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Abstract: The complexities of hardware and signal processing make it especially challenging to develop self-interference cancellation (SIC)
techniques for full-duplex (FD) massive multiple-input-multiple-output (MIMO) systems. This paper examines an FD massive MIMO system
featuring multi-stream transmission. Specifically, it adopts an architecture where a single transmit or receive radio frequency (RF) channel is
connected to three antennas in the same polarization direction, effectively reducing the number of transmit and receive RF channels by half.
The SoftNull algorithm serves as the primary method for SI suppression, leveraging digital precoding during transmission. Additionally, this
study outlines a design strategy to enhance SIC in the proposed system. Simulation results highlight the efficacy of the SoftNull algorithm,
which achieves a remarkable total SIC of up to 64 dB. Furthermore, combined with measures such as antenna isolation and increased trans-

ceiver array spacing, the resulting sum rate can be twice that of a half-duplex system.
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1 Introduction
n recent years, the full-duplex (FD) and massive multiple-
input-multiple-output (MIMO) technologies have emerged
as key research focuses in wireless communications' .
As a key technology of 5G, FD technology allows radios to
simultaneously transmit and receive in the same frequency
band, which theoretically doubles the spectrum utilization rate

561 As another

compared with the traditional duplex system
key technology of 5G, massive MIMO can improve the spectral
efficiency and reliability of a system by equipping a large num-

=1 In 5G wireless technology implementa-

ber of antennas
tions, the combination of various technologies has become a
trend"?” . Both FD and massive MIMO technologies have the
characteristics of high spectral efficiency, so the combination of
the two can further improve the spectral efficiency.

In FD communications, signals sent by the wireless trans-
ceiver bring self-interference (SI) to its reception'"*. Strong SI
signals may overwhelm useful information and cause errors in
the received data. For a low noise amplifier (LNA) at the re-
ceive radio frequency (RF) channel, it may also exceed the dy-
namic range of its input, bringing harm to receiver hardware.
Therefore, SI cancellation (SIC) is critical for realizing FD
communications'. For FD massive MIMO systems, each re-

ceive antenna will be interfered by multiple transmit anten-
nas, and SIC becomes more challenging as the number of an-
tennas increases.

Numerous SIC algorithms have been proposed to solve the
issues of strong SI in FD massive MIMO systems. In Ref. [16],
an adaptive filter structure with analog least mean square
(ALMS) loops is proposed, which only realizes SIC in the ana-
log domain. Although the number of taps used is greatly re-
duced, additional taps are still needed and the hardware com-
plexity is high. To further reduce hardware complexity, some
studies have put forward a combination of digital beamforming
and analog SIC to reduce SI. For FD MIMO systems, Ref. [17]
introduces a novel analog SI canceller which utilizes the flex-
ible signal routing of Mux/DeMux to reduce the taps’ number
in the analog SI canceller. It also develops a novel optimiza-
tion framework for the joint design of the analog canceller and
TX/RX digital beamforming parameters. The burden of SIC is
shared between digital beamforming and analog SI cancellers,
which greatly reduces the hardware complexity. In Ref. [18], a
joint design framework of TX-RX beamforming and SIC
scheme based on the minimum mean square error (MMSE) is
introduced to realize SIC under the constraint of analog can-
celler tap limits. Hybrid precoding/combining (HPC) tech-
niques have also been discussed recently. A novel angular-
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based joint hybrid precoding/combining technique is explored
in Ref. [19] for FD massive MIMO systems, combining transmit/
receive REF beamformers and receiver combiners to achieve
SIC. In Ref. [20], the authors propose a hybrid beamforming de-
sign for FD massive MIMO systems, which jointly designs the
transmit RF beamformer, the precoder, and the combiner to
suppress SI. However, all the HPC-based SIC technologies rely
on RF beamformers, resulting in an increased signal processing
complexity. In Ref. [21], a SIC algorithm, SoftNull, is proposed
that uses only transmit digital precoding. It requires no addi-
tional analog SI cancellers, nor does it need to be designed with
an RF beamformer, which drastically reduces both hardware
and signal processing complexity.

Focusing on the multi-stream FD massive MIMO communi-
cation system!'”), this paper studies a SIC method based on a
3D geometry-based millimeter wave (mmWave) channel
model. In the proposed system model, the transmit and receive
antennas are all 45" polarized, and one transmit or receive
RF channel is connected with three transmit or receive anten-
nas in the same polarization direction. The number of required
RF channels is reduced by half, greatly reducing the volume
and cost. At the same time, the 3D geometry-based mmWave
channel model is used to model the intended and the SI chan-
nels. In view of the above system architecture, the SoftNull al-
gorithm based only on transmit digital precoding is selected to
realize SIC, which requires neither additional hardware struc-
ture nor RF beamformer processing. Specifically, the proposed
method takes advantage of the high degree of freedom pro-
vided by large antenna arrays to split the conventional trans-
mit digital precoding matrix into two submatrices: one for tra-
ditional digital precoding and the other for SIC. In this way, it
can minimize the total SI power while preserving a certain de-
gree of freedom for traditional digital precoding.

