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communication systems
performance optimization using
leakage-based precoding
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The spectral efficiency (SE) can approximately double when using full-duplex (FD) multiuser MIMO
communications. However, there are difficulties because of multiuser interferences, self-interference
(SI), and co-channel interference (CCl). To improve the SE of the downlink (DL), this paper proposes
CCl-aware enhancement to SLNR (signal-to-leakage-and-noise-ratio) signal-to-leakage-and-noise-
ratio (SLNR). It considers a suppressing filter at the receiver to cancel the interferences again designing
a beamformer based on CCl-plus-noise covariance matrices for every user at the transmitting side.
Additionally, we propose an improvement in the SLNR method by using SI-plus-noise covariance
matrices to design uplink (UL) beamformers. Unlike zero-forcing and block-diagonalization, the SLNR
approach serves numerous antennas at users and BS (base station). The total SE of the communication
yielded using the optimized precoder, i.e., obtained from the SLNR-based precoding. To achieve
maximum energy efficiency (EE), we use a power consumption model. Simulation results confirm that
full-duplex performs well compared to half-duplex (HD) when the number of antennas at every user in
uplink as well downlink channels grow, for all Rician factors, for slight powers of the CCl and SI, and a
limited number of antennas at the BS. With the proposed scheme for given transmit power and circuit
power, we demonstrate that FD has a higher EE than HD.

Recently, it is widely recognized that multi-user (MU) multi-input-multi-output (MIMO) systems have the ability
in improving wireless systems capacity!. Currently, multi-user MIMO wireless communication systems convey
in a half-duplex way of communication this indicates uplink and downlink channel users operate in both direc-
tions by separating the time slots or frequencies, namely, frequency division duplexing (FDD) or time division
duplexing (TDD), respectively. To exploit the current resources, it is necessary to use efficient communication
techniques. Full duplex (FD) cellular system is becoming the key promising method for the future trends of
mobile communications. This is because it has the potential to approximately double the spectral efficiency
compared with the traditional half-duplex (HD) mode of communication®-°. However, in the FD-based system,
there is a self-interference (SI) from the transmitter to the receiver at the base station (BS) and it is a pivotal
obstruction that degrades the SE of the communication system. Hence, several techniques are being proposed
to substantially suppress the SI and then use the FD mode of communication for different applications. Some
of the SI mitigation techniques are antenna cancellation combined with RF interference cancellation®, analog
cancellation’ and digital baseband interference suppression®. Insightful current studies about the SI cancellation
in FD devices illustrated that SI is able remarkably mitigated to make the residual SI power as low as the noise
floor®~2. This positive result shows that FD-based systems can be employed in practical scenarios.

Related works. Several precoding methods were studied for the suppression of the SI for FD single-user
MIMO systems (see'*"1°). Moreover, FD multi-user MIMO communication where uplink users transmit signals
to the BS and downlink users receive signals from the base station at the same frequencies and times are analyzed
in'®2, Subsequently, the FD-MU-MIMO system takes into account co-channel interference (CCI) from UL to
DL, SI from DL to UL, and multi-user interference (MUI) in both channels sum-rates was studied in>*-%°. The
authors in** use ZF-BF (zero-forcing beamformer) and ZF-R (ZF receiver) for downlink and uplink commu-
nications, sequentially to maximize the sum rates of both channels. On the other hand, the authors in* utilize
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a block diagonalization (BD) precoder and a block diagonalization receiving filter for downlink transmission
and uplink reception, respectively. The researchers in'®?** considered users of both channels employed a single
antenna. Hence, it is necessary to study Full-duplex MU-MIMO communication systems in which users at both
channels are equipped with numerous antennas. Moreover, the BD and ZF beamforming schemes in'¢-*?2-2% are
low complexes sub-optimal transmission techniques and cancel the MUI completely. Although these schemes
are low complex to implement, for several applications of multi-user MIMO systems, there are constraints on
the employment antennas at users as well as the base station. Furthermore, these schemes ignore the background
noise component and suffer from noise enhancement, especially in the lower SNR range. Hence, SINR precod-
ing was introduced in*>?” which makes a balance between eliminating the MUI and the noise to achieve the best
system performance. Nevertheless, the solution can only be obtained iteratively because of the complexity and
coupled nature of the optimization problem. Thus, signal-to-leakages-ratio (SLR) techniques were investigated
for downlink multiuser MIMO communications to overcome the limitations of these precoding approaches
in?-%. Consequently, this scheme realizes a better trade-off between performance and complexity. This makes a
balance between the cancellation of the MUI and noise. Furthermore, this method maximizes the desired power
for every user meantime, minimizes the power of the leakage added by this user for all other users. The coeffi-
cients of the precoder for all users are concurrently maximized using the SLNR method. This metric can decou-
ple the optimization problems again and provide closed-form solutions. The employment of an SLNR-precoding
scheme for a Full-duplex mode of communication is an encouraging approach for upcoming generation wireless
systems*' -3, This is because it substantially increases the SE without any limitation on the number of antenna
configurations at the BS and users.

In this study, for the DL transmission, a CCI-aware advancement to the SLNR beamforming approach is
proposed. This approach applies a Principal Component Analysis (PCA) suppression filter at the receiver to
cancel the interferences as well as design a precoder using CCI-plus-noise covariance matrices for every user
at the base station. In addition, this study proposes self-interference-aware advancement based on the SLNR
precoding method for the uplink system and designs a precoder based on the SI-plus-noise covariance matrix.
Further, this system utilizes a suppressing filter at the receiver to mitigate the interferences. In**-*, the SLNR-
based precoding scheme is only implemented for DL MU-MIMO systems, however, this paper proposes for
Full-duplex multiuser MIMO way of a communication system.

