optimization problem constructed for
obtaining the cooperative BB TP by maximizing the SLNR
can be decomposed into decoupled problems for different
users, as shown in [45]. Thus, the optimization problem of

the cooperative BB TP design for user u can be expressed
as

Qopt
u = argmax

Qu

SLNRu, ∀u. (29)

However, designing the cooperative TPs for different users
to determine the optimal quantities qkl, · · · ,quLu is still
mathematically intractable. To overcome this challenge, we
consider a lower bound for the quantity SLNRu, which is
expressed as

SLNRu ≥ min
k=1,...,K

(quk)
HTuquk

(quk)HRuquk
. (30)

Observe that maximizing the lower bound in (30) on the
SLNR for the user u leads to the maximization of the mini-
mum generalized Rayleigh-Ritz quotient among all its signal
streams. Thus, the optimal matrix Qopt

u which maximizes
the SLNRu for the uth user can be obtained by solving the
following max-min optimization problem

Qopt
u = arg max

Qu: QH
u Qu=IK

min
k=1,...,K

qH
ukTuquk

qH
ukRuquk

. (31)

Note that the lower bound in expression (30) for SLNRu is
maximized when

qopt
uk = vk(R

−1
u Tu), ∀k, (32)

where vk(R
−1
u Tu) denotes the eigenvector corresponding

to the kth largest eigenvalue of the matrix R−1
u Tu. Thus,

the BB TP of user u can now be obtained by stacking
the columns qopt

uk across all the K streams, i.e., FBB,u =√
Pu

K

[
qopt
u1 qopt

u2 . . .qopt
uK

]
. The corresponding BB RC can

be computed as the MMSE combiner using (24). One can
observe that the SHB-based TP in (32) is a function of
not only the channel matrix but also of the asynchronous
interference. The SLNR performance metric is considered in
[40] for mmWave massive MIMO systems for a single AP,
K = 1 stream, and RA at each user. However, the framework
proposed in [40] failed to incorporate the ASI.

IV. HYBRID PRECODER/ COMBINER DESIGN FOR
MULTICAST SCENARIOS

As discussed in Section II, the users belonging to the
same group of a multicast scenario request identical data.
For such a system, one can formulate the joint Wiener
filtering method and joint leakage suppression techniques for
designing the hybrid TPs and RCs, similar to JHB-U and
SHB-U derived for the unicast scenario, that successfully
minimizes the overall normalized MSE and maximizes the
SLNR, respectively. As described in Section II, after RF and
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BB combining, the signal ỹ(g)(m) =
(
W

(g)
BB,u

)H
y(g)(m)

received by the uth user of the group g, can be expressed as

r(g)u (m) =
(
W

(g)
BB,u

)H
H̃(g)

u F
(g)
BBx

(g)(m)

+
(
W

(g)
BB,u

)H G∑
l=1
l ̸=g

N∑
n=1

H̃(g)
u,nF

(l)
BB,nν

(l,g)
n (m)

+
(
W

(g)
BB,u

)H
v(g)
u (m). (33)

Thus, the concatenated received signal across all the users
of the gth group at the mth time instant is expressed as

r(g)(m) =
(
W

(g)
BB

)H
H̃(g)F

(g)
BBx

(g)(m)

+
(
W

(g)
BB

)H G∑
l ̸=g

N∑
n=1

H̃(g)
n F

(l)
BB,nν

(l,g)
n (m) + ṽ(g)(m), (34)

where W
(g)
BB = blkdiag

(
W

(g)
BB,1,W

(g)
BB,2, . . . ,W

(g)
BB,Ug

)
denotes a block-diagonal RC for the gth user group, where
the various quantities above are defined as

r(g)(m) =


r
(g)
1 (m)

r
(g)
1 (m)

...
r
(g)
Ug

(m)

 , H̃(g) =


H̃

(g)
1

H̃
(g)
2
...

H̃
(g)
Ug

 , and

ṽ(g)(m) =

[(
W

(g)
BB,1

)H
v
(g)
1 , · · · ,

(
W

(g)
BB,Ug

)H
v
(g)
Ug

]T
.