In addition, concerning the proposed system architecture,
the method of improving SIC ability using the SoftNull algo-
rithm is analyzed theoretically. The analysis results indicate
that the ability of SIC can be enhanced by measures such as
designing polarization isolation degree between transceiver ar-
rays with different polarization directions, changing the array
layout, and increasing the size of transmit/receive uniform
rectangular arrays (URA). Simulation results demonstrate that
the SoftNull algorithm can achieve up to 64 dB of SIC under
the proposed system architecture. To achieve higher system
performance, joint antenna isolation and the SoftNull algo-
rithm are proposed. Simulation verifies that when the antenna
isolation is increased to 50 dB, the sum rate is 1.7 times
higher than that of the standalone SoftNull algorithm and
twice as high as the half-duplex algorithm at low signal-to-
noise ratios (SNRs). Furthermore, system performance can be
further improved by increasing the size of transmit/receive
URAs. Simulation results show that the sum rate of the Soft-
Null algorithm can be improved by up to 54% compared with
the same antenna isolation when the size of the transmit/re-
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ceive URA is increased to 5 wavelengths, and it remains
nearly double that of the half-duplex state at high SNRs.

The rest of this article is organized as follows. Section 2
presents the system model and channel model. In Section 3, a
SoftNull algorithm is introduced and the method of enhancing
the SIC effect is analyzed theoretically. Section 4 demon-
strates the effectiveness of the algorithm under the proposed
system architecture, and simulations are carried out by further
improving the system performance. Finally, Section 5 con-
cludes this paper.

2 System Model and Channel Model

We consider a system model for the FD massive MIMO sys-
tem, where the base station (BS) has a precoder (with a precod-
ing matrix Vg e C" ) and a combiner (with a matrix
Uy e C" "), as shown in Fig. 1.

The transmitter and the receiver of BS, which operate in a
full-duplex mode, are equipped with N, and N, antennas, and
by Ny, and Ny, RF chains, respectively. Each transmit or re-
ceive RF chain is attached to three dedicated transmit or re-
ceive antenna elements via a power combiner or power di-
vider, where Ny, = N,/3, Ny, = N,/3. Each power divider is
applied to make three copies of the signals processed at a TX
RF chain before these signals enter the TX antenna elements.
Similarly, each power combiner is used to add the signals re-
ceived by three RX antenna elements before these signals en-
ter the RX RF chain. The proposed system decreases the hard-
ware cost and complexity of traditional FD massive MIMO sys-
tems, due to the number of RF channels being reduced from
N, + N, to Npp, + Ny, = (N, + N,)/3. The half-duplex (HD)
single-antenna users in the system are divided into K, users
transmitting in the uplink mode and K, users receiving in

Down
the downlink mode, which are denoted as nodes “Up” and
nodes “Down”, respectively, where Ky Kpgun S {NRFA’,, NRFJ}.

The transmitter of BS employs both traditional digital pre-
coding and SI suppression using the matrices B and A of size
fo X Ky, and Ny, X f, to process the baseband signal
Sps, € €' in the frequency domain, respectively. The
beamformed signal undergoes Ny, transmission RF channels
and the N, transmission antenna, and this generates as a down-
link transmission signal S. f), represents the degree of freedom
available for traditional digital precoding, that is, the degree of
freedom allocated for downlink traditional beamforming. Addi-
tionally, it should be guaranteed that K, < f, < Ngp,. The
downlink transmission signal can be mathematically ex-
pressed as:

_ H
xps, = CF VisSys (1),
where Vi = AB e € " is the equivalent transmission

“Mus denotes the fast

Fourier transform matrix. The elements [F] = with m,k =

VRE.

digital precoding matrix, and F € C"

m.k
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Figure 1. FD massive MIMO communication system with multi-stream transmission

0,1,---,N — 1 take eijzmm\/«/ﬁ. C e " N represents the

matrix from the transmitting RF channel to the TX antenna on

the BS side, which is obtained as:

1
Ct = g ENI(I'/

T
® [EA E,. EA}
where E denotes the n-th order unit array.

As shown in Fig. 1, when the BS transmits
data to the node Down and the node Up trans-
mits data to the BS, the corresponding in-
tended channel matrix between them is de-

/ N, x Ky,

noted as H,,, € C* " and Hy, eC ',
respectively. Moreover, H e C"™" repre-
sents the SI channel at the BS due to the FD
transmission. It is assumed that there is no in-
terference between the nodes Down and Up.
We model both the intended channel and the
SI channel in the following content.

Fig. 2 illustrates the application scenario,
where the transmitter and receiver employ a uni-
form rectangular array (URA) with £45" polariza-
tion on the BS side. For convenience, we use po-
larization 1 and 2 to denote polarization +45
and —45". The transmit or receive antennas with
different polarizations are placed in the same
position. The number of transmit or receive an-
tennas with polarization k is N'=N, X

N A

IS {t,r},k € {l, 2},where u e {t, r} repre-
sents either the transmitter side for u = ¢ or the

uy? u

N?and N! = N2
The transmit and receive URAs of BS located in the x-o-y

RX Y
UE 1
RXY
UE Ky,
Up
X ¥
UE 1
X ¥
UE KUp
Down

receiver side for u = r. Here, N, and N, represent the anten-

nas along the x-axis and the y-axis, respectively, where N, =

), plane are placed next to each other, where d, represents the dis-

tance between the transmit and receive URAs along the x-axis.