Besides, the SE of Full-duplex multiuser MIMO communication for independent and identical distributed
(i.i.d) Rayleigh fading environment or Gaussian distribution has widely analyzed in'*-1%2>-2, Additionally, in
recent studies'>?, the authors consider Rayleigh fading model, which is suitable for modeling rich scattering
environments. But, in day-to-day activities, there exists a line-of-sight (LOS) path between the receiver as well
transmitter, e.g., in mmWave and short-range systems. This implies that Rayleigh fading fails to capture the
presence of LOS the dominant feature of future wireless systems operating by the candidate millimeter-wave
(mmWave) systems. For the sake of overcoming such scenarios, this paper explores the Rician fading environ-
ment, i.e., formulating the channel which constitutes LOS plus non-line-of-sight (NLOS) elements.

Energy Efficiency (EE) is another crucial performance metric to consider while developing wireless com-
munication systems for 5G and beyond, in addition to spectral efficiency. It is caused by an increasing disparity
between battery capacity and signal processing circuit power consumption. Because FD systems simultaneously
receive and transmit signals, they require more energy to cancel self-interference and co-channel interference®*.
As aresult, the EE of a Full-duplex can be exceeded by the Half-duplex system if the precoder/beamformer is not
designed correctly. In most related studies, the SE was maximized using ZF/BD precoders'®-?! or SLNR-based
schemes®*. This work is an extension of*? and**, EE maximization was not explored, only SE was optimized for
the system model that considered MUT and SI interferences as shown in** as well as the FD-based system in*
which took into account the MUI, CCI, and SI interferences. Motivated by the above-related works, our study
further investigates the FD-MU-MIMO system’s performance as stated in the following subsection.

Main contributions. Our research investigates SLNR-based precoding techniques to greatly enhance the
spectral efficiency and energy efficiency of Full-duplex multi-user MIMO comparison with Half-duplex multi-
user MIMO communications. The main contributions are summarized as described as:

e The investigation of sum rates is derived by taking into account CCI for the downlink channel, SI for the
uplink channel, and MUI at both channels for multiple streams per user in the flat Rician fading channel.

e For the DL communication, co-channel interference aware improvement to the SLNR scheme is developed.
This system utilizes a PCA (Principal Component Analysis) whitening filter at the receiver for interference
suppression and designing a precoder by making use of the CCI-plus-noise covariance matrix.

e For the uplink channel, an SI-aware enhancement to the SLNR precoding technique and designing a new
precoder using the self-interference-plus-noise covariance matrix is proposed. Additionally, this system uses
a mitigation filter for interference suppression.

e The spectral efficiencies for both downlink and uplink channels are obtained using the optimized precod-
ers that are found in the proposed SLNR-based precoding schemes. Then, a new total SE of the Full-duplex
multi-user MIMO mode of transmission is attained by adding the sum rates of both channels.

® Based on appropriate precoder design and circuit power consumption, the overall EE is maximized.

e The simulation results demonstrate that the SE of full-duplex regard to SLNR-precoding technique performs
well compared to an HD system when the number of antennas at every user grows in UL and DL channels,
for a small transmitted power at UL users and the BS, and all Rician factors. We also demonstrated that the
achievable EE of FD is higher than the existing HD system when employing the proposed Precoding strategy
for the effects of transmit power and circuit power consumption.
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The remainder of the paper is organized as follows. The detailed system model descriptions for downlink and
uplink channels are provided in section “System models” Section “Proposed SLNR precoding scheme and prob-
lem formulations” presents the proposed optimization problem formulations to design the precoder coefficients
for UL and DL channels by relying on the SLNR metric. Then, the total spectral efficiency of the Full-duplex
Multiuser MIMO communications is attained by equating the optimized precoder to the sum-rate equations
of UL and DL channels. Section “Energy efficiency maximization” presents the power consumption model,
Problem Formulation, and Maximization of EE. Section “Simulation results and analysis” describes simulation
results working on Matlab to evaluate the SE of Half-duplex and Full-duplex communications. Finally, section
“Conclusion” presents concluding remarks.

Notations: Bold lowercase and uppercase symbols or letters represent vectors and matrices, respectively. In
stands for the N x N identity matrix. (.)"!and () designate matrix inversion and hermitian, sequentially. |.|
denotes determinant operator. E[.]and Tr(.) are mathematical expectation operators and trace, respectively.

System models
As shown in Fig. 1, we consider Full-duplex based base-station. From the figure, the BS employs a total of

Nrr = N; + N, antennas, where N represents the number of transmitting antennas to transmit multiple data
streams to DL U, users and N, denotes the number of receiving antennas to receive multiple data streams from

ULU, users. The number of antennas at every user in DL and UL channels are represented by N 1,1 = 1,2,... , Uy
and N,,;,1 = 1,2, ..., Uy, respectively. We assumed Rician flat fading channel and this comprised of specular
3638 The channel components can be described by

and scattered components
H, =,/ KL_HI:LJ + ﬁﬁﬁb I=1, 2,...,Ur The representation of r depends on the downlink and uplink
channels. K stands for the Rician factor, H, ; denotes the deterministic matrices with all of the entries magnitude
of ones. As well, H,  is the Rayleigh component with entries i.i.d complex Gaussian random variables with zero-
mean unit-variance, i.e., 4 .A"(0, In,,). Further, we assume that perfect channel state information at channel

users and BS. The detailed mathematical model formulations for the FD-based MU-MIMO scenario are provided

in the next subsections.
By taking into account the aforementioned design considerations, the received

