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Abstract—This paper presents two novel hybrid beamforming
(HYBF) designs for a multi-cell massive multiple-input-multiple-
output (mMIMO) millimeter wave (mmWave) full duplex (FD)
system under limited dynamic range (LDR). Firstly, we present a
novel centralized HYBF (C-HYBF) scheme based on alternating
optimization. In general, the complexity of C-HYBF schemes
scales quadratically as a function of the number of users and
cells, which may limit their scalability. Moreover, they require
significant communication overhead to transfer complete channel
state information (CSI) to the central node every channel coher-
ence time for optimization. The central node also requires very
high computational power to jointly optimize many variables for
the uplink (UL) and downlink (DL) users in FD systems. To
overcome these drawbacks, we propose a very low-complexity
and scalable cooperative per-link parallel and distributed (P&D)-
HYBF scheme. It allows each mmWave FD base station (BS) to
update the beamformers for its users in a distributed fashion and
independently in parallel on different computational processors.
The complexity of P&D-HYBF scales only linearly as the network
size grows, making it desirable for the next generation of large
and dense mmWave FD networks. Simulation results show that
both designs significantly outperform the fully digital half duplex
(HD) system with only a few radio-frequency (RF) chains,
achieve similar performance, and the P&D-HYBF design requires
considerably less execution time.

Index Terms—Parallel and distributed hybrid beamforming,
millimeter wave, full duplex, low-complexity, limited dynamic
range

I. INTRODUCTION

HE revolution in wireless communications has resulted
T in ever-increasing data demands and services on our lim-
ited wireless spectrum. This urges the demand for spectrally
efficient communication systems to accommodate future data
growth. Contemporary wireless communication systems rely
on terminals that operate only in half duplex (HD) mode
by splitting the transmission and reception operation. They
can operate by dividing the resources either in time with
time division duplexing or frequency by relying on frequency
division duplexing. Full duplex (FD) communication is a
promising wireless transmission technology offering simulta-
neous transmission and reception in the same frequency band,
which doubles the spectral efficiency. Self-interference (SI)
cancellation is the key enabler for achieving an ideal FD
operation [1]-[3].
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To address the challenge of forthcoming data requirements,
research towards the deployment of communication systems in
the millimeter wave (mmWave) frequency band 30 —300 GHz
has started [4], [5]. It offers much wider bandwidths and
200 times greater spectrum [5]. FD is very appealing for the
mmWave band as it can not only double the spectral efficiency
but also enable advanced joint communication and sensing,
minimize the end-to-end latency/delays and can lead to better
management of the mmWave spectrum [6]-[9]. To deal with
the SI in sub—6GHz, digital beamforming served as a powerful
tool due to a limited number of antennas available at the
FD base stations (BSs) [10]-[20]. In mmWave, they will be
operating with a massive number of antennas to overcome the
propagation challenges. Due to hardware cost, mmWave FD
transceivers will rely on a hybrid architecture consisting of a
massive number of antennas and a limited number of radio
frequency (RF) chains. Hybrid beamforming (HYBF) [21]-
[44] is a promising tool for such transceivers, consisting of
large dimensional analog processing and lower dimensional
digital processing, to jointly deal with the SI while meeting
the data traffic demands.

A. State-of-the-Art and Motivation

Novel HYBF designs for a point-to-point massive multiple-
input-multiple-output (MMIMO) mmWave FD system are
available in [21]-[28]. HYBF for mMIMO mmWave FD
relays is investigated in [29]-[36]. [37] and [38] proposed
HYBF for single-antenna users in a single-cell and multi-cell
mmWave FD systems, respectively. HYBF for an integrated
access and backhaul in a multi-cell mmWave FD system to
serve the multi-antenna uplink (UL) users is proposed in [39].
HYBF for multi-antenna UL and downlink (DL) users served
simultaneously in a mmWave FD system is studied in [40]-
[44]. The contributions [40], [41], [43], [44] are limited to
the case of one UL and one DL multi-antenna user, and in
[42] we proposed HYBF for a single-cell mMIMO mmWave
FD system under the limited dynamic range (LDR) by taking
into account the distortions introduced by non-ideal hardware.
Note that the literature does not contain any contribution for
the multi-cell mMIMO mmWave FD system, i.e., to jointly
serve the multi-antenna UL and DL users. Moreover, no
distributed beamforming for the multi-user FD systems, either
for sub-6GHz [10]-[20] or mmWave [21]-[44], has ever been
proposed. Finally, we remark that no low-complexity HYBF
design for mmWave FD is available in the literature.



In wireless communications, the multi-cell FD scenario
is the most challenging one as the interference escalates
drastically compared to a multi-cell HD system. Besides the
interference of an HD system and SI, the DL users in FD also
experience UL cross-interference (CI) from all the UL users
transmitting in-cell, i.e., in the same cell, and out-cell, i.e.,
in the neighbouring cells. Moreover, the neighbouring BSs
generate DL BS-to-BS CI towards the receive antennas of
the FD BSs, already affected by the SI and interference. Fig.
1 highlights the difference in the interference contributions
between the multi-cell HD and FD systems. It is also clear
from Fig. 1 that the multi-cell FD systems require significant
channel state information (CSI) compared to a multi-cell HD
system. By shifting the FD paradigm towards the mmWave,
the size of direct, SI, interference and CI channel matrices with
multi-antenna users becomes massive. To manage interference,
centralized HYBF (C-HYBF) schemes will need to transfer
a vast amount of CSI to the central node every channel
coherence time to optimize the beamformers and combiners,
e.g., based on a multi-hop communication if the central node is
located far from the FD network. It results in tremendous com-
munication overhead and the central node also requires a very
high computational power to optimize many variables jointly,
both for the UL and DL users. The optimized variables need to
be communicated back to the FD BSs via feedback and each
FD BS has to also communicate the optimized beamformers
and combiners to its UL and DL users, respectively. For any
C-HYBF design, the whole procedure must be executed at the
millisecond scale. Given the vast amount of CSI and required
computational complexity for FD, it is clearly prohibitive.

Distributed beamforming [20], [45], [46] can eliminate the
problem of transferring CSI to the central node and reduce
computational complexity by decomposing the global opti-
mization problem into per-cell local optimization problems.
Distributed solutions can be implemented in a non-cooperative
fashion [47], or in a cooperative way [48] by exchanging
information among the BSs. Per-link parallel and distributed
(P&D) [49]-[51] beamforming can push further the potential
of distributed designs by decomposing the global optimization
problem into per-link independent local optimization sub-
problems. Therefore, each BS can have the advantage of
solving independent sub-problems associated with its com-
munication links separately and simultaneously on different
computational processors. Such designs can lead to an excep-
tionally computationally efficient implementation as the global
complexity can be decomposed on multiple processors of each
FD BS. If the number of processors available at each BS equals
the number of variables to be updated, then all the variables
could be optimized in one shot at each iteration, thus escaping
the time-consuming alternating optimization. We remark that
the literature does not contain any P&D-HYBF design, neither
for FD nor for HD systems.

B. Main Contributions

We consider the problem of HYBF for weighted sum rate
(WSR) maximization in a multi-cell mMIMO mmWave FD
network. The BSs and users are assumed to be operating
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Fig. 1: Multi-cell mMIMO HD and FD systems with a signif-
icant difference in the interference contributions and therefore
required amount of CSIL

in the FD and HD mode, respectively, and suffering from
the limited dynamic range (LDR) noise due to non-ideal
hardware [42]. The FD BSs are assumed to have a massive
number of antennas and HYBF capability with fully connected
analog beamformers and combiners. Discrete phase-shifters
are assumed for the analog stage at the FD BSs. The users are
assumed to have a limited number of antennas, fully digital
processing capability and are being served with multiple
streams by its hybrid FD BS.

Firstly, we present a novel centralized HYBF (C-HYBF)
scheme based on alternating optimization, which relies on the
mathematical tools offered by the minorization-maximization
(MM) optimization technique [52]. However, being central-
ized, it requires massive computational power to optimize nu-
merous variables jointly. Moreover, complete CSI needs to be
transferred to the central node every channel coherence time,
and the variables can be optimized only at one computational
processor based on alternating optimization. Analysis shows
that its complexity scales quadratically as a function of the
network size and density, which can limit its scalability. To
overcome these drawbacks, we introduce the concept of per-
link parallel and distributed HYBF for mmWave and propose
a very low-complexity and cooperative P&D-HYBF design
for a multi-cell mMIMO FD system. By decomposing the



global WSR maximization problem into per-link WSR sub-
problems, P&D-HYBF enables each multi-processor FD BS to
update multiple variables simultaneously. Analysis shows that
its complexity is significantly less than the C-HYBEF, which
scales only linearly as the network size grows, making it
desirable for the next generation of large and dense mmWave
FD systems.!

Simulation results show that the P&D-HYBF scheme
achieves similar WSR as the C-HYBF, despite being a dis-
tributed design. Both designs converge in a few iterations,
which results in a minimal amount of data exchange for the
P&D-HYBF. Results are reported with different LDR noise
levels, and both designs significantly outperform the fully
digital HD system with only a few RF chains at any level.

In summary, the contributions of work are:

« Introduction of the WSR maximization problem formula-
tion for a multi-cell mMIMO mmWave FD system under
LDR.

o Novel C-HYBF scheme for the multi-cell mMIMO
mmWave FD system.

« Introduction to the parallel and distributed approach for
HYBF in mmWave with the P&D-HYBF design.

o Despite being a distributed design, the P&D-HYBF
scheme achieves a similar WSR as the C-HYBF scheme.
It possesses all the characteristics to be implemented in a
real-time, large and dense multi-cell mMIMO mmWave
FD network. It is highly scalable, and converges in a
few iterations, thus requiring a minimal communication
overhead.

« Simulation results show that both designs outperform the
fully digital HD with only a few RF chains at any LDR
noise level.

Paper Organization: The rest of the paper is organized as
follows. Section II presents the system model and problem
formulation for WSR maximization. Section III presents the
MM optimization method. Sections IV and V present the C-
HYBF and P&D-HYBF designs, respectively. Finally, Sections
VI and VII present the simulation results and conclusions,
respectively.

Mathematical Notations: Boldface lower and upper
case characters denote vectors and matrices, respectively,
E{},Tr{-}, ), ()T, ®, I, and D, denote expectation, trace,
conjugate transpose, transpose, kronecker product, identity
matrix and the d dominant vectors selection matrix, respec-
tively. Vector of zeros of size M is denoted as Oyx;. vec(X)
stacks the column of X into x and unvec(x) reshapes x
into X. /X returns the phasors of matrix X on the unit-
circle. Operators Cov(-), and diag(-) denote the covariance
and diagonal matrices, respectively, and SVD(X) returns the
singular value decomposition of X.