Next, we describe the WHB and SHB frameworks for a
multicast scenario.

A. Wiener hybrid beamforming for multicast (WHB-M)
Similar to the WHB-U algorithm of Section III-A, the

goal of the scheme presented in this section is to optimize

the TPs {FBB,g}Gg=1 and RCs
{
W

(g)
BB,u

}G

g=1
that minimize

the NMSE between the desired signals and the respec-
tive received signals over all the G groups. Let d(g) =
H̃(g)B(g)x(g) represent the desired received signal similar
to Section III-A. The NMSE expression for the multicast
scenario can be formulated as

NMSE =

G∑
g=1

E[
∥∥r(g) − d(g)

∥∥2]
Ω(g)

=

G∑
g=1

NMSE(g) (35)

where Ω(g) = E[Tr
{
d(g)d(g)H

}
] =

Tr
{
H̃(g)B(g)(B(g))H(H̃(g))

}
denotes the average

received power of the desired signal. Note that the
expectation is taken over the symbols

{
x(g)

}G
g=1

and the

noise
{
v(g)

}G
g=1

. The NMSE optimization problem is then
formulated as

{F(g)
BB}

G
g=1 = arg min

{F(g)
BB}G

g=1

G∑
g=1

NMSE(g)

s.t.Tr
{
(F

(g)
BB)

HF
(g)
BB

}
≤ P (g),∀g. (36)

One can now employ the WHB-U framework given in
Algorithm 1 for designing the TP/RC for this multicast
scenario.

B. SLNR-based hybrid beamforming for multicast scenario
(SHB-M)

Similar to the unicast scenario of Section III, the hybrid
BB TPs are designed for the multicast scenario by maximiz-
ing the ratio between the desired signal power at the users
in the gth group and the total interference leakage due to
transmission to the gth group at all the other user groups,
along with the noise. Once again, the TP for the gth group

is considered to be of the form F
(g)
BB =

√
P (g)

K Q(g). The
expression for the SLNR of gth group can be formulated as

SLNR(g)=
Tr
{
(Q(g))HM(g)Q(g)

}
Tr
{
(Q(g))HN(g)Q(g)

}=
K(g)∑
k=1

(q
(g)
k )HM(g)q

(g)
k

K(g)∑
k=1

(q
(g)
k )HN(g)q

(g)
k

,

(37)
where q

(g)
k is the kth column of the matrix Q(g). Therefore,

the kth column of the optimal matrix Q
(g)
opt is given by

q
(g)
opt,k = vk

(
R(g)−1

T(g)
)
, ∀k, (38)

where the matrices R(g) and T(g) are defined as
R(g) = σ2NRWRF +

∑G
l=1
l ̸=g

P (g)Z(l,g) and T(g) =

P (g)(H̃(g))HH̃(g), respectively, and

Z(l,g) =


α
(l,g)
(1,1)(H̃

(l)
1 )HH̃

(1)
j · · · α

(l,g)
(1,N)(H̃

(l)
1 )HH̃

(N)
j

α
(l,g)
(2,1)H̃

(2)H

j H̃
(1)
j · · · α

(l,g)
(2,N)(H

(2)
eff,j)

HH
(N)
j

...
. . .

...
α
(l,g)
(N,1)(H̃

(l)
N )HH̃

(1)
j · · · α

(l,g)
(N,N)(H̃

(l)
N )HH̃

(l)
N

 .

(39)

Next, we describe the BL-based hybrid TP/RC design, which
does not require complete knowledge of the dominant array
manifold vectors of the APs and users.