Downlink signal model.
vector at the /th user is defined by

Yd,; = Hapx + Heei1Xeeif + Vay (1)

whereyy; € € Nei*1is the signal received by user ; Hy; € € Na*Ni represents the channel matrix; x € ¢ Ni*!
denotes the transmitted signal vector; Hy.;j € 4 Nt *Nul and Xeii) € € Nwt*Lare the channel matrix and trans-
mitted signal vector of the co-channel interference, respectively; and vz; € % N4/*1 denotes the noise vector
distributed as % .4"(0,0In,,). The data streams and noise are assumed to be statistically independent.

We denote the data streams for the Ith user by a vector s, and this can be multiplied by a precoding matrix
Ay € € N*", where n represents the number of streams at every user and we assume that n < Ny . Further,
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Figure 1. A system model for single cell Full-duplex Multi-user MIMO communications.
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sq4;and Ag; can be normalized as E [sd lsgll] =1I,and Tr (Ad IASII) =Py /Ugforl =1,2,..., Uy, respectively.

Py, is the maximum transmitted hpower at the base station and we assume that is equal for every user. Therefore,
the vector that is precoded for I user is represented by

X4, = Agi84,- ()
By inserting (2), expression (1) can be rewritten as
Ui
yai =HaAgis4 +Hay Z Aqisdi + HecipXeciy + v i:1=1,2,..., Ug. (3)
il
As shown in the right-hand side of (3), the four parts designate the desired signal, MUI, CCI and noise,
sequentially.

Uplink signal model.  For the UL channel, we also use a precoder matrix B, ;€ ¢ N/ [ =1,2,...,U,
for prior communication. The letter m stands for the number of streams per user and it is assumed to be m < N;..

The precoder can be normalized as Tr (Bu IBH ) =Py forl =1,2,..., U, The transmitted power at each user

I is designated by P,;; and assumes that the same for every user. Therefore, the precoded signal vector for the
transmit signal x,,; € ¥ Ne!*! for the I user can be expressed as

Xyl = Bz, (4)
where z,; € € ™! denotes the intended signal vectors of user I. The input signal vectors are assumed to be
independent with unit variance and it can be normalized as E [zu,lzuH)l =I,forl=1,2,...,U,

At the Full-duplex based base station, the received signal vector y, € ¥ V! can be given by
Uy
Yu = Z H, Xy + HsriXsr,1 + Vu
I=1
U, 5)
=Hy Bz + Z Hy,iByizyi + Hspixsr1 + Vu
i#l

where H,, ;€ @ Nr>*Nui stands for the Rician flat fading channel matrices of user ; v, € 4 Ny x1 represents AWGN
dlstrlbuted asé AN (0,0 IN %x =xg7; € € N*land Hgyy € ¥ Nr*Niare the transmitted vector and the channel
matrix, respectively, of the self- 1nterference because of the Full-duplex-based BS for user ! in the uplink com-
munication. On the right-hand side of (5), the four terms stand for the desired signal, Multi-user interference,
self-interference, and noise of the Ith user, respectively.

Proposed SLNR precoding scheme and problem formulations
The problem formulations of the uplink and downlink channels are provided in the following subsequent
subsections.

Downlink channel model. This reconsiders (3) before we go forward to the optimization formulations.
The interferences and noise in (3) are challenging to decode the desired signal vectors for a given user. Conse-
quently, this study proposes an SLNR-based method that represses the impacts of CCI as well as maximizes the
SE of the downlink Full-duplex Multi-user Multiple Input Multiple Output systems with the existence of CCI for
a given receiver, based on only co-channel interference covariance matrix at the BS.

Thus, the Nj; X Ny, co-channel interference plus noise covariance matrices of (3) for the Ith user is expressed
as

H H 2
Mint,l = HCCi,ZE[XCCi,lxcci,l]Hcci,l + oy, INd,l

(6)
= Hcci,chci,ngi,l + UVZINdJ

where G = E[XCC, lxm } stands for the covariance matrices of the co-channel interference as well

Tr(Geei) = Pecij- Peci is the transmitted power of the UL users. We use Principal Component Analysis (PCA)
to whiten the interference signal. Then, the suppression matrix Q; is obtained from the eigenvector decomposi-
tion (ED) of the co-channel interference plus noise covariance matrices and it can be represented as
My = UZEIUIH . Therefore, the whitening matrix is given by Q; = X, / 2UlH . Expression (3) can be re-repre-
sented as follows by multiplying the whitening matrix Q).

Ua
rg = QHg1Ag84) + QHay Z Agisqi+ V4 (7)
i#l
where ¥4; = Q(HeciXcci + Va,)- V4, has a covariance of Iy, due to the interference suppression matrix.

Now, let us see the decoded vector at the Ith user for the matched filter WY 4, before we carry on to the precoder
design and this can be given by
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$q) = Wirg,. (8)

The matched filter, W 4, can be represented as

Wh, = ¢ (QHAL)" )

where ¢ designates the proportionality constant. Now, inserting (7) and (9) into (8), the decoded signal vector
is denoted by

%}
Sq1=1¢ Agl,zHg’zQ{inHd,lAd,lsd,l +¢ (AZH{LQ;H) x | QHg, ZAd,isd,i + 4 . (10)
il
For the sake of decoupling the multi-streams, re-expressing (10) and we can get additional design constraints
as described below.