II. SYSTEM MODEL

Let 8 = {1,...., B} denote the set containing the indices
of B FD BSs serving in B cells. Let D, = {1,...,Dp} and
Uy, ={1,...,Up} denote the sets containing the indices of Dy,

IProposed P&D-HYBEF is also applicable to the multi-cell HD or dynamic
time division duplexing scenarios [53]-[56], which are a special case of FD.

DL and U, UL multi-antenna HD users communicating with
BS b € 8. The DL user j, € D; and UL user k, € U
are assumed to have N, receive and My, transmit antennas,
respectively. The BS b € B is assumed to have M EF and N lIfF
transmit and receive RF chains, respectively, and M} and N,
transmit and receive antennas, respectively. We denote with
V,, € CM:" iy and Uy, € CM*ks, the digital beamform-
ers for the white unitary variance data streams s;, € Cdipx!
and si, € C%¥1 transmitted for DL user Jb € Dp and
from UL user k;, € Uy, respectively. Let GfF e CMpxM"
and FRF € CNs"*No denote the fully connected analog
beamformer and analog combiner for FD BS b, respectively. In
practice, as the analog stage can assume only discrete values,
let Py, = {1, e27/m ei4n/my  ei2mmp=1/ns) denote the set
of ny possible discrete values that the unit-modulus phasors
of foF and FgF can assume. We also define the quantizer
function Qp () to quantize the infinite resolution unit-modulus
phasors of GRF(FRF) such that Qp,(£GR¥)(Qp(£FRF)) €
Pp.

The users and BSs are assumed to be suffering from the
LDR noise due to non-ideal hardware. The LDR noise for UL
user k, € Up, and DL user j, € D, is denoted as ¢g, and
e;, , respectively, and modelled as [15]

Cip, ~ CN(OMkbxl’ ki, diag(UkbUZ,))’ (D
ej, ~ CN(Oijxl’ﬁjh diag(q)jb))’ &)

where ki, < 1, Bj, < 1,®; = Cov(rj,) and rj, denotes
the undistorted received signal by DL user j, € Dy. Let ¢
and e, denote the transmit and receive LDR noise for BS b,
respectively, which is modelled as [42]

¢ ~ CN (Ougyr. by diag( Y GV, VEGH)).  (3)

np €Dy
ep ~ CN(ONI:QFXI,ﬂb dlag((I)b)), (4)

where k), < 1, Bp < 1,®, = Cov(rp) and rp denotes the
undistorted received signal by BS b after the analog combiner
FfF . The thermal noise for BS » and DL user jj is denoted
as mp ~ CN(On,xi,07]) and nj, ~ CN(OijX1,0']2bI),
respectively.

A. Channel Modelling

Let H;, € CNio*Mp and Hy, € CN»*Mi, denote the direct
channels? from BS b € B to DL user j;, € D;, and form UL
user k, € Uy, to BS b, respectively. Let Hj, z, € CNip*Mi,
and H;, x. € CNio*Mie denote the in-cell UL CI channel for
DL user j, € Dy from UL user k;p € Up and the out-cell
UL CI channel for DL user j, € Dp from UL user k. € U,,
with b # c, respectively. Let H;, . € CNip*Me and Hp i, €
CNoXMie denote the interference channels from BS ¢ € B
to DL user j, € D, and from UL user k. € U, to BS b,
respectively, with ¢ # b. Let Hy, . € CM*Me denote the DL
BS-to-BS CI channel from BS ¢ € 8 to BS b € 8. The

2We assume perfect CSI, which can be obtained as in [57] and it is a part
of the ongoing research for mmWave FD [58].



SI channel for BS b is denoted as Hy,;, € CNo*Me_ In the
mmWave frequency band, the direct channel Hy, for UL user
kp € Uy can be modelled as [42]

N(‘h p b

2.

ne p=1np p=1

MkbN;7

Hy, =
chpb

(n ,b,n,,b) Ny boleb
Qe) g (grnanen

a; k,,(enpb ek,

®)
where N.j, and N, denote the number of clusters and
number of paths for BS b (Fig. 1 [21]), respectively, and
a,(("” ekl CN(0,1) s a complex Gaussian random
variable with amplitudes and phases distributed according
to the Rayleigh and uniform distribution, respectively. The
vectors a;, b((f)n”b ety and ar i, (9:1’:‘1”"“‘1’) denote the re-
ceive and transmit antenna array response for BS b and
UL user kj, respectively, with the angle of arrival (AoA)
and angle of departure (AoD) 0"” o1t The chan-
nels H;, . H;  .H; ( H; . and Hy ;_ "can be modelled
similarly as (5). The SI channel Hp; € CNo*Mb can be
modelled as [42]

[_Kb L 1 R
= H —H;. 6
b kp + 1 b kp+ 1 b ©

The matrices H- and HY denote the line-of-sight (LoS) and
reflected components of the SI channel response, respectively,
and the scalar k; denotes the Rician factor. The channel matrix
HJ can be modelled as (5) and element of H} at the m-th row
and n-th column can be modelled as [42]

¢"p bslc.b

Hj; (m,n) = —==¢ /275" )
Fm,n

where pp, is the power normalization constant to assure
E(|[Hf (m,n)||3.) = MpNyp, and the scalars r,, , and A denote
distance and wavelength, respectively. A summary of the
aforementioned notations can be found Table 1.

B. Problem Formulation

Let y; and yi, denote the received signal by DL user
Jb € Dy and from UL user kj, at the FD BS b after the analog
combiner FRF, respectively. By using the aforementioned
notations, they can be written as

RF
Yir = Hjh( Z G, Vi, S, + cb) +€j, +n;,
np EDb

+ Z Hj, 1, (Ukb Sk, + ckb)
kpeUp,

UL Interference in cell b

D Hpe( D) GE Vs, +e)  (g)

ceB,c¢b ne€D,.

DL Interference from neighbouring BSs

+ Z Z H;, . (Uk Sk, +ck.)

ceB,ctb k.U,

UL Interference from neighbouring cells

TABLE I: Notations

MRF # of transmit RF chains for BS b

b
N, IfF # of receive RF chains for BS b
My, # of transmit antennas for BS b
Np, # of receive antennas for BS b
My, # of transmit antennas for UL user kp
Nj, # of receive antennas for DL user jj
Ukb Digital beamformer for UL user kj
Vi, Digital beamformer for DL user jj
GfF Analog beamformer for BS b
FLFF Analog combiner for BS b
Ciy, Transmit LDR noise from UL user kp
cp Transmit LDR noise from BS b
ep Receive LDR noise for BS b
e;j Receive LDR noise for DL user jj
ng Thermal noise for BS b
nj, Thermal noise for DL user jp
H, SI channel for BS b
H, kp Channel between BS b and UL user kp,
H;, Channel between BS b and DL user jj
Hj, x, CI channel between DL user j; and user k.
H ip ke CI channel between DL user j; and user k..
Hy, CI channel between BS b and BS c.
Hj, . Interference channel between DL user j; and
BS c.

RFH
v, =FEF0 (0 H, (Ui, +cx,) +mp
kb e1’11)

RF
+Hpp ( Z G, Vjpsj, +¢b)
Jb€Dp

SI

+ Z Hb,c( Z GfFVjCSjC+CC)

ceB,c#b Jjc€De
BS to BS interference

+ > Hpg (Upsi, +e,)

ceB,ctb k.eU,

)+eb.

UL Interference from neighbouring cells

©))
Let kp, and J, denote the indices in sets U}, and D), without
the elements kj, and jp,, respectively. Let b denote the indices
in set B except the element b. Let Ty, and Q;, denote the
transmit covariance matrices transmitted from UL user k; €
U, and for DL user j, € D, by the BS b € B, respectively,
defined as

Ty, = Ui, UL, Vky, € Uy, (10a)
— H ~H .
Qj, =GV, VAGE, Vjy € Dy (10b)

The received (signal plus) interference and noise covariance
matrices by BS b € B from the UL user k5, € U, and at the
DL user jj, € D), are denoted as (Rg,) R~ and (R;,) R,
respectively, and can be written as (11a)-(11b), given at the
top of the next page. The matrices S;, and Sg, in (11a)-(11b)
denote the useful signal covariance matrices received by the
DL user j, € Dy and FD BS b € B from the UL user kj, € Up,
respectively. The undistorted received covariance matrices @,
(2) and @}, (4) can be recovered from (11a)-(11c) without the
receive LDR noise, i.e., with 8, = 0 and 8}, = 0, respectively.



Rj, =Hijjb +Hjb( Z Qﬂb)H?;, +H;, kbdiag( Z an)HH

- nyeDy nneDy
np#jp
ib
. H
> Hj o Y Qu +kediag(Qu ) HE + > >
ceB ne€D. ceBk.eU,
c#b ctb

+ Z Hj, «, (ka +ki, diag(ka))Hg,,kb
kp eUp

Hj, i, (Tk, + ki diag(Ty, ))HY |+ B, diag(®;,) + 0 Iy, ,

(11a)

Ry, =FF" (M, T, B+ > My, Ty BE & 3" ki, Hoy, diag (T, JHE, +Hyp > (Qy, + kpdiag(Qy,))HE,

~———— mpeU) mp €U
éskb mbikb
+ ) Hpe Y (Q + kediag(Qy, )
ceB Je €D, ceB k.U,
c#b ¢ ¢ c#b N
R--=Rj, -8,

HY  + > > Hyp (Ti, + ke diag(Te, ) )HY  + 031, ) F,

Jb€Dp

b F +,8bdiag((1)b),

(11b)

R =R, - S, (11c)

The WSR maximization problem with HYBF for a multi-
cell mMIMO mmWave FD system, serving multi-antenna
Jp € Dp DL and U, € U, UL users, Vb € B, under
the joint sum-power, unit-modulus and discrete phase-shifters
constraints can be stated as

max Z Wi, Indet(R Rk,)
GRIIJF;I.RF beB kpeUy,
L (12a)
+ Z Z wjblndet(RjT)ij)
beB jLeDyp
st Tr(U,UQ ) < pi,.  Vkp € Up, (12b)
Tr( > GV, VEGH) <py, VbeB,  (120)
JE€Dp
G (m,n) € Pp, Vm,n & Vb € B, (12d)
FRE(i,j) e Py, Vi, j&VbeB. (12e)

The scalars wy, and wj, denote rate weights for UL user
kp and DL user jp, respectively, and the scalars py, and pp
denote sum-power constraint for UL user k; € U, and BS
b € B, respectively. The collections of digital beamformers
in UL and DL are denoted as U and V, respectively, and the
collections of analog beamformers and combiners are denoted
as GRF and FRF | respectively.