V. BAYESIAN LEARNING BASED HYBRID TP/RC DESIGN

Recall that the RF TP/RC design procedures described
in the previous sections require prior knowledge of the
array manifold vectors of the users and APs. This, in turn,
necessitates prior information regarding the individual com-
ponents of the mmWave MIMO channel, i.e., AoAs/AoDs
and path gains of the multipath components. However, in the
scenario when the individual components are unknown, and
only an estimate of the channel matrix Hu,n is available,
we propose a novel BL-based framework for designing the
hybrid beamformer. Note that the proposed BL framework
is capable of yielding superior performance in scenarios
wherein the AoAs/AoDs and path gains are known, as well
as those in which only an estimate of the channel matrix is
available. In the case wherein prior information pertaining to
the AoAs/AoDs is available, the size of the dictionary matrix
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can be reduced by including the array steering vectors corre-
sponding only to the known AoAs/AoDs. This in turn leads
to a significant reduction in the computational complexity
of the BL algorithm. For the challenging scenario wherein
such prior information is not available, this section develops
an innovative method of designing the hybrid TP/RC by de-
composing the fully digital transceiver components obtained
via the WHB and SHB schemes.

This section focuses on the joint design of the RF and
BB TPs for a multicast scenario, but a similar approach can
readily be formulated for a unicast scenario. Let W(g) ∈
CUgNR×UgK denote the FD RC combiner defined similar to
the BB RC in (34). The concatenated signal r(g) ∈ CUgK×1

received at the gth group can be expressed as

r(g)(m) =
(
W(g)

)H
H̃(g)F(g)x(g)(m)

+
(
W(g)

)H G∑
l ̸=g

N∑
n=1

H̃(g)
n F(l)

n ν(l,g)
n (m) + ṽ(g)(m), (40)

where F(g) ∈ CNNT×K denotes the stacked FD TP and the
quantities r(g), H̃(g) and ṽ(g)(m) are defined in a fashion
similar to (34). Let Fopt =

[
F

(1)
opt,F

(2)
opt, . . . ,F

(G)
opt

]
∈

CNNT×KG represent the concatenated FD TP for all the
user groups obtained via employing the WHB-M or SHB-M
frameworks, where F

(g)
opt ∈ CNNT×K represents the FD TP

for the gth user group. A BL-based design only requires
knowledge about the mmWave MIMO channel matrices
Hu,m, but not the AoAs/AoDs or path gains of the multipath
components. A BL-based procedure is now employed for
decomposing the FD TP Fopt into its BB FBB and RF
FRF constituents. The optimization problem formulated for
decoupling the FD TP can be expressed as

(F∗
BB,F

∗
RF) = arg min

FBB,FRF

∥Fopt − FRFFBB∥2F

s.t. |FRF(i, j)| =
1√
NT

, (41)

where FBB =
[
F

(1)
BB,F

(2)
BB, . . . ,F

(G)
BB

]
∈ CÑ×KU and

FRF = blkdiag (FRF,1, . . . ,FRF,n) ∈ CNNT×Ñ represents
the concatenated BB TP of all the users and the block-
diagonal matrix of the RF TPs corresponding to all the APs,
respectively. Note that the problem in (41) is non-convex due
to the constant-magnitude constraint imposed on each entry
of the RF TPs, and it is hence mathematically intractable.
To address this issue, we commence by defining a dictionary
matrix of the feasible transmit array manifold vectors as
GT = [aT (ϕ1) ,aT (ϕ2) , · · · ,aT (ϕS)] ∈ CNT×S , where
the set of AoDs {ϕs, ∀1 ≤ s ≤ S} spans the angular range

[0, π], obeying cos(ϕs) =
2

S
(s − 1) − 1, and the quantity

S represents the angular grid size [1]. It is important to
observe that the each entry of the matrix GT is adheres to
the constraint of (41). Consequently, the columns of the RF
TP FRF can be appropriately selected from the dictionary

matrix GT . The corresponding problem formulated for our
hybrid TP design can be recast as

argmin
F̃BB

∥∥∥Fopt −GT F̃BB

∥∥∥
F

s.t.
∥∥∥diag (F̃BBF̃

H
BB

)∥∥∥
0
= Ñ ,

(42)

where F̃BB ∈ CS×KU denotes the intermediate BB TP. The
constraint in (42) is imposed because the matrix F̃BB can
have a maximum of Ñ non-zero rows, as there are only
NRF,n RFCs available at each AP, which leads to a block-
sparse structure for the matrix F̃BB. Next, we discuss the
framework of designing the hybrid TP by employing the
proposed BL-based method corresponding to the problem
(42). Initially, the proposed BL-based method of designing
the hybrid TP assigns the parameterized Gaussian prior
p
(
F̃BB;∆