Ud
Sa1=Dysqy+ ¢ (AFHEQ) | QHay D> Agisai + Vay |- (11)
il

The symbol D; represents several diagonal matrices and the additional design limitation can be expressed as

Al H]Q'QHy A4 =D, (12)

Here, the problem formulations of the precoder design by making use of maximizing the SINR metric for the
Ith user is given by

SINRY Tr (AHZHH 1 QIE {Sd s 1] QlHd,lAdJ> Tr (AQ{ZH,IZ Qf QlHd,lAdJ>
= =

Ngo? + Z,L;f; Tr <AH H] Q'E [Sd,iSZi] QlHd,lAd,i> Ngjo2 + Z,-gfl Tr (AId{,iHifoinHd,lAd,i)

(13)

where o = 1due to the 1nterference suppression matrix. The precoder design based on (13) criterion arises
ina coupled coefficients of { A, i) A} ! Y forl = 1,2,. , Ug. We use the concept of signal leakage, the SLNR as an
optimization criterion in?*~*" due to the fact that SINR in (13) has no closed-form solutions***. Leakage refers
to the amount of signal power leaking from one user to another. The SLNR metric can optimize a coupled opti-
mization problem into an easily solvable, fully decoupled problem.

Thus, the optimization problem based on the SLNR criterion for the Ith user is given by

Tr (ASI, IHS{ Qf QlHd,lAd,l>

U
Nayoi + il Ir (AdH,zH{,}I,iQfIQlHd,iAd,z)

SLNRY =

(14)
B Tr (A% Y, QI QiH AL )
= o -
Tr (AZ[ ((Nd,l Ua/Pw)In, + Hy QP QH d,l) Ad,l)
where the spanned of H 4, without Hy only is
H
o H H  qH H
Hg) = [Hm o Hg Hgpyg oo Hd,Ud] . (15)

Now, the beamforming coeflicient vectors can be found, by maximizing (14) subject to Tr <Ad,1A§{ l) =P, /Uy
and (12) forl = 1,2,..., Uz as can be expressed in (16).

Tr (AHIHHle{ QHg A4 l)
Aj =arg max
Ay €€ VA" T?’(Adl((NdlUd/Pt,)INr + Hdel QlHdl>Adl> (16)
s.t. Tr(Ad,lAd,l> =P, /U; and Ad,lHd,lQl QH4 Ay = Dl’ 1=12,...,U;.
~H A
Since, the pair {HnglHQlHd)l, (Nd,l Ud/Ptr)IN, + Hd,lQ;{QlHd,l} in (16) are Hermitian-Positive-Semi-definite

(HPSD) and Hermitian-positive-definite (HPD) matrices, respectively, there exists a non-singular J; (N; x Ny)
matrix by making use of general eigenvalue decomposition (GEVD) in*’ such that

JTHY Q' QH ) = ©n, = diag(py1, 105 - - > OLN,)

~H N (17)
i ((Nd,l Ua/Py)In, + Hd),Qf{Qsz,z)Iz = Iy,
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where o1 > p2 > = pin > > piNgy >0, 00N +1 =" =pN, =0. For the pair matrices
{H{LQ{'IQIH,”, (Nd,lUd/Pty)INt +ﬁd)leIQlﬁd,l}, the eigenvalues and eigenvectors are given by

PL1> P12> - - - » PN, and the columns of J, respectively.
Now, we can define the precoder as A; = J;Fj, where F; is (N; x #) matrix. Since the matrix J; is invertible,
there is a one-to-one correspondence between A; and F;. Then, inserting it into (16) becomes

Tr (Agf HQ! QlHd,lAd,l>
T (Aiz((Nd,l Ua/Pur) Iy, + ﬁZQfHQlﬁdi) Ad”)
) T (B HY Q QiH ) F) (18)
= (F,HI,H((NdJ Ua/Py) I, + f{ZZQlHszId,z)]ze)

B Tr(F oy, F)
~ Tr(FfE)

The preferred precoding matrix, A;, which maximizes (18) can be given by [I,,; 0]. The preferences also satisfy
the constraint matrices in (16), Ag{ IHQ{ | Qf{ Q/H,,; A, is diagonal as we needed. The simplified maximum value
of (18) can be written by

n
SLNR?""“’C = l/nz PLi- (19)
i=1

Consequently, the optimum precoding coefficients for the user [ in (16) can be given by
A}, = EJiF,. (20)

The scaling factor & is used to yield Tr(Ad,lAgf D) =Py /U
The total sum rate of the downlink communication using (20) is achieved by

-1

Uy Ui
HyyH AH 2 JHyyH AH
R = Zlogz Ing + (QlHd,lAZ,lAg,z H;Q ) x| o5y + ZQlHdJAg,iA;,i H;Q - @21
=1 il

Now, we can observe the effects of the Rician fading environment in (21) of the DL channel, and it can be
described below.

Result 1: Let us take H  be Rician flat fading channel. Using the relation | I + qurN,Xq| = ‘Ir + M, X,1qur|
and for a given transmitted power, the expression (21) becomes

Ud
1
Ry = log; Iy, + 7 * SaQiDaAG A7 Dy Q/'S{| (22)
I=1

-1
2 U oHyyH oH _gH _ -
where (% Ing + Zi;zl QHaAg A7 By Q) ) =8,/ Saand Dy=+K+1Hy =~KHy +Hyy~ € N
(\/EHd,b U{%INdJ)-
For a fixed power transmitter, the higher K (Rician factor) implies a lower multi-path attachment results, the
smaller the channel capacity.