Remark 1: The WSR achieved with (12) is not affected

with the minimum-mean-squared-error (MMSE) combiners
(4) — (9) [59]. Therefore, they can be omitted during the
optimization process and can be chosen as the MMSE re-
ceivers after solving (12). The number of digital combiners
would be equal to the number of total users in the multi-cell
FD network. By omitting them, the HYBF design simplifies
and the per-iteration computational complexity reduces signif-
icantly. Moreover, it will significantly reduce the amount of
data exchange required among the FD BSs by the P&D-HYBE.

III. MINORIZATION-MAXIMIZATION

Optimization problem (12) is non-concave in the transmit
covariance matrices Ty, ,Vk, € U, and Q;, € Dy, due to
the interference generated towards other communication links

and finding its global optimum is very challenging. To find its
sub-optimal solution, this section presents the minorization-
maximization (MM) optimization method [52] to leverage
alternating optimization.

The WSR problem (12) for the multi-cell mmWave FD
system can be reformulated with its minorizer [52] using the
difference-of-convex (DC) programming [60], [61]. The WSR
in (12) can be expressed with the weighted rate (WR) of
user kp € U (WRZ}L), user j, € Dy (WRijL), WSR of
users kp (WSR%L) and J, (WSRJI_)TL), and WSR of all the UL
and DL users in cells different than b, denoted as WSR%”‘

and WSRPZL | respectively. We can express the global network
WSR as

WSR =WRYF + WSRVE + WRPE 1+ WSREE
b kp Jb Jb

SWSRY (13)

+ WSR% Ly WSRgL,

+WSR}*

where WSR;)]L and WSRbDL denote the UL and DL WSR
for FD BS b. Considering the dependence on the transmit
covariance matrices, only WSRUL is concave in Ty, and the
remaining terms WSRUL WSRy, L WSRUL and WSRD La

RDL is concave in

non concave in Ty, . Slmllarly, only WS
Q;, and WSR2L, WSRgI‘,WSRg L,WSRD [ are non concave
in Qj,. As a linear function is simultaneously convex and
concave, DC programming introduces the first order Taylor

series expansion of WSRUL WSRD L WSRUL and WSRD L
in Ty, , around ka (i.e. around all Ty,), and for WSRDL
WSRUL WSRHL,WSRDL around ij (i.e. around all Q jb)

Let T and Q denote the sets containing all such T;, and
Qj,, respectively. The tangent expressions by computing the
gradients with respect to the transmit covariance matrix Ty, ,
ie.,

OWSRYL
kb

0Ty, 17.Q

IWSRDE
dTx,

AUL  _

ADL _
b > Gkb,b_

7,4
(14a)



max

Z [wkb Indet(I+ U H}! FX" R%F;*F "Hy, Uy, ) - Tr(Uy (GU LGl + G+ GDL )Ukb)]

bob
GRIIJ? \I;RF beB kpeUyp (18a)
a
> [wiindet(1+ VE GEF B R, GOV, ) - Tr(VE GEF ™ (GUE, + GRE, + GUE + GPL)GET Y, ).
beB j;, €Dy
s.t. (12b) — (12e) (18b)
£=> > [wkblndet(l + Ul HY F}fFR%FIfFHHkbUkb) - Te(UR (GE5, + Gl + Gl + 6P+ /lkbl)Uk,,)]
beB kp Uy >
_ H, A
> |winindet(1+ VE GRF T RY RIB, GEO V), )- Te (VI GRE (GUE, + GRE, + GUL + GPL 4y 1)GEV, )
beB jp,eDy
+ Z Z /lkbpkb + Z 'ﬁbe-
beB kpeUyp beB
19)
OWSRYE WSR2 i i i i
AUL 5 ADL b beamformers and combiners associated with each communica-
kpb Ty, i )TQ kpb Ty, ‘TQ tion link can be written as (18a), given at the top of this page.
(14b)  The Karush-Kuhn-Tucker (KKT) conditions of (18) and (12)

allow to write the following minorizers

WSR%L (T, T,Q) =

A

WSRUL( ,Q) = Tr((Tx, - ka)GULb)

(15a)

WSRP (T, T, Q) = WSRPE (T, Q) ~Te((Ty, T4, ) GE, ).

. . (15b)

WSRLE(T, Q) ~Tr((Ty, -1, )GVE ),

(050

WSR2H(T, Q) - Tr((ka—ka)GZfE).

(15d)

Similarly, for the transmit covariance matrix Q;,, we have the
gradients

WSR%] L(Ty,,T,Q) =

WSR’E)L (T, T.Q) =

DL
AUL (9WSRUL| ADL aWSR]T? (16 )
Jpb 9Qj, 7.Q’ Joib 0Qj, 7.Q’ :
UL aWSRgL DL aWSRgL
L . GPL = _—( , (16b
Jbob 0Q,, |T,Q Jbib 0Q;, 7. (166)

which allow to write the minorizers

WSR}(Q),. Q. T) = WSR}" (Q. 1) - Tr((Q;, - Q) G}, ).

(17a)

WSRDL(Q’ T)- Tr((QJb ij) )

A (17b)

= WSREUL(Q’ T) ~Tr((Qj, - le) )

(17c)

= WSR2 (Q.T) ~Tr((Q, ~Q;,)G2%).

(17d)

The gradients (14) for the UL user k; and (16) for the DL
user jj, are provided in Appendix A.

The tangent expressions (15) and (17) constitute a touching
lower bound for the original WSR. Hence, the DC program-
ming approach is also a MM approach, regardless of the
restatement of the transmit covariance matrices Ty, and Qj,
as a function of the beamformers. By using the gradients (14)
and (16), the WSR maximization problem with respect to the

WSRPE(Q;,. Q. 1) =
WSRY*(Q;,. Q. T)

WSR?*(Qj,. Q. T)

are the same, hence any sub-optimal or optimal solution for
(18) is also sub-optimal or optimal for (12).

Let Ay, and y;, denote the Lagrange multipliers associated
with the sum-power constraint for UL user k;, € U, and BS
b € B, respectively. Augmenting the WSR function (18a)
with the sum-power constraints yield the Lagrangian (19).
Note that (19) does not consider the quantization constraints
on the analog beamformers and combiners, which will be
incorporated later.

IV. CENTRALIZED HYBRID BEAMFORMING

This section presents a novel C-HYBF design based on
alternating optimization by exploiting the tools of MM to
solve (19) to a local optimum. Hereafter, for the sake of a
simplified explanation, we dedicate different sub-sections to
optimize different variables. However, while optimizing one
variable, the remaining ones are assumed to be fixed and their
complete information is saved in the gradients, which will
updated at each iteration.

A. Digital Beamforming

To optimize the digital beamformers U, and V; , we
consider the remaining variables to be fixed. By taking the
derivatives of (19) with respect to the conjugate of Uy, and
V., yield the following KKT conditions

HYFRF P RFRCH,, Uy, (14 U2 Y FRPRUFEF ™,

-1 AUL ADL AUL ADL
Ukb) - (GkT,b + Gk;,,b + Gkb,g + Gkb,E +/1ka)Ukb =0,
(20a)
RFHxH -1 RF H ~HyrH p-1 RF
G, HjijTHbeb A\ (I+ijGb HjbRTthbi

-1 H, A
Vi) = GEFT(GYE,
+yp)GREV;, = 0.

+GRL 4 GUL 4 GPL
Jb,b Jbsb Jbsb

(20b)



Given the structure of the KKT conditions (20a)-(20b), the
digital beamformers can be optimized based on the result
provided in the following Theorem.

Theorem 1. The WSR maximizing digital beamformers Uy,
and V,, fixed the remaining variables, can be obtained as
the generalized dominant eigenvector solution of the pair of
the following matrices

— H A A
Uy, =Dy, (H FRF RJFRF Hy,, GZLb +Goh,
21
GU’L + GDL + A5, 1),
kp.b b

(GRFHHHR H; GRF GRFH(GUL +GPL

Jbsb
GULf GDL7+ GRF .
Jb,b Jb,b Vo ) b )

V.] b

(22)
The matrix Dy selects x dominant generalized eigenvectors,
equal to the number of data streams.

Proof. Please see Appendix B. O

Digital beamformers, given as the generalized dominant
eigenvectors, provide the optimized beamforming directions
but not the optimal power allocation. Thus, we scale the
columns of the digital beamformers to unit-norm, which will
allow designing the optimal power allocation scheme.

B. Analog Beamforming

To design the analog beamformer GgF for BS b € B, we
assume the remaining variables fixed. By considering only the
dependence of the WSR on unconstrained analog beamformer
GRF, simplifies (18a) into

H ~RFH yH p-1 RF
max |, Indet(1+ VE GEF " HI REIH, GRF V)
b jpbeDy
H~RFH AUL DL UL
—Tr(ijGb (Gjh’ G]bh+G]bb

+GPL Ly 1)GEFV,, ).
(23)
To optimize GR¥, we take the derivative of (23) with respect
to the conjugate of GRF, which leads to the following KKT
condition

GRFVJb ijI; (I +V, VJiIGRFHHH

Z HHLH
Jjb€D
—lyy. ~RF\-1 _
RjTH/l)G )
+yp)GREV, VI = 0.

b " jb

A A A A 24)
GYh + 6D+ GYE + G (
(Gl + Gl o+ G 5+ G5

Given the KKT condition (24), foF can be optimized based
on the result stated in the following.

Theorem 2. The vectorized unconstrained analog beamformer
GfF , common to all the DL users in set Dy, can be optimized

as one generalized dominant eigenvector solution of the pair
of the sum of following matrices

vee(GE) =Di( Y (V, Vi (1+V, Vi G  Hl R

Jb 7 jb
Jb€Dp
H,Gi") ) e B RIH;,. ' (V, Vi)
Jb€Dp
AUL , ADL | @UL , ADL
® (G}, + G5 + Gjb,B + Gj,,,B +ypl)),
(25)
Proof. The proof is provided in Appendix C. m]

The result stated in Theorem 2 optimizes the vectorized un-
constrained analog beamformer. Operation unvec(vec(GfF )
is required to reshape it into correct dimensions. To meet
the unit-modulus and quantization constraints, we do GfF =
Qy(LGRF) € Py.

C. Analog Combining

Optimization of the analog combiner is more straight-
forward than the analog beamformer as it does not generate
any interference. Note that FlIfF does not appear in the trace
operator of (18a). Combiners at the neighbouring FD BSs
b appear only in the gradients as we take into account
the interference generated after the analog combining stage.
However, they are fixed while optimizing FR* for BS b during
the alternating optimization process.