)
p
(
F̃BB;∆

)
=

S∏
i=1

p
(
F̃BB(i, :); δi

)

=

S∏
i=1

1

πδi
exp

−

∥∥∥F̃BB(i, :)
∥∥∥2

δi

 , (43)

to the matrix F̃BB, where δi denotes the hyperparameter
associated with the ith row of the matrix F̃BB, which
enforces the row sparsity. The hyperparameter vector δ is
defined as δ = [δ1, δ2, . . . , δS ]

T and ∆ = diag (δ) ∈
RS×S represents the diagonal matrix of hyper-parameters.
Determining F̃BB reduces to the estimation of the corre-
sponding hyperparameter vector δ. In principle, one can
therefore obtain the maximum likelihood estimate of δ by
maximizing the Bayesian evidence p(Fopt; δ). Nevertheless,
the resultant optimization problem is intractable due to its
non-convex nature. Consequently, a low-complexity iterative
expectation-maximization (EM) algorithm is proposed for
the BL-based hybrid TP design. This approach ensures
that likelihood maximization is achieved in each iteration
and guarantees convergence towards a local optimum. The
detailed derivation of the BL-based framework has been
relegated to our technical report [46].

Upon reaching the convergence of the EM algorithm,
the BL-based RF and BB TPs are obtained as follows.
Let I denote the set of indices for the

(
Ñ
)

hyperpa-
rameters having the largest magnitudes. The concatenated
optimal BB TP matrix F∗

BB can be extracted from F̃BB

as F∗
BB = F̃BB (I, :). Similarly, one can also obtain the

optimal RF TP F∗
RF from the dictionary matrix GT as

F∗
RF = GT (:, I). Following a similar approach, one can

derive the digital BB and RF RCs from the FD combiner.
The cost function of the BL algorithm has been shown
to converge to the optimal solution, which ensures the
sparsest representation of the FD TP [47]. Additionally,
the EM algorithm provides an advantage for the proposed
BL method by ensuring convergence to a fixed point of
the log-likelihood function, regardless of the initial state.
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Fig. 2: Unicast scenario: (a) NMSE comparison of WHB-U and conventional nullification for System-I and System-II; (b)
Average SLNR versus SNR for System-I and System-II.
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Fig. 3: Unicast scenario: (a) Capacity comparison of WHB-U and SHB-U schemes for System-I and and System-II; (b)
Capacity versus SNR with different number of antennas for System-I.

By contrast, the simultaneous orthogonal matching pursuit
(SOMP) [48] based hybrid TP/RC design is sensitive to the
choice of the dictionary matrix GT as well as to the stopping
parameter, which leads to inferior performance. This ensures
outstanding performance for the BL algorithm and makes it
a compelling technique for designing the hybrid TP/RC in
cell-free mmWave MIMO networks.

A. Complexity analysis
The complexity analysis of the proposed cooperative

hybrid beamformer design is summarized in this section.
Due to a lack of space, the detailed derivations for the
computational complexities of the proposed schemes had to

be relegated to our technical report [46]. The complexity
orders of designing the TP FBB,u and RC WBB,u using the

WHB scheme are seen to be O
((

Ñ
)3)

and O
(
N3

RF,u

)
,

respectively, which arise due to the matrix inversions in (21)
and (24), respectively. Furthermore, one can observe that the

complexity order of the SHB scheme is O
(
K
(
Ñ
)3)

. Note

that while the computational complexities of the WHB and
SHB schemes are similar, the SLNR-based TP design results
in a closed-form solution. On the other hand, the complexity
order of designing the FD beamformer for both the WHB
and SHB schemes are O

(
(NNT )

3
)

and O
(
K (NNT )

3
)

,
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TABLE II: Simulation parameters of System-I and System-
II for cooperative cell-free mmWave MIMO system