® Receive antenna
® Transmit antenna
* Up user

Down user

down.y

tor

LOS: line-of-sight

NLOS: non-line-of-sight

Figure 2. Application scenarios of FD massive MIMO system
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Consider a wall parallel to the transmit and
receive URAs, with a distance d, between them.
The wall’ s center point o, is at the same

ante
height as the center point o,,,, of transmit and re-
ceive URAs. Both the nodes Down and V4 are
located on the plane of the wall, which are re-
spectively located on the positive y-axis and the
negative y-axis. Uplink user 1 and downlink

user | are at the same height as o . at the angle

ante
of o, and .

We assume that there are K, , and K,  u
link users regularly arranged along the negdtlve
x-axis and the positive y-axis with an interval of

dU[) X

Nyp, uplink users regularly arranged along the

and d, . Similarly, there are K and

Down .x
negative x-axis and the positive y-axis with the
intervals of d,,, .

KUp,x X KU 4 H = H

p,y? 77 equ

and d,,,, .. where K =
A.

Fig. 3 shows the structure of transmit and re-

Down , equ

ceive URAs, where each transmit or receive RF
chain is connected to three dedicated transmit
or receive antenna elements in the same polar-
ization. NI’;F.“, ue {t, r}, ke {1, 2} indicates the
number of transmit or receive RF chains at-
tached to the antenna with polarization k, where
NI]{F .= Nip, and Nyg = Nge .

N, and N, transmit antenna elements in the same polar-
ization are arranged with equal intervals d,, and d,  along the
po%itive x-axis and the negative y-axis, respectively. Similarly,

N, and N,

tion are drranged with equal intervals d,,

_transmit antenna elements in the same polariza-
and d,,

positive x-axis and the negative y-axis, respectively.

along the

Intended channels are modeled using the 3D geometry-based
mmWave channel model and the system application scenario.
We assume that the intended channels contain C,; scattering
clusters and L,, paths in the c-th cluster with ¢ = 1,2,---,C..

c

zLi,c paths between the transmitter and re-
c=1

ceiver in total. The intended channel matrix is derived as:

There are L, =

¢ 1
H, = z leng, r,, 'Y,L[a'yul )d’ﬁ(%t[)ﬁ’gt?) = ¢rJGi¢t.i

(3),

where HeC"*" (R,T) e {(KDOM,Nt),(Nr,KLP)}; J and ¢ are
the receive and transmit nodes of the intended channel, satis-
fying  (j.i) € {(Down,BS),(BS,Up)|.  When (j.i)=
(Down,BS), there is (R,T)=(K,,.,N,). When (j,i)
(BS, Up). (R.T)=(N.K,) G

[

there is

;Z’gix,ﬂ) e C""" represents the diagonal path

diag(rl}’gi,, ;T
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Figure 3. Base station transceiver’s uniform rectangular array structure

gain matrix, 7,, and gi_’l~CN(0,1/Li) denote the distance and

complex path gain of the [-th path in the c-th cluster, respec-
e CF*h

respectively represent the receive and transmit

tively. m is the path loss exponent. @ . and
L, XT

D . eC

phase response matrices of intended channels, which is

given by:

oL (v

(v )
b, = : (5),
o1 (v )

where ¢, (75{?;’)’5,{2/) eC"' (Uu)e {(R, ), (T, t)} denotes
the phase response vector of the [-th path in the c¢-th cluster,

which can be expressed as:

¢u.i(7x,7;):[17 ST e'ﬂﬂd""w_l)%]T(g

(w,, - I)Y\T

(6).
|: 1 ej21'rd”J Y, . el.z'”dw
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y(,t: and 7(,1,) include the elevation angle-of-arrival (AoA)
and azimuth AoA information of the receive antenna of the 1-
th path in the c-th cluster at node j, which can be written as

follows:
vy = sin(6,, )eos (¢, ) (7).
Yy = sin(6,, )sin(y,,) (8).

The elevation AoA 6, and azimuth AoA ¢, are the angle

between the path and the positive x-axis and that between the

projection of the path on the y-o0-z plane and the positive z-
(x) (y)

(X5 (X

axis, respectively. ;% and 7y, indicate the elevation angles of
departure (AoD) and azimuth AoD of the transmit antenna of
the [-th path in the c-th cluster at the node i, and can be math-

ematically expressed as:

Yii, = sin(8,, )eos (i) ),
¥, = sin(6,, )sin () (10),
where 6,, and ¢, respectively represent the elevation AoD

and azimuth AoD of the [-th path in the c-th cluster.

According to the application scenario in Fig. 2, SI channels
can be divided into the residual near-field SI channel
H, e C"*" and the far-field SI channel Hy g, € C""" af-
ter antenna isolation, which can be obtained as:

Hy=H, s+ Hy s (11).