Given that the analog combiner F,’fF does not generate
any interference, the WSR is purely concave with respect to
FRE in the received covariance matrices Ry, and R for
b € B. Therefore, the original WSR maximization problem
(12) can be considered to optimize FRY. By considering the
dependence of the unconstrained FX* on the WSR, we have
the following optimization problem

RF
Fb

max Z lndet(R%Rkb). (26)
Fb khE(L{},

The analog combiner FR¥ has to combine the received co-
variance matrices at the antenna level. Let (RZ}) R% denote
g b

the (signal plus) interference and noise covariance matrices
received at the antennas of BS » € $ to be combined
with FRF. Given R{ and R% at the antenna level, Ry,

b
H
and Ry~ can be recovered as Ry, = FRF R“ FRF and

R = FRF HR“ FRF . The analog combiner FR¥, by writing
(26) as a function of RZ and R‘L and using the properties of
log(-) function, can be optlmlzed by solving

> [wi, Indet(FRF R, FRY)
kp eUp

max
FRF

27
—wi, Indet (FE™ ' REFET)].

Taking the derivative of (27) with respect to FEF leads to the
following KKT condition

a RRF (gRFHpa {RF\-1
Z wi, Ry, Fy (Fp RRﬁFb )
kp€Up ?
a WRF (wRFHpa  wRF\-1 _
_ Z wi, REFLT (F Ri F; )" =0.
kpeUp

(28)



From (28), it is immediate to see that the WSR maximizing
analog combiner FfF can be obtained as the generalized
dominant eigenvector solution of the pair of the sum of the
received covariance matrices at the antenna level from the UL
users in the same cell, i.e.

RF __ a a
FR =Dyre( ) wi,RY,, > wiRY).
kbE'L{h kbe(ub

(29)

The matrix Dlep selects generalized dominant eigenvectors

equal to the number of receive RF chains Nl’fF at the BS b €
8. As the analog combiner given in (29) is unconstrained, we
normalize the amplitudes and perform the quantization such
that FRF = Q,(LFRF) € Py

D. Optimal Power Allocation

This section presents a novel and optimal power allocation
scheme for the FD BSs and UL users operating in a mmWave
multi-cell FD scenario, given the di%ital beamformers with
unit-norm columns. Let Z,Ei), E/(j,)’ £ and Eﬁ), be defined
as

1
Jb

H yyH wRFp-1wRFH _ y(D
Ukakab Rng HkbUkb—Z‘.kb, (30a)

H (AUL ADL AUL ADL _ v
Uk,, (Gg,b+Gkb,b+Gkb,E+Gkb,E+/lka)Ukb —Zk , (30b)

H -
VI GRF Hj{)RTblHjbchij = Z;:,)’ (30c)
VI GE (GY 1, +GR +GUE 4GP 4y )GETY, = X1,
(30d)
Let Py, and P;, denote the power matrices for UL user
kp € U, and DL user j, € Dy, respectively. Given the
optimized beamformers and fixed Lagrange multipliers, the
optimal stream power allocation can be obtained by multiply-
ing (30a) and (30b) with Py, , Vk;, and (30c) and (30d) with
P;,, Vjp. As the beamformers are given by the generalized
dominant eigenvector solution, they diagonalize the matrices
2,&3,2,&2,25}} and ):j.l‘]. Multiplying (30a) and (30b) with a
diagonal matrix Py, or (30c) and (30d) with a diagonal matrix
P;, , still yields the generalized eigenvector solution, and thus
the optimized beamforming directions are not affected [42].
The stream power allocation optimization problem for UL
user kp and DL user j, can be formally stated as

max [wkb Indet(I + 2,(;] P,) - Tr(zjjf th)]’ (31)

‘b

max [w JIndet(I+2V P, ) - Tr(2? P )] 32
P Jb b T b b T Ib) | ( )

Jb
Solving (31) and (32) leads to the following optimal power
allocation scheme
H(AUL | ¢DL | AUL | ADL
Py, = (wi, (U (Gl + G5, + Gkb,B + Gkbﬁ + 5, 1)

Us,)™" - (U PR Y REFEHL, Uy, ) )",
(33a)
H~H(AUL ~ADL ~UL ~ADL
ij = (ij (ijGb (Gjh,b + Gjb,b + Gjb,g + Gjh,g + (ﬂbl)
-1 _ 1
GyV;,) " = (VG RH,, GLY,, ) )",
(33b)

where (X)* = max{0,X}. Given the optimal stream powers,
we can search for the Lagrange multipliers satisfying the total
power budget constraint while performing interference, SI, and
CI leakage aware water-filling for the powers with (33).

Let PPL and PUL denote the collection of stream powers
in DL and UL, respectively. We define A and ¥ as the
collection of multipliers for A, and ¥, respectively. Given
the optimal stream powers computed with (33), consider the
dependence of the Lagrangian on the multipliers and powers
as

LAY, PP PYYY = Y wopp+ ) > Ak,

beB beB kpeUy,
+ Z Z [wkblndet(l +Z,(<Z)Pk,,) - Tr(E/((i)Pkb)] (34)
beB kyelly
£ 0 [windet(1+ 200 P,) - ez Py )|
beB Jb €Dy

The multipliers in A and ¥ should be such that the Lagrangian
(34) is finite and the values of multipliers are strictly positive.
The multipliers’ search problem can be formally stated as

min _max  L(A,¥, PPL PYL),
WY,A pDL’PUL (35)
s.t. W, A>0.
The dual function
max  L(A, Y, PPL PYL) (36)
PDL’PUL

is the pointwise supremum of a family of functions of ¥, A, it
is convex [62] and the globally optimal values for ¥ and A can
be found by using any of the numerous convex-optimization
techniques. In this work, we adopt the Bisection algorithm
to search the multipliers. Let (J/b,% and /lkb,m denote
the upper and lower bound for searching the multipliers v,
and Ag,, respectively. Let [0, /IZL“"] and [0,y'*] denote
the search range for the multipliers Ag, and ¥, respectively,
where A77¢* and ¢;*“* denote the maximum values that Ay,
and ¢, can assume. As the generalized dominant eigenvector
solution is computed given the fixed multipliers, doing water-
filling for the powers while searching for the multipliers
leads to non diagonal power matrices (33). Hence, consider
a singular value decomposition (SVD) of the power matrices
as

Ly, Dy Ry = Py, Vky €Uy,  (37a)

LY, DY R = Py, Vjj, € Dy, (37b)

where L5, D and Rx*"¢ denote the left unitary, diagonal
and right unitary matrices obtained via SVD. Given (37), the
diagonal power matrices can be obtained again as

Py, =Dy, ,Vky, € Uy, ij = Djb,ij e Uy, (38)

while searching for the multipliers satisfying the sum-power
constraints.

The complete C-HYBF procedure to maximize the WSR
in a multi-cell mMIMO mmWave FD system based on the
alternating optimization process by using MM is formally
stated in Algorithm 1. Once it converges, the combiners can
be chosen as the MMSE receivers, which will not affect the
WSR achieved after convergence.



Algorithm 1 Centralized Hybrid Beamforming
Given: The CSI and rate weights.
Initialize: GRF FRF Vi Uk Vijb & Yy
Set: Ay, = 0, /lkl, = /lmax vp =0, lﬂb wmax Yk, & Vb
Repeat until convergence_
forb=1:B
Compute GRF with (25), do unvec(GR") and get <G,
for: j, =1:Dyp
Compute GUL GJDbLb,GUL GDL (16)
Compute V b w1th (22) aﬁd normahze it
Next jp
Repeat until convergence
set Y = (Y +Yp) /2
for j, =1:D,
Compute P;, with (33b)

[Upjh,Dpjb ijh] =SVD(Pj,)
Set .ij = DP./'b
Set ij = GijijszGf
Next jp
if constraint for i, is violated
set Yp = p,
else Yy, = Yy
for: kb =1: Kb
Compute Gk e GkaLb,GUbL GDL (14)

Compute Uy, with (21) and normahze it
Repeat until convergence
set Ag, = (/lﬁ‘*'/lkb)/z
Compute Py, with (33a).
[Upkb .Dp, Vpkb] =SVD(Fy,)
Set Py, = Dpkb
Set Tb = UkakbUkHb'
if constraint for Ay, is violated

set /ikl, = /lkb
else 1z, = Ay,
Next kp,
Next b

E. Convergence of C-HYBF

The convergence of Algorithm 1 can be proved by using
the minorization theory [52], alternating or cyclic optimization
[52], Lagrange dual function [62], saddle-point interpretation
[62] and KKT conditions [62]. For the WSR cost function
(12), we construct its minorizer as in (15) for the WSR in UL
and with (17) for the WSR in DL, Vb € B. It constructs a
touching lower bound for (12), hence we can write

WSR > WSR = WRU Lo WSRU L L+ WRDL + WSRbe
» b
+ WSRgL + WSRgL.

(39)

The minorized WSR, which is concave in T}, and Q;,,
has the same gradient of the original WSR maximization
problem (12), hence the KKT conditions are not affected.
Reparameterizing T}, or Q;, in terms of GRF, V. .V, € Dy,
or Uy, ,Vkp € Uy, respectively, including the optimal stream
power matrices and augementing the WSR cost function with
the Lagrange multipliers and power constraints leads to (34).

Alternating update of the Lagrangian .L for the variables V;, ,
GfF, Uk, .Vjb € Dp,Vkp € Up, Py, Pj,, AW leads to a
monotonic increase of the WSR, which assures convergence.
For the KKT conditions, at the convergence point, the gradi-
ents of £ for Vj,,GR", Uy, or Py,,Pj, correspond to the
gradients of the Lagrangian of original WSR maximization
problem (12). For the fixed analog and digital beamformers,
L is concave in powers, hence we have strong duality for the
saddle point, i.e.,

max min £ (A, ¥,PVE, PPL).

PDL PUL AW (40)

Let X* and x* denote the optimal solution for matrix X or
scalar x at the convergence, respectively. As each iteration
leads to a monotonic increase in the WSR and the power
are updated by satisfying the sum-power constraint, at the
convergence point, the solution of the optimization problem

mmL(V GRE™ pRET gRF™ pPL* PULY A W) (41)

Jb?
satisfies the KKT conditions for the powers in PPL and PV~
and the complementary slackness conditions

vi (o - Y. Te(GREV P VIHGRE)) =0,

Jb€Dp

(42a)

A, (Pr, = Tr(Uy, P ULT)) =0, (42b)

where all the individual factors in the products are non-
negative.

V. PARALLEL AND DISTRIBUTED IMPLEMENTATION

Algorithm 1 requires enormous communication overhead to
transfer full CSI to the central node every channel coherence
time and very high computational power to update all the
variables jointly. As later shown in Section V-D, it also scales
quadratically as a function of the number of users and cells,
which limits its scalability in a real-time large and dense multi-
cell FD network. To overcome these drawbacks, we introduce
the concept of per-link parallel and distributed HYBF of
mmWave and propose a very low-complexity P&D-HYBF
design based on cooperation. It removes the requirement of
transferring full CSI to the central node and allows each FD BS
to update the beamformers associated with different users on
different computational processors in parallel at each iteration.