Parameter System-I System-II
# of APs (N) 2 4
# of users (U) 4 8
# of TAs (NT ) 32 64
# of RAs (NR) 4 8
# of user groups (G) 2 4
# of users per group (Ug) 2 4
# of RFCs at APs (NRF,n) 8 16
# of RFCs at users (NRF,n) 2 4
# of streams K 2 2

respectively. Next, using the BL-based framework, the FD
TP/RC is decomposed into its constituent RF and BB
TPs/RCs, which incurs a complexity order of O

(
S3
)

due to
the matrix inversion of size [S×S]. However, note that since
S >> NNT , the overall complexity of the BL-based hybrid
TP/RC can be closely approximated by O

(
S3
)
. Therefore,

one can observe that the WHB and SHB hybrid TP/RC
design schemes incur a much-reduced complexity of order

O
((

Ñ
)3)

, since we have Ñ >> NNT in comparison

to the BL-based design. However, as mentioned earlier, the
BL-based design does not require any knowledge of the
individual components of the channel, viz., the AoAs, AoDs,
and complex gains of the multipath components.

VI. SIMULATION RESULTS

This section presents our simulation results to illustrate
the performance of the cooperative hybrid TP/RC design
methods for proposed mitigating the ASI in both unicast and
multicast scenarios of cell-free mmWave MIMO networks.
In our simulations, we consider a network comprised of N =
4 APs and U = 8 users that are uniformly distributed in a
circular area of radius 300m. The inter-AP distance is 50m.
Each of the APs and users has NT = 32 TAs and NR = 8
RAs, respectively. The number of streams K is set to 2 for
each user/user group at each AP. These parameters are in
line with those of other closely authoritative studies such
as [29], [35], [37]. For distances up to 30m, the free-space
path-loss exponent of the channels spanning from all the
APs to all the users is set to 2. Beyond this distance, the
exponent increases to 3.7, as per the standard model [7].
The mmWave MIMO channel Hu,m corresponding to the
uth user and nth AP is generated using L = 6 multipath
components, and the multipath gains βl

u,m are generated as
CN (0, 1). For our BL-based TP/RC design, the stopping
parameters are set to kmax = 50 and ϵ = 10−6. We employ
practical rectangular pulses with duration T = 1µs. In all
the scenarios considered, we assume that Pu = P for any
user u.

A. Unicast hybrid beamforming

We begin with a unicast scenario in the presence of
ASI and contrast the NMSE, SLNR and capacity of the
various schemes. Fig. 2a plots the average NMSE of the

proposed WHB-U scheme for both System I and System
II and contrasts its performance under two scenarios: one
that is aware of the asynchronous nature of the interference,
and another that is agnostic of this effect. One can observe
that the proposed hybrid TP/RC design associated with
NRF,n = 8 and NRF,u = 2 RFCs at each AP and user,
respectively, performs similarly to the ideal FD design that
has NRF,n = 32 and NRF,u = 4 RFCs. The WHB-U
is also seen to lead to a significant NMSE improvement
in comparison to its agnostic counterpart that ignores the
asynchronous nature of the interference. This demonstrates
the degrading effect of ASI on the system’s performance and
also reflects the fact that the WHB-U scheme is capable of
successfully mitigating it. Furthermore, one can also observe
that the WHB-U performs better than the conventional
nulling scheme [49], which forces the TPs to satisfy the
constraint H̃uFBB,j = 0,∀u ̸= j. However, the conventional
nulling method fails to completely eliminate the interference
in the presence of ASI in (15). Fig. 2b plots the average
SLNR versus SNR performance of the SHB-U scheme
described in Section III-B for both System-I as well as
System-2 and compares it once again to that of the ideal FD,
ASI agnostic and conventional nulling counterparts. Once
again, the SHB-U performs closer to the ideal FD TP/RC,
which echoes the trend observed previously for NMSE
minimization. Moreover, observe that the performance of the
ASI agnostic SHB-U is close to that of conventional nulling,
which indicates the poor performance of the former. This
further reiterates the important fact that giving cognizance to
the asynchronous nature of interference markedly improves
the overall system performance.