With the transmit and receive URA structure in Fig. 3, H|
is derived as:

H! H"
o=l ] )

where HE' e ™ Nog ke {1,2} represents the residual near-
field SI channel between the element with polarization g of re-
ceive array and the element with polarization k of the transmit
array. We assume that the antenna polarization isolation be-
tween each transceiver array element is Py, 5 =
~10logl0(K) e C¥* ™ g # k. Eq. (12) is equivalent to:

1 1
H = l: s KGHLOS:' (13).
KOH[s  Hiy
The residual near-field SI channel H|l between transmit
and receive array elements with polarization 1 is detailed in
the following. The element of the [(u = 1)N,, + v ] row and
[(m = 1)N,, + n] column of H\, which is the channel be-
tween the ()n,n)-th transmitter and (u,v)-th receiver in Fig. 3,

ZHANG Boyu, ZHANG Ling, LI Zijing, SHEN Ying

can be given by
Hi([(u= DN, +v],[(m= 1N, +n])=

K -2
7‘6 T2 ) G (14),

(m,n) — (uw)

2
where k, is a constant satisfying 10log { E [ ” H\ ”F]} =-Pou

P gy is the antenna isolation, and A( ) is the distance

m,n) — (uw
from the (m,n)-th transmitter to the (u,v)-th receiver. A, ..,
is defined as follows:

A =

(m,n) — (uw

)
[(m = 1)d,, +(u-1)d, +D, P+ (ndm, - U(lr‘),)z (15).

Similarly, the far-field SI channel can be obtained as

11
— l: HNLnS

KOH}! g}
= o 16),
NS T KO (16)

1

Hy s
where H)| € C" " represents the far-field SI channel be-
tween the receive and transmit array elements with polariza-
tion 1. We utilize the 3D geometry-based mmWave channel to
model H\ .. Suppose there are C scattering clusters, and ¢

cluster contains Ly, non-line-of-sight (NLOS) paths with ¢ =
C.

1,2,--+,Cy,. In total, there are Ly = zLSl,n paths between the

c=1
transmitter and receiver. According to Eq. (3), it can be math-
ematically expressed as

H]\IJILOS = ¢SI,rGSI¢SIJ (17),

where Gg = diag(rgl’?lgﬂ’],---,T;ﬁLﬂgSLLﬂ) e C"*"  denotes
the diagonal path gain matrix, 74, and gg, ~ CN((),I/LSl) re-
spectively represent the distance and complex path gain of the
[-th path in the c-th cluster. @y e C""" and @y, e C*"
denote the receive and the transmit phase response matrices
of the far-field SI channel, respectively. We assume 6y, and

¥, indicate elevation AoA and azimuth AoA of the [-th
NLOS path in the c-th cluster. 6, and g, respectively rep-

resent elevation AoD and azimuth AoD of the [-th NLOS path
in the c-th cluster. Therefore, Eq. (11) is equivalent to:

H. = HSII] KQHSIII (18)

ST RKOPL HU ’
I I

where HY' = H'\s + HY; < € C"" ™ is the SI channel between

transmit and receive array elements with polarization 1.

In the downlink transmission, the received signals
yup, € C* " at nodes Down are obtained as:
Yuer = Hppu%ps, + 0yg (19),
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where n, ~ CN(O,O'IZJEIKM ) e CM*" denotes the additive

white Gaussian noise (AWGN) vector at nodes Down.

The BS simultaneously transmits messages to nodes Down
in the downlink and receives information from nodes Up in the
uplink in the FD mode. Hence, the received signal vector
Yis, € C" " at the receiver of BS includes the downlink trans-
mission signals xpg, through the SI channels and the uplink
transmission signals %, € C"*" through the uplink chan-
nel. It can be expressed as:

Yis., = HprUE.t + Hgxpg, + ngs (20),

where nyg ~ CN(O, ol ) e €V is the AWGN vector at

the BS receiver.

Upon signal y 4, reception at the BS, RX RF chains first pro-
cess signals received at the RX antenna elements. Assuming
that output signals of the RX RF chains are processed in the

frequency domain by the received digital combiner
Uy e "t M vector Sps, € C" s derived as:
Sps.r = UgsFC ygs, (21),

where C, = %Ew,”._, 029 |:E/v,_,v E, . Ex:| e "M s the

equivalent matrix from the receive antenna to the receive RF
channel at the BS. We utilize H,,,, .., = Hp,,.,C, € ¢l N
and Hy, ., =CH, e C""* " 1o represent the equivalent of
downlink channel from the TX RF channel at the BS to nodes
Down and the uplink channel from nodes Up to the RX RF
channel at the BS, respectively. The equivalent SI channel
from the TX RF channel to the RX RF channel at the BS is
noted as H = CHyC, e C" " Eq.(19)is derived as:

Down

SIequ

yUE.r = HDown,cunHVBSSBS,t + Ny (22)'

Eq. (21) is obtained as:

Sns,r = UBSFHU[),equxUE.t + UBSFHSI.eunHVBSSBS,t +
UpFC oy (23).
3 SoftNull Algorithm for FD Massive

MIMO System

To achieve SIC, the SoftNull algorithm based on the trans-
mit digital precoding matrix is adopted in this paper. The algo-
rithm has two primary design objectives for the transmit digi-
tal precoding matrix: ensuring the useful signal power and
minimizing the total SI signal power. By splitting the transmit
digital precoding matrix V4 into two sub-matrices, we have:

Vi = AB (24).

102 ZTE COMMUNICATIONS
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The implementation block diagram is shown in Fig. 4. On
the BS-side, K

are first passed through the conventional digital precoding ma-

Down OTiginal parallel transmit data streams S,
trix B to obtain f), parallel data streams, and then through the
SIC matrix A to obtain Ny, parallel data streams, which are
subsequently fed into the V., transmit RF chains.