To proceed, we first make the following assumptions:

1) There exits a feedback link among the FD BSs and they
cooperate among themselves by exchanging information
about the digital beamformers, analog beamformers and
analog combiners.

2) The CSI is accessible by all the FD BSs.

3) Each FD BS has multiple computational processors ded-
icated for UL and DL.

4) The computations take place at the BSs and the optimized
beamformers of the UL users are communicated to them
afterwards.

Note that the WSR maximization problem (12) is decomposed
into (18a) with MM, in which to update the beamformers
for each UL or DL user at each iteration, only the gradients



are required. Therefore, they summarize complete information
about all the reamining links in the network. From a practical
point-of-view, the gradients for each link take into account
the interference generated towards all the other links, and
hence limit greedy behaviour while updating its beamformer.
However, problem (18a) is coupled among different links as
the covariance matrices of other users directly appear in the
gradients. Hence, the update of one beamformer affects the
received covariance matrices, and thus the gradients, of all
the other users/links. Therefore, (18a) can be solved only in a
centralized fashion based on alternating optimization.

To decouple the global optimization problem (18a) into
local per-link independent optimization sub-problems for each
FD BS, we assume that each FD BS has some memory to
save information about the gradients. For each FD BS, we
introduce the following local variables Yk, € Up, Vjp € Dp,

J Out _ (UL DL TIn _ AUL ADL
LJ” G]b b + Gjh,b’ ij - Gj], GjT,,b’ (43a)
O UL DL I UL DL
L’ = G E+Gk 7 Li, _G +Gk,,b (43b)

The variables LI " and L"'” save information about the overall
interference generated 1ns1de and outside the cell by the
beamformer of UL user k;, , respectively. Similarly, the local
variables LI.: and Li’” save information about the interference
generated in the same cell and in the neighbouring cells by the
FD BS b while serving the DL user jj, respectively. Note that
each BS can update the in-cell local variables LZ" and L;: by
itself. A feedback from the neighboring BSs is required only

to update LOM’ Vj, and LY, V. To save information about
the 1nterference -plus- n01se ¢ovariance matrices, we define the
following local variables

Ry, =Ry, RI=R Vi, (44a)
R, =R;,, TI—R‘ V. (44b)
b

The analog combiner needs information about the received
covariance matrices at the antenna level, for which we define
the local variables

R? =R{

na _ pa
- RC=RL. Vkp. (45)

We remark that all of the aforementioned local variables are
fixed and saved in the memory. Replacing the gradients with
fixed local variables in the WSR cost function (18a), leads to
the following optimization problem

max

> wi, Indet([+ U} HY FRPR! FRFH
GR‘;“I;RF beB kpeUy

Hy, Uy, ) - Te(U (LO + L_g)Ukb)
+ )0 D windet(l+ VI GEFH RH,,

beB jb €Dy
GRV,,) = Tr(VILGET ™ (LY + LIMGETY, ).
(46a)
s.t. (12b) — (12e) (46b)

Note that (46a) has the same structure of (18a), but by
replacing the gradients with the fixed local variables, the global
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Fig. 2: Decomposition of the WSR maximization problem in
UL into per-link independent optimization sub-problems. The
sub-problems are solved from the bottom to the top.

WSR problem decouples into per-link independent optimiza-
tion sub-problems. Optimization of the analog combiners and
analog beamformers is still coupled as they are common to
all the UL and DL users in the same cell, respectively. Also,
optimization of the digital beamformers for the DL users in
the same cell remains coupled as each BS has to satisfy the
sum power constraint. Their decoupling and the solution of
(46) is discussed in the following.

A. Per-link independent sub-problems in UL

In the UL setting, each UL user has its own sum-power
constraint and only the update of analog combiner is coupled
among different UL users in the same cell. We assume that
BS b updates FffF only after having updated all the digital
beamformers Uy,. Given this assumption and fixed local
variables, UL WSR maximization problem for BS b reduces
into three layers of sub-problems. At the bottom layer, BS b
has to solve independent optimization sub-problems to update
Uy, for the beamforming directions and normalize its column
to unit norm, in parallel Vk;. At the middle layer, BS b has
to update the stream power matrix Py, while searching the
multiplier Ay, in parallel Vk,. Finally, at the top layer, once
all the U;,, two-layer sub-problems are solved by BS b, both
for the beamforming directions and powers, only one update
of the analog combiner is required. Fig. 2 highlights the idea
of the proposed decomposition for WSR maximization in UL
for BS b and the sub-problems are solved from the bottom to
top.

Given the fixed local variables, the local per-link indepen-
dent optimization problem in UL to optimize Uy, for user
kp € Up can be stated as

max wy, Indet(I + UkH,,HZ, FIfFR_%FfFHHkbUkb)
kp

. (47a)
- Tr(Ug (L + LY Uy, )
s.tTr(Ug, UY ) < pu,.- (47b)



The per-link independent Lagrangian for (47) Vk;, becomes

Ly, =wy, Indet(I+ UL HY! FRTRL FRF "Hy, Us,)
(48)
Tr(U7 (ng + Lgbm + Ay, )Uk,,) + Ak Phy -

To solve it for Uy,, a derivative of (48) can be taken,
which leads to a similar KKT condition as (20a) with gradients
replaced with the local variables. By following a similar proof
for (21), it can be easily shown that the WSR maximizing
beamformer Uy, can be updated as

Uy, =Dy, (HY F,fFR%F,fF”Hkb, L{7 + L0 + 4, 1),
(49)
which can be computed in parallel on different computational
processors Vk. To include the optimal power allocation Py,
in parallel, we consider the normalization of the columns
of (49) to unit-norm and multiply the log det(-) and Tr(-)
terms in (48) from the right hand side with the power matrix
Py, .Vk;,. Power optimization problem for each link can be
formally stated similarly as in (31), as a function of the local
variables Li” and LkO”’ instead of gradients. Solving it yields
the following parallel and optimal power allocation scheme

Py, = (wi, (U (ﬁ Lo« + A, U, ) ™!

H yyH (50)
- (U, H, R HkbUkb) b

Ykp.

Power allocation can be included while searching for the
multiplier Ag, associated with the sum-power constraint of
UL user kp. To yield a diagonal power matrix again while
searching for Ay, , we do

Ly, Dy Ry =Py, and Py, =DpY (51)
Multiplier A, should be such that (48) is finite and the value
of Ay, should be strictly positive. We search it in parallel by
solving the following problem Vkj,
min max "Lkb (/lkb 4 Pkb ) ’
/lkb Pkb

(52)
S.t. Ak, = 0.

The dual function

max L, (k. Pr,) (53)

b
is convex [62] and can be solved with the Bisection method.
Note that each optimization step stated above is fully decou-
pled for each communication link in UL as the local variables
are fixed.

At the final step, once updated the digital beamformers Uy,
and powers Pj,, one update of FffF is required, which is
common to all the UL users U, served by BS b. Simultaneous
variation of all the UL beamformers Uy, in parallel vary
the received covariance matrices R}’ - and Ri at the antenna

levels, which are required to optlmlze FR% However, in
the memory, each BS has complete 1nf0rmat10n about the
beamformers of the UL users it has just updated at the bottom
layer, which can be used to update R“ and Rf, Yk, € Up.

Afterwards, for the top layer, optlmlzatlon of the unconstramed

FRF

analog beamformer Pl given the local variables, can be

formally stated as

—r
max > Indet(R_'Ry,). (54a)
b kp, E(L{},
To solve it, we first write it as
max Z [wkblndet(FfFHR_ZbFfF)
A=A (55)

- wkhlndet(FfFHR_%bFfF)],

and by taking its derivative leads a similar KKT condition as
in (28), from which it is immediate to see that FgF can be
optimized as

RF
F," = DNlﬁeF ( E kaRZb, E kaR%)
b
kb E(L{], kb E(ub

(56)

which is unconstrained. To meet the unit-modulus and the
quantization constraints, we normalize the amplitudes to unit-
norm and quantize the phase part as FRF = Q, (¢FRF) € P,

B. Per-link independent sub-problems in DL

The DL scenario is much more challenging as the digi-
tal beamformers have a coupling total sum-power constraint
among the DL users in Pj. Moreover, foF is common
between all the DL users and affects the transmit covariance
matrices, i.e., Qj, = G,’fFthijVszFH, V¥ jp, and thus the
total transmitted power. To introduce the per-link independent
sub-problems in DL, we assume that each BS first updates all
the digital beamformers V;,,Vjy, by keeping the Lagrange
multiplier Y, and the analog beamformer GIISF fixed. Also the
power matrices P;,are included afterwards, while search-
ing for yp. Given this assumption, the WSR maximization
problem in DL for each cell decomposes into three layers
of sub-problems. At the top layer we have to search for
the Lagrange multiplier ¢, and update the power allocation
matrices P;, for all the DL users, in parallel. At the middle
layer, we have to optimize the analog beamformer G{fF . At
the bottom layer, we have to update the DL beamformers V,
and normalize their columns to unit-norm, in parallel V. Fig.
3 shows the proposed per-link decomposition of the DL WSR
maximization problem for FD BS b € B and the sub-problems
are solved from the bottom to the top.

For the bottom layer, to optimize the digital beamformer
V;,, each FD BS has to solve the following independent
optimization sub-problem in parallel Vj, € Dy

H _
max [ij Indet(I+ VY G HE RjT,]HJ"’ GRV,,)
I ., (57a)
- Tr(VEGRE (L + LO) GV, |

Tr( )| GV, VHGH) < (57b)

JjeDp
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Fig. 3: Decomposition of the WSR optimization problem in
DL into per-link independent optimization sub-problems. The
sub-problems are solved from the bottom to the top.

with the coupling constraint (57b) among different DL users
in the same cell. Augmenting the cost function with the total
sum-power constraint yield the Lagrangian

H ——
= Z w, Indet(I+ V2 GRFUHY RJ_TJ‘H‘,-b GRFV,,)
Jb€Dp

~ Te(VEGRF™ (LI + L + g, ))GRTV ) + i por.

(58)
In (58), ¥ and GfF are fixed and will be updated with the
power allocation at the top and middle layer, respectively, to
meet the total sum-power constraint. Therefore the update of
V;, at the bottom layer only for the beamforming directions
and normalization to unit-norm columns remains decoupled
Vjp. To solve it, a derivative for V;, can be taken which leads
to a similar KKT condition (20b) for the centralized version,
with gradients replaced with the fixed local variables. From
the KKT conditions, by following a similar proof for the C-
HYBF scheme, it can be immediately shown that V;, can be
updated as

H -1
V;, =Dy, (G}* HZRJT}H,I,GRF G/ (L1"+ 59

Ou
ij !4 !ﬁbI)Gb).