Uplink signal model. As expressed in (5), the desired signal is difficult to decode this is because of the
noise and interferences. Hence, we propose a precoding design based on the SLNR scheme. This scheme whitens
the impact of self-interference and maximizes the spectral efficiency of the UL Full-duplex Multi-user MIMO
wireless communication in the existence of self-interference for a given receiver, by making use of only the self-
interference covariance matrices at the transmitting side.

Therefore, the N, x N, self-interference plus noise covariance matrix in (5) for the Ith user can be expressed as

H 1gH 2
Ojnt = Hgp B [xgr %57 | Hgpy + 0, Iy,

(23)
= Hgy CorHY | + 071y,

where Cg) = E [xsuxg l} denotes covariance matrix of the self-interference and Tr (CSU) = Pg; . The maximum

transmitted power at the base station is represented Pg; ;. To whiten the interference signal, we propose a PCA
suppression matrix. The whitening matrix T) is obtained by the eigenvector decomposition of the self-interference
plus noise2 covariance matrices of Oy, = LZFILIH. Therefore, the suppression matrix is described by
T; = I, /°Lf. Then multiplying (5) by T; and we can get
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Uy
vy = TiHy Bz, + T > HyiBuizyi + ¥y (24)
i£l
where ¥,,; = T;(Hgpxg11 + v,,1). The covariance matrix of ¥, is an identity matrix due to the interference sup-
pression matrix.

For a matched filter Wu 1> the decoded vector of the Ith user is written as
2y = Wi, (25)
The matched filter, W . can be expressed as
H
WuH,z = x (T/HyBy,) (26)

where  is the proportionality constant. Inserting (24) and (26) into (25), the decoded signal becomes

Uy
2y = xBYHTITH, Bz, + x BEHETT) [ T HyBuizei + v |- (27)
i#l
Re-expressing (27) to decouple the multi-streams and again to give an additional design constraint as
Uy
Zu1 =D,z + X (BEHET) 5 | T HuiBuizui + ¥ui (28)
i#l
where D; represents some diagonal matrix. Now, the design constraints can be represented as
B H T/'T/H, B, =D, (29)

Next, designing the precoder coefficients by making use of maximization of SINR at the I user is formulated by

Tr (BY HI T T/, B, )
(30)

SINR!' =
' Neo? + 20 Tr(BELHE T, B,

where o2 = 1due to the suppresswn matrix. Designing the precoder based on the above metric rises in a problem
of U, coupled coefficients of {B, 1}, Ysforl = 1,2, ..., U, and this indicate that it has no closed form solutions?6.
Therefore, we employ another criterion called SLNR—precoding scheme?$-%0.

The SLNR of the Ith user based on the SLNR criterion can be represented by

Tr (B HI THT/H,, B, )
Nyof + Tr (ZZZI B/'H giTFTlHu,iBu,z)
Tr (Bff,z Hy T} T, Hu,lBuJ)

= ~H -
Tr <BuH,l ((N r/Pui) Iy, + H, T T H u,l> Bu,l)

SLNRY =

31

where the spanned of H,,; without H,,; can be expressed as

A

_ gH H H H 1H
H, = [Hu,l e Hy  Hyp "'Hu,U,J

(32)

Thus, the precoding coefficient vectors can be obtained, by maximizing (31) subject to Tr (BMBIJIJ) = P, and
(29)forl =1,2,...,Ujas given as in (33).

Tr (B HI THTH, B )
B), = arg max 5 —
B, €% wlX™ Ty (BZI,I ((Nr/Pul,l)INuyl + Hu’lTlHTlHu,l> Bu,l) (33)
st. Tr(B,BY)) =P, and BH,HHIT{’TZHu,Bu, =D, 1=12...,U,.

The pair matrices {HH THT1 H,,, (N /Py, l)IN THTlHu 1} in (33) by definition are HPSD and HPD,
respectively. Based on GEVD in*’, there should eXlst a non singular matrix P; (N,,; x Ny, ) such that

HZT,HT,H%,PI = Yn,, = diag(v11, V12> - -» ViNy,)

Ho e (39)
P ((Nv/Pust) T, + H T T Py =Ty,
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where yi1 > Y2 > > Vim = - 2 VN, = 0. For the generalized eigenspace pair matrices
{HIM—{IT{{T[H“J, (N,/PMI)I)IN L+ H lTl T;H,}, the columns of Pyand diag(y,1, 1,2, - - -» ¥1,N,,) are generalized
eigenvectors and eigenvalues, sequentlally28 a0

The precoder can be defined by B,,; = P;Gj, and G; is given by the matrix (N,,; x m). Due to the fact that P;
is invertible, there is a one-to-one correspondence between B,,; and G;. Now, insert this into (33) gives

Tr(B{ZlH‘;{ITf{ TIHM,ZB,,,,)

~H ~
Tr (B (Ne/Putg) Ty, + Hoy T T ) By

Tr (G{f PHHE TH T,HHJPZG,) 35)

Tr (GIRY ((Ny/Put) I, + HL T T ) PGy
_ Tr(G{'Yw,,G1)
Tr(GJ'Gy)
To find the optimal precoder that maximizes the objective function (35) we can extract the leadlng m columns

from P;and is given by[I,,; 0]. Besides, the choices that fulfill the constraint matrices in (33), B ", lH lTl T/H,, B,
is diagonal as we wanted. Then, the resulting maximum value of (35) can be given as

m
SLNR["™™ = 1/mY . (36)

Hence, the optimal precoder coeflicients for the Ith user in (33) becomes
B), = BP/G,. (37)
The scaling factor § is used to give Tr (Bu,lBZIJ) =Py
The total sum rate of the uplink system is written by
-1
Ry = log, |In,, + (TiH BB HIT ) x ( ofly, + > TiHLBYBLHIT! | | (38)
i#l
The following result shows the effects of the Rician fading environment on the rate of communication of the
UL channel.