The first-stage matrix B is used for conventional digital pre-
coding to suppress inter-user interference. At this point, the
available degrees of freedom for conventional digital precod-
ing are f),. Matrix B can be derived using conventional digital
precoding algorithms, such as Zero Forcing (ZF), MMSE, and
singular value decomposition. In this paper, ZF is adopted for
the design. By computing the pseudo-inverse of the channel
matrix, signals in all directions other than the user direction is
forced to zero, thus avoiding inter-user interference. Under the
system architecture of this paper, the expression of matrix B is
given as:

equ equ

-1
B = aequHH (HequHH ) = OlequEVZF,equ (25)7

K .
where a,, = —IH is the power control factor
tr(W. W, )

ZF equ ZF equ
and K, is a constant; H,,, = H

equ Down ,equ

A is the equivalent chan-
nel. Therefore, when designing the first stage matrix B, only
the information of the equivalent channel H is required, and it
is not necessary to obtain the information of the downlink
channel H and matrix A separately.

The second-stage matrix A is used to minimize the total SI
signal power while preserving the degrees of freedom f;, for the
conventional digital precoding matrix B. Therefore, the design
objective of matrix A is to minimize the total SI signal power
while preserving the required degrees of freedom f, for the
conventional digital precoding. Assuming that the equivalent

SI channel H; ., is known, the design problem is formulated

51, equ
as follows:
A i A ’
= argmin ‘Hsm . H ]
z ol (26),
. H —
stA"A=E,
—
Traditional
. SIC .
Down precoder S : A Ny,
> B
— >

SIC: self-interference cancellation

Figure 4. FD massive MIMO system with transmitting digital precoder



Full-Duplex Massive MIMO Self-Interference Suppression Based on Beamforming | Research Papers

where ” H, . A ”i is the total SI signal power and |- ||i is the

Sl equ
square of the Frobenius parametrization; the constraint A" A =
E, ., denotes that A has F orthogonal columns and is used to
ensure that the required degrees of freedom f), are preserved
for conventional digital precoding. The solution to Eq. (26) is:

4= [vm_, ) Nho2) v(wm_,)} o,

where rank(H )2 r is assumed. 0 ,,0,,*-,0, are the r

SLequ
positive singular values of Hy, .. The singular value decompo-
sition of matrix Hg; . is Hy; ., = USV", where U e ¢ Mo
and Ve " " are both unitary matrices, 3 =
diag(ﬁl,52,-",5,,0,0,"-,0) e CMv M iy g diagonal matrix,
and §, is a complex number satisfying ‘ Si‘ = ;v is the i-th
column of the matrix V.

It can be seen that SI suppression matrix A is con-
structed by projecting onto the f, right singular vectors cor-
responding to the f;, least singular values of the equivalent
SI channel H
ing the f,-dimensional subspace in the original transmis-

si.eque LD €ssence, this process involves identify-
sion space €' that minimizes the total SI received by the
BS. Therefore, the greater the number of zero singular val-

ues of matrix H (i.e., the smaller the rank r of the matrix

SILequ
Hy .), the closer the f)-dimensional subspace that mini-

mizes the total SI received by the BS is to the zero space,
and the better the SIC effect will be.

Next, the value of r is discussed for the proposed system ar-
chitecture. Assume that Ny, = Npp, = Ny, N=N, =N,
N'=N/'=N Ny =Ny, =Ny, N=N, =N, and N =
N,, = N,,. At this point, C, = C,", and rank(Ct) = Npp. We
let C=C,and r}f = 1rank(HSII1 ) First, we discuss the case of
channel matrix HY' with a full rank, i.e., r{f = N'. When K =
BJ (where J C"'"V' is an all-ones matrix), the polarization

isolation between each transceiver array element in different

polarization directions is given by Pypr s =
~10log10(B)with 0 < B < 1. Eq. (18) is equivalent to:
Hy'  pHy
HSIz{ i i (28).
BH  Hg

The values of r are discussed for each of the three cases 0 <
B<1,B—0andB = 1.

When 0 <B <1, with chunk matrix multiplication, the
equivalent self-interfering channel matrix expression is ob-
tained as:

C’ITIHS]IICH BC’II‘]HS]IICII

Hy . = (29),
Heea ﬁC;FlH;IlCll CIFIHS]IICII }
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where €|, ¢V M, and rank(C“) = Ny It can be obtained
that:

r=2xrank(C! HYC ) < Ny (30).

Similarly, when 8 — 0,

r=2xrank(Cl HYC ) < Ny, (31).
WhenB =1,
r=rank(ClTlHSIIIC“)<NéF (32).

In summary,

Niew 0<B<1
r<iNg, B—0 (33).
Nges B=1

For 0 < B8 < 1, i.e., when the polarization isolation between
the transmit and receive elements of different polarization di-

rections is greater than 0 dB, the matrix H may not have

Sl equ
any zero singular values. That is to say, théqu—dimensional
subspace constructed by the f, right singular vectors that mini-
mize the total SI of BS reception is not completely close to the
zero space, and the SIC effect is not good. When 8 — 0, i.e.,
the polarization isolation between the transmit and receive ele-
ments of different polarization directions approaches infinity,
the number of Hy, ,, singular values of zero does not change
significantly compared with 0 < 8 < 1. In other words, the SIC
performance does not improve significantly as polarization iso-
lation increases. When 8 =1, i.e., the polarization isolation
between each transmit and receive array element with differ-
ent polarization directions is 0 dB, it is evident from the struc-
ture of the transceiver URA that Ny > Ny . At this time, the

number of H singular values taking zero is at least Ny, —

Sl equ
N > 0, whi(:hqmeans that the f)-dimensional subspace con-
structed by the f), right singular vectors is closer to the zero
space, and the SI cancellation effect is obviously enhanced.
Therefore, the polarization isolation can be reduced to 0 dB to
improve the SIC capability, if the polarization isolation be-
tween each transceiver array element in different polarization
directions is the same.