To include the optimal power allocation, we consider the
normalization of the columns of V;, to unit-norm in parallel.
Once all the digital beamformers are optimized, at the middle
layer, BS b has to optimize the analog combiner GfF . By
considering the unconstrained analog combiner, at the middle
layer, each BS has to independently solve the following
unconstrained optimization problem

max > wyIndet(+ VE GRFTHI R R-IH,,G}"V;,)

b jreDp
HRFH 170 ‘ RF
= Tr(V}, Gy (LA + L +yp)) G 7V, ).
(60)
Note that each BS has complete information about the digital
beamformers optimized at the bottom layer, which can be first

used to update Rf and LI " appearing in (60). By taking the

derivative of (60) and by followmg a similar proof of (25), it
can be easily shown that GRF can be optimized as

vee(GE™) =Di( ) (V;, Vi (L4 V,, Vi GEr M H RT
Jb€Dp
HjbcllfF)_l)T ®HHR HJb’ Z (ijVg,)T
Jb€Dp
® (L7 + Lj?b”’ +ypl)),

(61)
with gradients of (25) replaced with the local variables.
The analog beamformer GR* in (61) is unconstrained and
vectorized, we do unvec(vec(GfF )) to shape it into correct
dimensions and then set GfF = Q(ZGgF ) € P, to meet
the unit-modulus and quantization constraints. For the top
layer, the optimal stream power allocation can be included
while searching the multiplier ¢, to satisfy the sum-power
constraint p,. Assuming the multiplier ¢, to be fixed, the
per-link independent power optimization problem Vj;, € Dy
can be stated as

He H ool
r}r;ix w, Indet(I+ VI GRF Hj{,R.JHbe{fFijij) )
H
—Tr(VHGRF (LI" Lom +Ub )GRFViijb)'

In (62), in» ¥jp TEMAains
independent and the multiplier ¢, must be updated
based on the sum of the transmit covariance matrices
> n GRF VH P,V; GRF , once all the power matrices Pj,
are updated 1n parallel Solvmg (62) in parallel Vj, leads to
the following optimal power allocation scheme

the update of power matrix P;

A R A A TSR
H~H H
- (VEGIHIR

lHjb GbVJh) ) :

Finally, the Lagrange multiplier can be searched with the
Bisection method and while doing so, the water-filling for the
powers for each user in DL in 9, can be done in parallel
with (63). Including the optimal power allocation (63) in the
Lagrangian (58) leads to

L= wj,Indet(1+VE GRFHIRTH,, GRIV,, P, )
Jb€Dp ”
~ Te(VE GRFY (LIn 4+ LO 4+ g, )GREV,, P, ) + s
(64)
Multiplier ¥, should be such that (64) is finite and the value
of ¥, should be strictly positive. It can be searched by solving
the following problem
min max LD (v, PPT),
v PP (65)
s.t. Yyp = 0.

where PbD L denotes the collection of powers in DL for BS b.
The dual function

max LPY (v, PPF) (66)
PDL

b
is convex [62] and can be solved with the Bisection Algo-
rithm. When (63) becomes non-diagonal while searching the



Algorithm 2 Parallel and Distributed Hybrid Beamforming

Given: The rate weights, in-cell CSI and interfering channels.

Dedicate: Multiple processors in UL and DL Vb.
Initialize: G,,V;,,Uy,,Vj» € Dy, Yk, € U, in each cell.
Repeat until convergence
Cooperation stage (Vb € 8B)
Share GRF,FRF and Uy,.V;,, Yk, Y
For each cell (Vk;, € Up,Vjp € Dy,.)
Update L§;’, Lil’: from the memory.
Based on the feedback, update L9 and L
Update R_kbR_E and R, b R
Solve in parallel Vb € 8
Parallel DL for BS b

Set: lﬁb =0, lﬁb = lﬁmax.
Compute Vd in parallel with (59) and normalize it

from the memory.

Update Rf and LI " Vjp from the memory.

Compute GRF w1th (61), do unvec and get /GR"
Repeat untll convergence
set g = (Y +91) 2
In parallel Vj,
Compute P;, with (63)
[(Xp, .Dp, . Yp, | =SVD(P;,)
Pj, =Dy,
Qj, = GijijijIZG{;I
if constraint for ¢, is violated
set Y = Yp ,
else ¥, = Uy,
Parallel UL for BS b
Set: /lkb =0, /lkl, = /lmax Vkp.
Compute Ud (49) in parallel and normalize it
Repeat untll convergence in parallel Yk,
set Ag, = (Ag, + Ak, )/2
Compute Py, in parallel with (50).
[(Xp,.Dp, . Yp, | = SVD(Fy,)
Set Pkb = Dth
Set Tb = Uk,, PkbUg
if constraint for Ay, is violated
set /lkb = /lkb

cse T, =
Update R“I ,RE, Vkp.
Compute F{* with (56) and get /FR".
Repeat
Quantize GRF and FRF, with Qp(-), Vb

multiplier ¢, we take the SVD of the stream powers in
parallel for each DL user and set P;, = D;Zd, Vjp. After each
iteration, the FD BSs must exchange information such that the
local variables could be updated. The complete procedure to
execute the cooperative P&D-HYBF for WSR maximization in
a multi-cell mMIMO mmWave FD network is formally stated
in Algorithm 2. Once it converges, the combiners for the UL
and DL users must be chosen as the MMSE combiners, which
will not affect the rate achieved at convergence.

Remark 2: A feedback from the neighbouring FD BSs is

required only to update the out-cell local variables LJQb‘” and

Lgb“’. As we considered the analog beamformer and combiner
in the optimization problem, only one analog beamformer and
combiner of bigger dimension and many digital beamformers
of minimal dimension need to be shared by each FD BS, re-
gardless of the number of users served in a mMIMO scenario.
Moreover, omitting the digital combiners reduces the per-
iteration computational complexity, and the communication
overhead for P&D-HYBF is also minimized. To further reduce
the communication overhead, if the interference and the CI
channels among different cells vary slowly, the FD BSs
can consider updating them only when these channels have
changed significantly compared to the last feedback stage.

Remark 3: BEach BS has full flexibility to reconsider the
allocation of processors in UL and DL in a highly asymmetric
traffic scenario. For example, suppose that BS b solves the
problem early in one direction with fewer users, i.e., in UL or
DL. In that case, the idle processors can be reallocated imme-
diately to serve the transmission direction with many users to
further distribute the computational burden and achieve faster
convergence.

C. On the Convergence of P&D-HYBF

The convergence proof for P&D-HYBF follows similarly
from the proof stated for the C-HYBF scheme. Compared to
the centralized version, fixing the local variables leads to a
different type of information saved for each communication
link while updating its beamformer. As the beamformers
are computed as the dominant generalized eigenvectors, they
increase the WSR for every link at each iteration. However, the
increase is different as the local variables’ information differs
from the information captured in the gradients. The gradients
are updated immediately before updating each beamformer,
and the local variables are updated in a synchronized manner
in parallel once all the FD BSs have entirely updated their
UL and DL beamformers. However, as in P&D-HYBF the BSs
share information about the updated variables at each iteration,
it makes the beamformers’ update aware of the generated
interference towards other links, which leads to a monotonic
increase in WSR and assures convergence.

Fig. 4 shows a typical convergence behaviour of the pro-
posed C-HYBF and P&D-HYBF schemes in comparison with
the centralized fully digital beamforming scheme. It is also
visible that the P&D-HYBF requires a similar number of
iterations to converge as the C-HYBF and therefore requires
a minimal amount of information exchange among different
cells. We can also see that the increase in WSR at each
iteration is different for both designs as the information
captured in the gradients and local variables differs. It is also
highlighted that despite being a decentralized design, the P&D-
HYBF scheme achieves similar WSR as the C-HYBEF.

D. Computational Complexity Analysis

For complexity analysis, we assume equal number of users
in DL and UL in each cell, i.e., D, = D and U, = U, Vb € B.
We also assume the same number of antennas in each cell for
the BSs, UL and DL users.
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Fig. 4: Typical Convergence behaviour of the proposed HYBF
designs with 32 RF chains in comparison with the fully digital
beamforming.

1) Computational Complexity of C-HYBF: One iteration of
C-HYBF consists in updating BD DL beamformers V;,, BU
UL beamformers Uy,, B analog beamformers GR¥ and B
analog combiners FfF . Assuming that the number of antennas
get large and the computations take place at the central node
iteratively, the per-iteration computational complexity of the
proposed C-HYBF scheme results to be

~ O(BU>NE" + BPUDN?, + B°D*N,
+ B*DUNEF® + BMRF> M2 + BNFF N2
+ BDd;, MF** + BDdy, N3, ).

(67)

Note that the complexity of C-HYBF (67) scales quadratically
as a function of the number of cells B (network size) and users
U or D (density).

The computational complexity of P&D-HYBF in DL and
UL for each FD BS is fully decoupled on different processors.
Therefore, in the following, it will be analyzed separately
under the assumption that the dimensions of the antennas get
large.

2) Worst-case Computational Complexity in DL for P&D-
HYBF: We first assume the number of computational proces-
sors dedicated for DL equal to the number of DL users for each
FD BS. The worst-case computational complexity for each BS
in P&D-HYBF in DL is given for the processor which has to
update one digital beamformer and then update also the analog
beamformer GgF , which is given by

DL ~ O(BDN? + BUNFF® + d;, MEF> + MFF>M?). (68)

If the number of processors dedicated for DL is less than
the total number of DL users, then each processor may have
to update K digital beamformers before updating the analog
beamformer GfF . In that case, the worst-case complexity is
given for the processor in each cell which updates K digital

beamformers and then also the analog beamformer. In such a
case, the complexity is given by

DL ~ O(KBDN}, + KBUNK"® + Kd;, MFF* + MFF*M3).
(69)
3) Worst-case Computational Complexity in UL for P&D-
HYBF: Assuming the dedicated processors for UL equal to
the UL users in each cell, the worst-case complexity in each
cell is given for the processor which has to update one analog
combiner FR¥ and one digital beamformer Uj,. In such a
case, the complexity results to be

UL ~ O(BUNEF’ + BDN?, +dy, N}, + NEENZ).  (70)

If the number of dedicated computational processors is less
than the UL users, then each processor may have to update
N UL beamformers Uy, before updating the analog combiner
FfF . In such a scenario, the worst-case complexity is given
by

UL ~ O(NBUNKF? +NBDN;, +Ndi, N, +NE"Np). (71)

From the analysis presented above, it is clear that the com-
plexity of P&D-HYBEF distributed over multiple processors at
each FD BS is significantly less than the C-HYBF scheme.
Namely, the latter is quadratic, and the former is only linear
in the number of UL and DL users and number of cells.
Intuitively, for every beamformer’s update, we have to invert
the covariance matrices in the gradients for all the remaining
users. As we have to repeat this for all the beamformers, it
leads to a quadratic behaviour. Note that any of the centralized
HYBF schemes would have a quadratic behaviour. On the
other hand, in P&D-HYBF, each processor has to update only
one or a very limited number of variables and linearize with
the gradients for all the remaining users at each iteration,
which leads to only a linear increase in the complexity.