B. Capacity analysis of Unicast scenario

Fig. 3a compares the capacities of the WHB-U and SHB-
U algorithms both with and without considering the ASI.
Note that taking the ASI into account improves the system
performance for both designs. Once again, observe that both
of the proposed algorithms outperform their respective con-
ventional counterparts. Additionally, we have also compared
the proposed TP/RC methods to the hybrid TP of [29] in Fig.
3a. One can observe that the proposed schemes demonstrate
a higher capacity than that of [29] as the latter fails to
mitigate the degrading effects of ASI.

Fig. 3b compares the capacity of the BL-based TP/RC
design both to that of the WHB-U and SHB-U based
hybrid TP/RC as well as to the SOMP algorithm based
hybrid TP and ideal FD beamformer for NT = 32 and
NT = 64 TAs at each AP. Notably, the BL-based approach
achieves a performance similar to the FD TP/RC design.
However, while the former only requires NRF,n = 8 RFCs,
the latter has NRF,n = 32 and NRF,n = 64 RFCs for
NT = 32 and NT = 64 TAs, respectively. This clearly
shows the advantage of the former in practical implemen-
tations. Furthermore, the BL-based TP/RC design provides
a significant spectral efficiency gain in comparison to the
SOMP-based design. This arises due to the fact that the BL
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algorithm has improved sparse signal recovery properties in
comparison to the SOMP. Furthermore, the performance of
the latter scheme is highly sensitive to the choice of both
the dictionary matrix and to the stopping criterion. This
interesting outcome can be attributed to the low-rank nature
of the mmWave MIMO channel, arising due to the fact that it
only has a few multipath components, which is exploited by
the BL algorithm. As a result, an approximation to the ideal
FD beamformer can be achieved by combining only a few
beams corresponding to the transmit/receive array manifold
vectors. Note that the BL-based framework eliminates the
need for complete knowledge of AoDs/AoAs along with
their corresponding path gains for the BB and RF TP/RC
design. Additionally, the results also highlight the advantages
of large-scale antenna arrays in the mmWave frequency

range. It is evident that the performance of the WHB-U
and SHB-U schemes improves significantly for an increased
number of TAs at the APs.

C. Beamforming for multicast scenarios

Fig. 4a compares the NMSE performance of the WHB-
M scheme for G = 2 user groups and Ug = 2 users in
each group. Once again, observe that the WHB-M scheme
is capable of mitigating the ASI and achieve a performance
closer to the ideal FD design. Furthermore, the proposed
WHB-M scheme outperforms conventional nulling, because
it accounts for the asynchronous nature of interference. Fig.
4b plots the SLNR performance of the proposed SHB-M
TP/RC design for both System-I and System-II in the multi-
cast system. Once again, the SHB-M performs closer to the
ideal FD TP/RC, which echoes the trend observed previously
for the unicast scenario. Fig. 5 compares the capacity of the
proposed WHB-M and SHB-M techniques to that of the FD
design and conventional algorithms. Furthermore, one can
observe that the proposed TP/RC schemes are capable of
mitigating the ASI.

VII. CONCLUSION

Cooperative hybrid TPs and RCs were designed for cell-
free mmWave MIMO networks for mitigating the effect of
ASI, while considering both unicast as well as multicast
scenarios. Initially, the WHB-U and SHB-U TP/RC design
techniques were proposed for a unicast scenario, which
efficiently mitigated the ASI. Subsequently, the proposed
techniques were extended to a multicast scenario, wherein
all the users of a multicast group seek the same information.
Next, a BL-based hybrid TP/RC design was conceived
that eliminates the need for complete knowledge of the
AoDs/AoAs of the mmWave MIMO channel, along with
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their path gains. Our simulation results exhibited enhanced
NMSE as well as spectral efficiency for the proposed WHB
and SHB techniques. The schemes advocated were also
seen to significantly outperform conventional nulling that
ignores the asynchronous nature of interference. The pro-
posed hybrid TP/RC designs have a reduced complexity and
are capable of simultaneously supporting a higher number
of users than the ZF-based methods. This renders them
eminently suitable for the practical implementation of cell-
free mmWave MIMO networks.
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