According to the actual measurement of the engineering
prototype, the polarization isolation between each transmit
and receive array element with different polarization direc-
tions at different locations is not the same, indicating that the
elements in the matrix K are not exactly equal. Therefore, the
case of r at K # BJ is further discussed as follows. At this

point, rank(K@H;ll) <ry =N" For matrix K = (kiJ.)

N x N

we express it as:
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K= I:kl’ k,, vk;\e‘:l = |:g;1" g'zl" 7g;£‘:|T (34),

where kjeC““'“,j: 1,2,---,N',  and gieclx“",i:
1,2,--,N'. We let Hg = (hi'j)e\“'x/\‘" At this point, the expres-

sion of the equivalent SI channel H is:

11 12
- HSI .equ HSI equ [ ——
SILequ H 12 H—l 1

Sl.equ SI.equ

SI.equ

chKOHY)C, (35),
C;rl H;IICII

CLH{C),
ch(koHn)c,

where

rank(H”

1
Sl,equ) < NRF’

rank(K@H;II) rank(K@Hslll) < Npp
. Denote the j-th col-

N rank (KOHJ') > Ny,
umn Of H;ll,equ and HSIIZ.,equ as h;ll,equ . and h’;lz,equ,j

i 12
where the elements of hy; ., ; and hg ., ; ave h
ki = ON 2N,

(i = 1727...,]\/)" 3N_V + 1,3N}, +

12
rank ( Hy ... ) <

respectively,

i+ kj+ Do

and z k
ki = 0N, 2N,
s I
2 AN e N = 1, 2,000, Ny,
To minimize the rank r of the matrix Hy .
2

in Eq. (35) is equal to the
i.e., the following condition must be

i+k,j+lhi+k,,'+l

it is neces-
sary that the j-th column of H;lyequ
1"

J-th column of H

Sl.equ *
satisfied.
ki+k?j+lhi+k,j+l: hi+k,/'+[ (36),

Il = ON 2N, k= 0N 2N,
which can be rewritten as:

ki+k‘j+l =1 (37)’
where i = 1,2,---,N,3N, + 1,3N + 2,---,4]\/),,-“,]\/1, k1=
0,N,,2N,. Eq. (37) is equivalent to:

T
b=k, y =k, =[1. 1, - 1] (38).

In other words, the polarization isolation between each
transmit and receive array element with different polarization
directions at the corresponding position of Eq. (38) is close to
0 dB. According to the structure of the transmit-receive URA,
the polarization isolation between the transmit array element
connected to the j-th transmit RF channel and all the receive
array elements is 0 dB under this condition. Similarly, r can
be reduced when the i-th row of H ;ﬁequ
that of Hsl]lyequ, ie.,

gi:g”w,:ginw,:[lv Lo 71] (39).

in Eq. (35) is equal to

At this point, the polarization isolation between the receive
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array connected to the i-th receive RF channel and all trans-
mit arrays is O dB. Note that W is the set of column numbers of
the column vector k; satisfying Eq. (38), P is the set of row
numbers of the row vector g, satisfying Eq. (39), w = |W | is
the number of elements in the set, and p =| P|is the number

of elements in the set P. We have:

r=rank([H,,, HS . ])=w-p (40),

where
11 12
rank ([HSI Lequ HSI equ ] ) <

Ny + rank (KOH')  rank (KOHY') < Ny )
41).
Ny rank(K@HSlll) > NliF

At this point, r is related to the rank of matrix KOHY' and
the number of unit row (or column) vectors in matrix K. There-
fore, in practical engineering implementations, K can be de-
signed so that either the rank of KOH{ is less than Ny, , or
the polarization isolation between the transmit (or receive) ar-
ray elements connected to as many transmit (or receive) RF
channels as possible and all the corresponding receive (or
transmit) array elements is O dB, in order to achieve better
SIC performance. It should be noted that when using the K
method, if the rank of KOH' is only reduced but remains
greater than N\, it will not yield a significant improvement in
SIC capability.

In practice, the antenna array placement of massive MIMO
does not always result in completely uncorrelated and inde-
pendent channels. In such cases, channel matrix Hg' is non-
full rank, i.e., rif < N'. The corresponding value of rank r
when ry < N' is analyzed below. When K = BJ , the same
three cases are discussed in terms of 0 <8< 1, B—0
andB = 1.