VI. SIMULATION RESULTS
This section presents simulation results to evaluate the per-
formance of the proposed C-HYBF and P&D-HYBF schemes
for the multi-cell mMIMO mmWave FD network. For com-
parison, we consider the following benchmark schemes:

o A centralized Fully Digital FD scheme affected by the
LDR noise.

o A centralized Fully Digital HD scheme with LDR noise,
serving the UL and DL users by separating the resources
in times. It is neither affected by the SI nor by the CIL.

To compare the performance with a fully digital HD system,
we define the additional gain in terms of percentage for an FD
system over an HD system as
WSRrp — WSRup
WSRH D

where WSRrp and WSRyp are the network WSR for the
FD and HD system, respectively. We assume the same SNR
level for all the FD BSs, defined as

SNR = pp [0},

Gain = x 100[%]. (72)

(73)

with transmit power pj, and thermal noise variance o-ﬁ. We
assume that the UL users and FD BSs transmit with the same



TABLE II: Simulation parameters to simulate a multi-cell
mMIMO mmWave FD system.

Parameters
Cells B 2
UL and DL users Uy, Dy 1, Vb
Data streams djb,dkb 2, Vb
BSs antennas My, Ny, 100, 60
Clusters and Paths | Ne »,Np.p 3,3
RF chains (BSs) MRF = NRF 10,12,16,32
Rx RF chains N, 10,12,16,32
User antennas My, = Nj, 5
DL user antennas Nj 5
Rician Factor Kp 1
Array response Qr bs0st ky, > Or i, ULA,ULA,ULA
AoA iy, Pk U~ [-30°,30°]
AoD 0, .0k, U~ [-30°,30°]
Rate weights Wi, Wi 1
Sum Power Pkp, > Pb 1,1
Uniform Qp(+) 4 or 10 bits
Quantizer
Relative Angle 0 90°
Array separation Dy, 20 cm

amount of power, i.e., px, = p», Vkp. The thermal noise level
for DL users is set as o7 = o7, V,jp. The total transmit power
is normalized to 1 and we choose the thermal noise variance
to meet the desired SNR. We simulate a multi-cell network
consisting of B = 2 cells with each FD BS serving one DL
and one UL user. P&D-HYBF is evaluated on a computer
consisting of 4 computational processors, equal to the number
of users in the network, i.e., fully parallel implementation.
BSs are assumed to have M; = 100 transmit and N, = 60
receive antennas. The RF chains in transmission and reception
for FD BSs are chosen as My"= N = 32,16,10 or 8 and
the phase-shifters are assumed to be quantized with a uniform
quantizer Qp(-) of 10 or 4 bits. The DL and UL users are
assumed to have N; = N, = 5 antennas and are served
with dj, = di, = 2 data streams. The number of paths and
number of clusters are chosen to be N.p = N, = 3 and
the AOA 9"/” Pl and AOD ¢n: Pfeb are assumed to be
uniformly distributed in the interval U ~ [-30°,30°], Vi, k.
We assume uniform-linear-arrays (ULAs) for the FD BSs and
users. For the FD BSs, the transmit and the receive array are
assumed to be separated with distance D; = 20 cm with a
relative angle ©, = 90° and r, , in (7) is set given Dp and
®; as in (9) [21]. The Rician factor is chosen to be «x; = 1
and the rate weights are set to be wy, = w;, = 1. Table II
summarizes all the parameters’ choice. Digital beamformers
are initialized as the dominant eigenvectors of the channel
covariance matrice of each user. The analog beamformers and
combiners are initialized as the dominant eigenvectors of the
sum of the channel covariance matrices across all the DL
and UL users, respectively. The results reported herein are
averaged over 100 channel realizations. Note that as we are
assuming perfect CSI, the SI can be cancelled only up to the
LDR noise floor, which reflects the residual SI power.

Fig. 5 shows a typical execution time to run the C-HYBF
and the P&D-HYBF with 32 RF chains. We can see that
the former requires significant computational time as it can

—<— Centralized HYBF

—&— P&D-HYBF-DL + local variables
—<— P&D-HYBF-UL + local variables
—&— P&D-HYBF-UL sub-problem
—¥— P&D-HYBF-DL sub-problem

Execution time [sec]

5 10 15 20 25 30
Number of lterations

Fig. 5: Execution time for the C-HYBF and the P&D HYBF
schemes with 32-RF chains.
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Fig. 6: Average WSR as a function of the LDR noise at
SNR= 20 dB with 32 or 16 RF chains and 10 or 4 bit phase-
resolution.

only update different variables iteratively based on alternating
optimization, one after the other. Transferring full CSI to the
central node and communicating back the optimized variables
to all cells will add significant additional time. For the latter,
computation of the local variables takes place in parallel for
each BS, which has to compute only the variables associated
with its users in parallel on different processors. We can see
the P&D-HYBF requires ~ 1/21 and ~ 1/2.3 less time in UL
and DL, respectively, than the average execution time of C-
HYBEF. The complexity of P&D-HYBF in DL is dominated
by the computation of one large generalized dominant eigen-
vector to update the vectorized analog beamformer, which has
complexity O(MIfF 2Mg). In UL, complexity of the analog
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Fig. 7: Average WSR as a function of the LDR noise at SNR=
20 dB with 12 or 10 RF chains and 10 or 4 bit phase-resolution.

combiner is only O(NIfF Ng). We also show the execution
time to solve one sub-problem for the bottom layers in UL
and DL, which is negligible compared to the average execution
time of C-HYBF. Given the complexity analysis in Section-
V-D, we can expect that the execution time of C-HYBF will
increase quadratically as the number of users or cells increase.
P&D-HYBF requires significantly less time and the execution
time is expected to increase only linearly as the network size
grows, which makes it very desirable.

Fig. 6 shows the average WSR achieved with both schemes
as a function of the LDR noise with 32 or 16 RF chains
and 10 or 4 bits phase-resolution. We can see that the P&D-
HYBF performs very close to the C-HYBF scheme with the
same number of RF chains and phase resolution. Fully digital
FD achieves ~ 83% of additional gain than the fully digital
HD for any LDR noise level. For a low LDR noise level
kp < —80 dB, C-HYBF and P&D-HYBF with 32 RF chains
achieve ~ 74%, 55% and ~ 71%, 54% additional WSR with
10,4 bits phase resolution, respectively. With 16 RF chains,
the gain results to be ~ 67%,48% and ~ 64%,47%, with
10,4 bits phase-resolution, respectively. As the LDR noise
variance increases, the achievable WSR for both the FD and
HD systems decreases considerably. For k;, > —40 dB, all of
the beamforming schemes achieve a similar average WSR. Fig.
7 shows the average WSR as function of the LDR noise with
only 12 or 10 RF chains and with 10 or 4 bits phase-resolution.
We can see that both schemes achieve significant performance
improvement in terms of WSR with a few RF chains and very
low phase-resolution and significantly outperforms the fully
digital HD system at any LDR noise level. In Fig. 7, for LDR
noise k, < 80 dB, C-HYBF and P&D-HYBF with 12 RF
chains achieves ~ 60,43% and ~ 57,43% additional gain with
10,4 bit phase-resolution, respectively. With 10 RF chains,
the additional WSR results to be ~ 58,38% and ~ 53, 37%,
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Fig. 8: Average WSR as a function of the SNR with LDR
noise kx, = kp = Bp = Bj, = —80 dB, with 32 or 16 RF
chains and 10 or 4 bit phase-resolution.
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Fig. 9: Average WSR as a function of the SNR with LDR
noise ki, = kp = Bp = Bj, = —80 dB, with 12 or 10 RF
chains and 10 or 4 bit phase-resolution.

with 10, 4 bit phase-resolution, respectively. As the LDR noise
increases, the achievable average WSR decreases and results
to be a fewer bps/Hz for any of the designs.

Fig. 8 shows the average WSR as a function of the SNR
with 32 and 16 RF chains and with 10 or 4 bit phase-resolution
affected with LDR noise k;, = —80 dB, in comparison with
the benchmark schemes. A fully digital FD system achieves
~ 94% and ~ 82% additional gain at low and high SNR,
respectively. With 32 RF chains and 10 bit phase-resolution,
the C-HYBF scheme achieves ~ 79% gain at all the SNR
levels and the P&D-HYBF achieves ~ 77% and ~ 68% gain
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Kk, = Kp = fp = 8, = —40 dB, with 32 or 16 RF chains and
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at low and high SNR, respectively. As the phase-resolution
decreases to 4-bits, we can see that the loss in WSR compared
to the 10-bit phase-resolution case is much more evident at
high SNR. Still, with 16 RF chains and 10 or 4 bit phase-
resolution, both schemes significantly outperform the fully
digital HD scheme for any SNR. Fig. 9 shows the average
WSR as a function of the SNR with same LDR noise level
as in Fig. 8, i.e., k = —80 dB, but with 10 or 12 RF chains
and 10 or 4 bit phase-resolution. The achieved average WSR
presents a similar behaviour as in the case of a high number
of RF chains. We can see that both the proposed schemes
significantly outperform the fully digital HD system with only
10 RF chains and with a very low phase-resolution of 4 bits.

Fig. 10 shows the achieved average WSR as a function
of the SNR with LDR noise k;, = —40 dB, which reflects
communication systems in which the signal suffers from a very
high level of distortions. It is visible that at very high LDR
noise level, the WSR does not increase as the SNR increases.
When the LDR noise dominates, decreasing the thermal noise
variance has negligible effect on the effective signal-to-LDR-
plus-thermal-noise ratio (SLNR). Therefore, dominance of
the LDR noise variance acts as a ceiling to the effective
SLNR ratio, which limits the achievable WSR. Consequently,
increasing the SNR does not dictate higher WSR in a multi-cell
mmWave FD system in the case of high LDR noise, which
saturates at SNR=10 dB. We can also see that with a large
LDR noise level, C-HYBF and P&D-HYBF perform similarly
with the same phase-resolution and RF chains. At high SNR,
both schemes achieve higher WSR at high LDR noise level
with 16 RF chains and 10 bit phase-resolution than the case
of 32 RF chains and 4 bit phase-resolution. Fig. 11 shows the
average WSR as a function of the SNR with only 10 or 12 RF
chains and with 10 or 4 bit phase-resolution. We can also see
that, at very high LDR noise level, both schemes still perform
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similarly even with a very low number of RF chains and low
phase-resolution. Fig. 11 also shows that both schemes with
10 RF chains and 10 bit phase resolution are more robust to
the LDR noise than the case of 12 RF chains and 4 bit phase-
resolution.