Result 2: Consider H,, is the Rician fading environment, for a fixed power transmitted values plus based on
the expression |Ii + Xixk Yixil =

Uy
Ro= log, ‘INW +8,T/H,, B, B H TSl
I=1

Uy
= Z log,
I=1

(39)

1
v, + 57 % $.TD,BY, B} DI T/ S]]

where (J;/ZINM + Zgzl T/H,,B), ZBZZHHH TH) = §f1s, and D, = VKT THy = KAy + Hoyy ~ € N
(\/Eﬁu,b O'VZINy )

The relationship between the Rician factor K, and the multipath link and channel capacity found in result 1
is maintained in result 2 as well.

At last, the total spectral efficiency of the FD Multiuser MIMO mode of communication is expressed by
making use of (22) and (39) as shown as

Rr =R; +Ry. (40)

The total SE of the half-duplex operating BS is given by half of the aggregate of the uplink achievable sum rate
without the effect of self-interference and downlink sum rate.

Energy efficiency maximization

A communication system’s Energy Efficiency transmission design depends on circuit power, as well as the actual
transmitted power allocated for data transmission, radiated by electronic devices. A power consumption model
is provided to address the optimization issue of FD-MU-MIMO system EE optimization.

Power consumption model. There are several hardware elements involved in data communication that
consume energy when transmitting data. Thus, accurate modeling of total power consumption plays a crucial
role in energy-efficient designs*"*>. As shown in****, the power dissipation consists of the transmission and the
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circuit power. In our system model, both uplink and downlink power consumption are accounted for. With this
approach, it is possible to determine the total power used by the base station for the DL channel

%]

1 1 d
Pyr = gptr +P§ = £ D Tr(AwAll) + NPF" + Py (41)
=1

in which & € (0, 1] refers to the power amplifier’s efficiency. Py is the transmit power obtained by linear precoders,
Pg = NP dyn + P35 stands for circuit power. Additionally, P dyn represents the dynamic circuit power consump-
tion related to the power radiation of all circuits which scales linearly with the number of the transmit antennas,
and P$? is the static circuit power.

Similar to this, the total power consumed by the rth user’s transmitter in the UL channel is denoted as

1 1 d
Pur = gPut P = gTr(Bu,lB{Z,) + NP, + P (42)
where & € (0, 1] denotes the power amplifier’s efficiency and P, denotes the transmit power designated for dﬁta
stream transmission. As well, P$ refers to the circuit power and represented as N, Py, plus PS?, in which P},
represents the dynamic circuit power and P$* denotes the static circuit power.

Problem formulation and proposed EE maximization. By dividing both DL and UL channels’ sum
rates by the overall system power consumption, we find the EE metric, which is measured in bit/Hz/joule. Based
on this definition, the overall achievable EE of the FD-MU-MIMO system considered can be expressed as fol-
lows

E— SE _ Ri + Ry
- ion U, Ua 43
Total power consumption % Zl:dl Tr (Ad,lAé{J) + é Zl:l Tr (Bu,lB£z> + pCT (43)

in which pP&T = PdC + PS stands for the total circuit power of the system. For analytical purposes, the circuit
power PST is treated as a constant and is summarized in*>*, The following EE design optimization problem is
thus addressed

max EE
AgBy

U4
st. > Tr(AgAL) <Py (44)
I=1
Tr(ByBY)) < Pupy 1=1,2,..., U

Now, we recall (21) and (39) then re-write (43) as

1
EE = —
Pr

Uu
<Z log, ’INW, + B0 TS, /1, BY >) (45)
I=1

Uy Uy
1 ~ ~
(S s et )+ (Ss o, wvw]) )
=1 I=1

where Pp = é ZIU:dl Tr (Ad,lAs{,) + é Zle"l Tr (Bu,zBfJ —11— PCT. Due to the fact that 6[1 and Vfl are positive
- U H - 5- U
definite, 1 (UT;ZINd,l + Zi;zl QlHd,lAg,iA;),‘ HZIJQ;{ — Ql 1 _ Sgsd R (0‘7211\]“ + Zi;él TZHu,iBZ,i
HygHopH Y\ v-1 H H HpyH oH H HyyH pH
BUHILTY ) = Vit =sis,,  Cf=A@HiQll and W =BTHIT . As well,
Cé{ Sf S.Cy = CH~QZ_1Cd = U'AU" where A = diag(tl,l, SO UN, d)l) in which each diagonal entry becomes the
eigenvalue of C;) QflCd and U’ = [u/l ué ou'y d)J represents a Hermitian matrix where each column is the
corresponding eigenvector. In addition, W' SH'S, W' = W’HV,_IW’ = U'QU"" whereQ = diag(vy,1,. .., vy, )
each diagonal element is the eigenvalue of W V; "W’ and U” = [uf uj --- u’y, ]is a Hermitian matrix where
each column is the corresponding eigenvector. As a result, when all of the eigenvalues of CfoICd and
W’HVZ_IW’ much greater than 1, we have ’INd,, + CS’QZ_ICd’ ~ ‘C?Qflcd‘ = ’CdCEQI_I‘ as well as