When rlf < Npp,

2, 0<B<1
rank(Hy ) <121, B—0 (42).
ry, B=1

1 1
When rg = Ngy,

Nyes 0<B<1
rank(Hy ) < N, B0 (43).
Nger B=1

Therefore, when Nj, <rif < N', r does not change much
compared with the case where H{' is full rank. When
rl: < N,;F, r decreases, and at this time, the number of zero sin-
is at least Ny, — 2rd] (0 < Ny — 28 <
Nygp)- Thus, the f,-dimensional subspace constructed by f)

gular values of Hy...
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right singular vectors is closer to the zero space, and the SI
canceling performance is significantly enhanced. Conse-
quently, in practical engineering implementation, to enhance
SIC performance by changing the rank rl} of HY', rlf should be
reduced to at least less than the number of transmit or receive
RF channels connected to the antenna array elements with the
same polarization direction.

When K # BJ, it can be obtained similarly that

r = I'al'lk([H;]l equ Hsllzequ ]) Tw=p (44)7
where,
rank([Hslllequ HSllzequ ] ) <
rSI + rank(K@Hslll) rSI < NliF

]\[11(F + rank ( K@Hslll ) R
Ny » rank (KOHY') = N}

rank(K@Hgll) < Nllu < rs[ (45).

Thus, when K # BJ, the rank r is related not only to the
rank of KOHY' and the number of unit row (or column) vec-
tors in K, but also to the rank r{} of HJ/'. Accordingly, in practi-
cal engineering implementations, to enhance the SI cancella-
tion capability, in addition to designing K to minimize the
rank of KOH{/' (i.e., ensuring it is less than Ny), or maximiz-
ing the number of transmit (receive) array elements connected
to transmit (receive) RF chains for which the polarization isola-
tion with all corresponding receive (transmit) array elements is
0 dB, ri] can also be reduced to less than the number of trans-
mit or receive RF channels connected to the antenna array ele-
ments with the same polarization direction .

In this paper, we also consider whether the SIC perfor-
mance can be further enhanced by changing the array place-
ment. The transmitting and receiving URAs placed vertically
along the x-axis in Fig. 3 are reconfigured to a diagonal place-
ment along the same axis. The equivalent SI channel matrix
H

This is because using different array placements only changes

si.equ Obtained at this point is the same as that in Eq. (38).
the values of the elements of the sub-matrix H., but the trans-
mit or receive array elements of both polarization directions

are still in the same position. Thus the form of H will not

Sl equ
change. Therefore, the rank rY] of the channel matrljc H)' can
be minimized by changing the array placement, so that the
SIC performance can be improved.

According to the above analysis, the SI cancellation effect
can be enhanced from three perspectives: 1) by designing ma-
trix K so that the rank of KOH{, is less than the number of
transmit or receive RF channels connected to the antennas
with the same polarization direction; 2) by making the polar-
ization isolation between the transmit (receive) array elements
connected to the same transmit (receive) RF channel and all
receive (transmit) array elements 0 dB; 3) by reducing the
rank 7l of Hy' to be smaller than the number of transmit or re-
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ceive RF channels connected to antennas with the same polar-
ization direction, such as changing the array placement and
widening the transceiver URA spacing. Although the channel
is modeled as narrowband in the above analysis, beamforming
is also applicable to the wideband channel model. This is be-
cause beamforming targets frequency-domain data and is
implemented at the subcarrier level.

4 Illustrative Results

In this section, the SoftNull algorithm performance for the
proposed system is evaluated through simulations from the sum
rate and SIC. The downlink achievable rate can be given by:

(46),

Ry, = logz‘ I, + RysWo,
where R = E{nULnUh} and E{-} denotes the statistical ex-

pectation. W, represents the received covariance matrices of
the downlink channel, which is defined as:

G HII

WDL = H Down .equ (47)7

Down ,equ

where Gy = FTV E{S,, Ik |VIF. Similarly, the uplink

(UL) rate is expressed as:

+ (RBS + QBS)ilWUL (48)7

1 = log,| Iy

where Ry = UBSFE{nBSngS}FHU[Z denotes the power of re-
ceived noise, Qs and Wy, are the downlink receive covari-
ance matrices for the SI and intended signal on the BS side, re-
spectively, defined as:

Qs = UBSFHSIA,eun qu eunHUH (49),
WUL = UBSFHUp.eun HLII_{J eunHU]g (50)9
where G = E{er,x[r,} Accordingly, the achievable rate

can be written as:

R, =R, +Ry, = logz‘ I

sum

+ RE:SWDL’ + log,| 1

(RBS + QBS)ilWUL (51).

The parameters are summarized in Table 1, where A is the
wavelength. It is assumed that the NLOS path between each
transmit and receive antenna pair is reflected by the point 0.

In Fig. 5, we investigate the SIC of each receiving RF chan-
nel versus the degrees of freedom f), reserved for traditional
digital precoding under the SoftNull scheme. We assume that
the antenna isolation is 0 dB and the URA spacing is 0.2 m,
which is 1.7 times the wavelength.