As the results reported above consider LDR for all the
devices, the achieved WSR as a function of LDR noise
variance can be expected in a practical multi-cell FD system
with non-ideal hardware. From the results presented above, we
can conclude that both the proposed HYBF schemes achieve
significant additional gain and outperform the fully digital HD
system with only a few RF chains. Both the schemes achieve
similar average WSR with the same number of RF chains and
phase-resolution. However, P&D HYBF is much more attrac-
tive because it can be distributed at each FD BS and allows a
parallel update of all the variables on multiple computational
processors. It eliminates the problem of transferring full CSI
to the central node every channel coherence time. Moreover,
it results to be also highly scalable as its complexity increases
only linearly as the number of users or BSs increases. C-
HYBF suffers from a quadratic increase in the computational
complexity and requires a massive computational power to
update all the variables jointly based on alternating optimiza-
tion. P&D-HYBF achieves a similar average WSR as the C-
HYBF but imposes a minimal computational burden on each
processor and converges in a few iterations, thus requiring
only a limited amount of information exchange among the
BSs. We have also investigated the execution time for both
designs and observed that parallel HYBF requires significantly
less execution time. Therefore, it has the potential to be
implemented in a real-time large and dense mmWave multi-
cell massive mMIMO FD network and can deal with the
optimization of numerous variables for the UL and DL users
very efficiently.



VII. CONCLUSION

This paper has presented two joint HYBF schemes for
WSR maximization in a multi-cell mmWave mMIMO FD
systems. Firstly, we have presented a C-HYBF scheme based
on alternating optimization. It has several drawbacks and not
desirable for a real-time multi-cell mmWave FD system. To
overcome all of its drawbacks, we have proposed a novel
P&D-HYBF design, which is very prominent for the next
generation of mmWave multi-cell FD systems. Its complexity
scales only linearly as a function of the network size and has
a very low-complexity. Simulation results show that both the
HYBF designs achieve similar average WSR and significantly
outperform the centralized fully digital HD systems with only
a few RF chains and very low phase-resolution at any LDR
or SNR level.

APPENDIX A
GRADIENTS
To derive the gradients (14) and (16) to construct the
minorized WSR cost function, we apply the following result
we derived in Lemma 3 [42].

Lemma 1. Ler Y = AXB +a A diag(X + Q)B +
b diag(CXD + E) + F. The derivative of Indet(Y') with
respect to X is given by
OlndetY
’;—; —AHYHBH 4 4 diag(AHY~H BH)
+b C"diag(Yy")D".
The result stated above can be used to construct the gra-
dients for the multi-cell mMIMO mmWave FD system. To
proceed, we write the WSR cost function (12) as

D0 > [wk,Indet(Ry, ) - wi, Indet(Re) ]

beB kpeUy

+Z Z [w, Indet(

beB jLeDyp

(74)

(75)
R;,) - wj, Indet(R;,)]

To compute the gradient Gk 5 o optimize the transmit
covariance matrix Ty, for UL user kp, in the same cell for
which Ty, acts as interference, we have to linearize with
respect to the users mp € U, with mp # kp. Applying the
result in (74) for R, as X and then Ry;; as X U, — 1 times,
and considering that X is Hermitian, yields the gradient

AUL H RF (R— 1 : - -
G, = § Wy, [Hit, FRXT (R - R, + Bydiag(R;L — R,
mbE(L(b
mp#kp

) ERE " Hy, + ko, diag (HE, FRT (RL

(76a)
To linearize with respect to the DL users in the same cell for
which the transmit covariance matrix Ty, acts as CI, we first
replace Rj, as X and then RTb as X in (74), and repeating it
for all the DL users in the same cell leads to the following
gradient

GPL, =D wy, [HY (R! - R;) + B, diag(R7! - Ry
Jb€Dp
))Hjj k. + ki, diag(H) , (RZL— R},,')Hjb,kb)]’

(76b)

-R; )FRFTH,, ).

By repeating a similar reasoning for all the remaining gradients
and applying the results provided in (74) yields the gradients

61,3 T ln

FRF (R L-R,'+ ﬂcdlag(Rf

c kb c
ceBke.eU,
c#b
R, ))FRF H. 1, +kkbd1ag(kabFfF(R Rk )
FfFHHc,kb)]’
(76¢)
GZJLE Z ZWJC [H] kb Je _R_ +ﬁj dlag(
Cceg Je€Dc
R;'))Hc k, + ki, diag(H (R‘.: -R;")H 4,)].
‘ (76d)
GYL, = Zwkb [H} ,,F,fF(Rk - Ry + Bydiag(R R;;))
kp eUp
FRF"H,, p + ky, diag (HY LR (R -R;))
FRFH, ).,
(76e)
GPh = 3wy, [H] (R - R + By, diag (R, - R;))
IpbeDy
Ib#jb

H/ + k diag(H

GUL = D wi[H,FIF (R

Jb,.b
ceBke.eU,
c#b

# R R, H, )

(76f)
-R;' + Bediag(RL

- RZCI))FRF H.,+ khdlag(HH FRF (Rf -R; )
FCRFHHc,b)]a

(76g)
Gﬁ% = Z Z Wie [Hﬁ,b (R;*l - R]_l +B/fdiag(R;71
ce€B jo€D,
c#b
= RJ!)H. + kpdiag (R, (RE = RG],
(76h)

APPENDIX B

The proof of Theorem 1 follows similarly as in Appendix B
[42]. We proceed with the proof by considering the minorized
version of the optimization problem

max

ma D, D, wilndet(I+ U HY! FfPRELEST "H,,
GRF pRF beB kU

Uy,) - Tr(UF (GUL

+ Ag, 1 Ukb

DL UL DL
+ G —+
le b kp.b Gkb b

+30 wy, Indet(1+ VE GRF R
beB jpLeDyp

-1 RF H~RFH AUL
R]TH‘/th V./b) - Tr(ijGb (Gjb
AUL | &ADL RF
* Gfb,; + Gjbj + wbI)Gb ij)'

GDL
Jbsb

77
We first consider the optimization only with respect to V;, .
The proof for the digital beamformer Uy, will follow similarly.
When optimizing Vj,, all the remaining variables are fixed
and their information from their previous update is saved



in the gradients. Therefore, form (77), only the following
optimization problem needs to be considered

max  w, Indet(I+ V7 GRF"HY R_H;,G{"V;,)
Jb

~Te(VE GRF (GUL, + GRL 4 GUL 4 GPL (T8)

Jbsb Jb.b Jbsb
RF
+ypI)Gy, V5, ).

The proof consists in simplifying (78), until the Hadamard’s
inequality applies as in Proposition 1 [61] or Theorem 1 [63].

The Cholesky decomposition of the matrix (GRF " ((A}%fb +

(DL . (UL ADL RF . P H
Gt Gj,,,E + Gjb,B +ypI)GR") can be written as L, LY
where L;, 1s the lower triangular Cholesky factor. We can

define Vj, = LYV, , which allows to write (78) as

——H_ _ H -
max  w;,Indet(I+V;, " L7 GEF HZRjTjHbefF
Jb

u (79
Lj_'fvfh) —Tr(ij ij)'

Let E,-bDjbEth be the eigen-decomposition of
-1RFHyHp-1g. RFY -H o :
L. G, Hjijfijbi L.", where Ej is a unitary
——H
. . . _ H
matrices and D;, is diagonal. Let O;, = L i Vie Vie Lijy
and we can express (79) as

max wj, lndet(I + Oijjb) - Tl‘(Ojb). (80)
Jb

By invoking the Hadamard’s inequality [Page 233 [64]], we

can see that the optimal Oj, must be diagonal. Therefore,

1
Uj, =L;"E;,O; and thus

H -1 — 1
G HZRJT)HbefF =L;, L] L;7E;, O} Dy

b b
= GgRrft (GYE, + G,DTLb + (A;Z;LE + Gﬁ% +yp])GRE,
(81)
from which we select d;, dominant generalized eigenvectors,
equal to the number of data streams to be transmitted, which
concludes the proof for the digital beamformer V;, . For the
digital DL beamformers Uy, , the result mentioned above holds
immediately by applying it to the optimization problem

max  wi, Indet(I + Up! Hj! F*" "RLFRTH, U, )
kp b

H (UL | ¢DL , GUL | ADL
- Tr(U (GE,b +Glp + G+ G+ A, DUy, ).
(82)
and simplifying the terms in log det(-) and Tr(-) until the
Hadamard’s inequality applies to yield a result similar to (81).

APPENDIX C

To provide the proof for the analog beamformer, the re-
sults stated above cannot be applied directly as the KKT
condition (24) is not resolvable for foF , having the form
AngFAz = BleFBz. To solve it for GfF, we apply the

result vec(AXB) = BT ® Avec(X) [42], which allows to
rewrite (24) as

> (Vv v, Vi e Rl R, GEN) ) e

Jb 7 jb Jb
Jb€Dp
HZR%Hjb)VeC(GgF) - ( ij Vj[; i (G%,Lb
~ADL ~UL ~ADL RF\ _
+ Gﬁ’b + Gjb,E + Gjb,E +ypl))vec(G,p") =0.

(83)
which now become resolvable for vec(G?F ). To get to the
KKT condition (83), we first consider rewriting the cost
function such that, taking its derivative leads to (83). Firstly,
we consider applying a noise whitening procedure using the
noise plus interference covariance matrix Riz on the received

. . . . Jb
signal. We can rewrite the whitened signal as

T N

- -1/2
where y;, = )

y;, and n;, represents the whitened noise
plus interference signal. The resulting WSR optimization
problem by computing the minorizers for all the links with
respect to the analog beamformer GgF can be stated as

H T -
max > wislndet(I+vee(Grr)” (V3 Vi) @ H] R
Jjr€D
H
Hj, )vee(Gy")) = Tr(vee(GL") " (V;, Vi @
(G%fb + G%%b + GZfE + Gﬁfg +ypl))vec(Ggr)).

(85)
By taking the derivative of (85) leads to the KKT condition
(83). Note that the restatement of the whitened version stated
with vec(GfF ) has the same form as the digital beamformer
V;, or Uy, . By following a similar proof for V;, , now it can
be easily shown that we can optimize the analog beamformer
vec(GfF ) as one generalized dominant eigenvector, which is
summed for all the users in DL in the same cell.
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