Iy, + W’H{’l_lw’ ~ ‘W’H\N/'l_lw’ = ‘W’W’HV,_I ‘ Thus, (45) can be rewritten as

1 Uy .
PR} +3 log, Uw/w/HV;1 PRD. (46)
=1

Ui
(S o+ asietsisimans )«
I=1

U4
EE~ ) log, [\ch§ Q'
I=1
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Simulation results and analysis

This section provides simulation results for Half-duplex Multiuser MIMO and Full-duplex Multiuser MIMO
communications by SLNR beamforming technique for small cell deployments in**°. The channels H;jand H,,
are generated as Rician fading distributions. Additionally, the SI channel is distributed as

K102 4 2 . .. . .
Hgy~ ¢ N Ki isf Hg; ), %I N,N, | with a small Rician factor to characterize the residual SI channel after

SI cancellation techniques according to 0, is added to parameterize the potentiality of particular self-
interference cancellation mechanisms, K; = 1is the Rician factor without loss of generality and Hg; ; is the LOS
matrix with a magnitude of all ones. This paper assumed the maximum transmitted power at every user to be
equal for all users that is P,;; = P,; and the noise power is given by 02, = 07 = 1for/ =1,2,..., U, where
U = U, is for the UL channel and U = Uy is for the DL channel. We assumed the number of usersUy; = U, = 2
and the number of streams per user m = n = 2 for both channels. The total number of antennas at the half-duplex
system is taken Nyp = Ny + N,. The results are acquired by averaging 10,000 channel realizations. As well, Table 1
shows the default parameters for the simulations.

Figure 2 shows the total SE comparisons of FD Multiuser MIMO and HD Multiuser MIMO mode of com-
munications for two cases by setting 6% = — 80 dB. Case 1: we vary the number of antennas per user from
Ng; =N, =3to Ng; = N,,; = 4 and set the number of antennas at the BS Ny = N, = 8 as shown in Fig. 2a.
Case 2: we increase the number of antennas at the base station from N; = N, = 6 to N; = N, = 8 and fix the
number of antennas at every user Ny; = N,;; = 3 as illustrated in Fig. 2b. Increasing the number of antennas
at the BS and both channel users, as illustrated in Fig. 2, results in an improvement in the SE of both FD and
HD systems because more degrees of freedom in the spatial domain can be used to strengthen the signal power
received by the target receiver. For both cases, the figure validates the significant enhancement in SE of FD over
HD for all K (Rician factor) and for the power transmitted constraints at the base-station Py, = 26 dBm plus at
uplink channel users P,; = 23 dBm based on studies*>*. This is because of the precoding scheme called SLNR
for Full-duplex Multi-user MIMO communications can utilize all channel degrees of freedom. Nevertheless, the

47,50,51

Parameters Values Parameters Values

LOS matrix, Hyy = H,; | Entries of magnitude of all ones | Users, Uy = U, 2

Streams per user, m = n 2 Max power at BS (Py,) 10 dBm, 26 dBm
Noise power, 01./2 =02 1 Max power per user (P, = Pyy;) | 10 dBm, 23 dBm

Table 1. Default simulation parameters.

OFD (4,4)x8
#FD (3,3)x8
—HD (4,4)x16
QHD (3,3)x16

Total Spectral efficiency (bps/Hz)

|
0 12 14

0 2 4 Ri6cian facto?, K (dB)1
(@)
14
OFD (3,3)x8
%FD (3,3)x6
12 CHHD (3,3)x16
PDHD (3,3)x12

Total Spectral Efficiency (bps/Hz)

6 8 10
Rician factor, K (dB)
(b)

Figure 2. Total SE versus Rician factor for Full-duplex and Half-duplex systems for: (a) varying number of
antennas at users Ng; = N,; = 3and 4, N; = N, = 8and N7g = 16. (b) N;y; = N,,; = 3 and varying number
of antennas at the base station Ny = N, = 6 and 8.
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total spectral efficiencies of HD and FD systems drastically decrease as the Rician factor increase and for a fixed
transmitted power. This is because the Rician fading resembles an AWGN channel. Additionally, a strong line-of-
sight link reduces the channel capacity, i.e., MIMO communications merit from richly scattering surroundings.
Even though the SE of the FD-MU-MIMO mode system decreases as the Rician factor grows, even now this offers
good performance as compared to the traditional Half-duplex MU-MIMO ways of the communication system.

Figure 3 illustrates the SE comparisons of the proposed SLNR (pSLNR) precoding scheme, conventional
SLNR (cSLNR), ZE, and BD precoding methods on the Rician fading surrounding. It is important to note that
the computational complexity of the leakage-based solution and the ZF approach is similar, i.e., O(N}) as shown
in?. For all given SNR values, the SE of downlink Full-duplex Multi-user MIMO systems according to the pro-
posed technique performs well relative to the precoding schemes mentioned. It is also shown that the spectral
efficiencies of both conventional SLNR and proposed SLNR precoding schemes rise for the number of antennas
for each user increases from N ; = 2to Ny; = 3 and for a given number of antennas at the BS N; = 4. However,
for the case of BD precoding, the SE is worse for the number of antennas for each user is Ny ; = 3 and the number
of antennas at the BS is N; = 4. This capacity loss is observable due to dimensional restrictions such that every
user can only transmit one data stream. In addition, this indicates that it cannot take advantage of all the channel
d.o.f (degrees of freedom). Furthermore, for the case of ZF precoding, the SE fails for N;; = 3 and N; = 4. This
is because the ZF scheme should not fulfill the requirement that the number of transmitter antennas at the base
station becomes approximately higher than the sum of all receiver antennas at users. As a result, the proposed
and conventional precoding schemes based on SLNR techniques attain high spectral efficiency gains. As well,
they overwhelm the dimensional restrictions on Block-diagonalization and Zero-forcing precoding schemes.

Figure 4 depicts the total spectral efficiencies percentage gains of Half-duplex over Full-duplex communica-
tions by varying the power transmitted for two scenarios under 3GPP LTE for small cell deployments according
to*”40_ The first scenario is for the transmitted power at the uplink users is P,; = 23 dBm again P, = 26 dBm
at the base station. The second scenario is for the transmitted power at the BS and uplink users are the same, i.e.,
Py = P, = 10 dBm. The SE gains of FD compared to HD for both scenarios are around 64.4% as O’SZI < 5dB for
Py = P, = 10dBmand aso§; < —25for Py = 26 dBm and P,; = 23 dBm. However, the SE gains are drastically
decreasing when 0% > —20 dB for the first scenario and when 6 > 5 dB for the second scenario. This is because
high power transmitted at the BS generates substantial self-interference signal power as well eminent transmitted
power at the uplink users produces powerful CCI power. This indicates that reducing transmit power of users
in the uplink channel results in decreasing the CCI. Accordingly, the sum rate of the downlink transmission has
increased. Moreover, reducing the transmit power at the BS results in reduced self-interference. Therefore, the
sum rate in the uplink transmission increased. The figure shows that the SE gain of a full-duplex system is higher
when the transmit powers are smaller. It is because smaller transmit powers produce less self-interference and
CCI. Furthermore, Fig. 4 reveals when the self-interference is infirm, the gain becomes saturated by the noise.
The reason for this is that the signal-to-leakage-and-noise ratio scheme is allied to the conventional beamform-
ing technique which, does not take into account self-interference.

40

+ PSLNR-Precoding
—>— cSLNR-Precoding
35 L BD-Precoding
PSLNR-Precoding
—_ =3¢ cSLNR-Precoding
E -0 BD-Precoding
5 30 =={}— ZF-Precoding
a /
S
> L /
o 25 /
5
=
= - e
5 20 /
E /
g 15 A / / /
g" / / ( ~
g w0r 4// ,ae/
= Q/ —
— -
/

e
—Tl Ng=2
0 1 1 1 1 1
0 2 4 6 8 10 12
SNR (dB)

Figure 3. Total SE versus SNR for the downlink FD MU-MIMO communications for the precoding schemes
BD, ZF, ¢SLNR and pSLNR for P,; = 23 dBm, Rician factor K = 1, N;y; = 2 and 3 per user, and N; = 4.
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Figure 4. Total spectral efficiency percentage gain versus 02, for Nrg = 16, N; = N, = 8, Ng; = N,y = 4 and
K-factor= 1.

The attainable EE for FD MU MIMO and HD-MU MIMO systems with different amounts of transmit anten-
nas at the BS and users for specific values of P“T is shown in Fig. 5. We set P, = 23 dBm, Ricean-factor K = 1
and Py, = 26 dBm. The plot clearly shows that the energy efficiency of both systems decreases as circuit power
consumption increases. This is because increased P results in higher energy consumption. The results indicated
that, even in the presence of significant SI, the FD system provided EE improvements over the HD system. This
is because of the proper design of the precoding transmission scheme for the FD-assisted system.

Conclusion

The SE of FD related to the HD mode of communications on the Rician fading environment has been effectively
optimized in this research using an improvement to the signal-to-leakage-and-noise ratio (SLNR)-based precoder
design. Our research demonstrates enhancing the SLNR downlink transmission technique with CCI awareness.
To reduce interferences, this method uses a whitening filter at the receiver. Yet again, we design a precoder using
CCI plus noise covariance matrices. We also propose an SI-aware advancement based on the SLNR technique as
well as design a new precoder using the self-interference plus noise covariance matrices for the uplink channel.
Additionally, this system employs a suppression filter for interference mitigation. The precoder design based
on the SLNR criterion decouples multi-streams and gives a closed-form solution. Further, the proposed SLNR
precoding scheme supports enormous users plus holds up many antennas at the BS and both channel users
simultaneously compared to zero-forcing and block diagonalization precoding schemes. Therefore, the FD-based
way of communication systems using the SLNR precoding technique is an encouraging technique for future
generation small cell systems. Furthermore, we use a power consumption model to achieve maximum energy
efficiency. Numerical results validate the SE of Full-duplex Multiuser MIMO is eminently improved compared
with Half-duplex MU-MIMO when the number of antennas of each user raises for all Rician factors and a fixed
number of antennas at the base station. Moreover, the spectral efficiency gain of the FD mode of transmission is
better than HD when the maximum transmitted power at users and BS are small. The reason for that is smaller
transmitting powers generate smaller signal powers of the SI and CCI. We also show that the attainable EE of

-—-FD, P“T=38 dBm
—~HD, P*T=38 dBm

FD, P¢T=42 dBm
—HD, P*'=42 dBm

2
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Figure 5. Total energy efficiency versus (o) for Nrg = 16, Ny = N, = 8and Ny = N, = 4.
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FD is higher than the existing HD system by using the proposed SLNR approach for different values of transmit
power and circuit power consumption.
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