As can be observed, a decrease in f), corresponds to an in-
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Table 1. Simulation parameters of full-duplex massive MIMO system

Parameter Value
Bandwidth 100 MHz
Center frequency 2.595 GHz
Transmit power of base station 30 dBm
Transmit power of user 30 dBm

Number of base station antennas N,

Number of base station RF channels

=N,=6x8x2=96

Nip, = Ny, =32

70 ; ;
SoftNull
G — AB-JBPC!"
60 E
g
S sof 1
190}
x =]
o
8
Z 40 1
-
301 1
I \;
20g 16 24 32

Freedom for downlink, f;,

SIC: self-interference cancellation

Number of uplink users Ky, =2x4=8
Number of downlink users Ky =2%4=8
Antenna spacing along x-axis d,=d, =067r
Antenna spacing along y-axis d, =d, =052
URASs spacing d, =0.51
User spacing along x-axis dy, ., = dpgyn . = 2.6795m
User spacing along y-axis dy,, = dpgyn, = 2.6795m
Cross-polarization isolation Pypras = 25dB
Path loss factor n =292
Number of uplink channel multipaths Cyo =1Ly, =1L =1
Number of downlink channel multipaths ~ C,,, = 1, Ly, . = 1, Lp,,, = 1
Number of SI channel multipaths Cy=1,Ly, =1,Ly=1

URA: Uniform rectangular array

Achieved SIC/dB

L s

1234567 8 910111213141516 17 181920 2122 2324 2526 272829 30 3132

Received RF channel number

RF: radio frequenc SIC: self-interference cancellation

Figure 5. Impact of /), on SIC in received RF channels

crease in the SIC performance for each receive RF chain. This
is because a reduction in the degrees of freedom assigned to tra-
ditional digital precoding invariably increases the degrees of
freedom available for SIC, resulting in enhanced SIC perfor-
mance. Additionally, the SIC performance of different receive
RF channels fluctuates to varying degrees, since the design
goal of the SI suppression matrix is to minimize the total SI sig-
nal power rather than the SI signal power of each receiving RF
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Figure 6. Impact of /,, on total SIC

channel. In Fig. 6, we further investigate f}, versus the total SIC.
However, when we utilize the SoftNull scheme in the pro-
posed system architecture, the total SI channel power can be
suppressed by up to 64 dB as shown in Fig. 6, including a
path loss of 21 dB. The total SIC performance exhibits an in-
creasing trend with a decrease in the degrees of freedom used
for downlinks, similar to the SIC for each receive RF channel.
Compared with AB-JHPC"” with only transmit beamforming,
the proposed SoftNull scheme achieves higher SIC perfor-
mance when the reserved degrees of freedom are less than 24.
Accordingly, SoftNull can achieve different SI suppression
effects by changing the value of f}, within the proposed system

architecture. However, the degrees of freedom available for

180 - —
—-8-— Ideal FD
— = - HD o
150k SoftNull /=8 ]
—#— SoftNull ,=16 o)
—+— SoftNull f,=24 o
— 10k SoftNull ,=32 s y
N AB-JBPC!"! e
= ;
2090
£
E
260
£
=
2]
30
(e = > M L L L
0 3 6 9 12 15 18 21 24 27 30

FD: full-duplex

Received SNR/dB

HD: half-duplex  SNR: signal-to-noise ratio

Figure 7. Impact of /), on sum rate
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downlink traditional beamforming also change. We further in-
vestigate the impact of f), adjustment on the sum rate. Fig. 7
plots the relationship between f;, and the sum rate under Soft-
Null, along with a performance comparison of HD, ideal FD,
and AB-JHPC with only transmit beamforming.

It can be observed that the achievable sum rate increases
with the increase of f,. The maximum sum rate is improved by
16% compared with that of HD, when all available degrees of
freedom are used for traditional digital precoding. However,
the achieved SIC is only 21 dB from path loss, showing that
the SI power on the UL reception is higher than the received
desired signal power. It not only causes RF saturation of the
receiver but also induces harm to the receiver hardware. Thus,

180 T T
—-8-— Ideal FD
— A -HD P
150 SoftNull f,=8 g'/ B
—%— SoftNull /,=16 L
—~ —+— SoftNull f,=24 o
‘::N 120 | —#— SoftNull f,=32 /_/' ]
ij/ 90
T
E
£ 60
B
N
30
0 . . i , l . . , :
0 3 6 9 12 15 18 21 24 27 30
Received SNR/dB
(a) Py = 20 dB
180 T T T
—-8-—=Ideal FD
— A -HD L
150+ SoftNull]"l)=8 D’/. .
—4*—SoftNull /=16 g
oy —+—SofiNull /,=24 e
T::N 120+ —#*—SoftNull f,=32 ‘ /,/' |
Tﬁ"
g
T
B
£
5
N
0 , . . . . . . . .
0 3 6 9 12 15 18 21 24 27 30

Received SNR/dB
(©) Py =40dB

FD: full-duplex

HD: half-duplex
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we should choose a reasonable value of f), to balance the trade-
off between the achieved SIC and the sum rate. In this way, a
higher sum rate can be achieved without saturating the receive
RF channels on the BS side.

In addition, the achievable sum rate is much smaller than
that of the ideal FD. This is because reducing f;, can enhance
SIC performance to improve the signal-to-interference plus
noise ratio (SINR) and achieve a higher uplink rate, while it
has a negative impact on the downlink rate. The uplink rate
gain achieved by enhancing SIC performance is unable to com-
pensate for the downlink rate loss. Thus, even when a certain
SIC is achieved, the sum rate is low.

To improve the performance of the proposed full-duplex mas-

180 T T T
—-8-—Ideal FD
— A-HD B
150 + SoftNull £,=8 e
—%—SoftNull /,=16 7
~ —+—SofiNull f, =24 a
I —#—SofiNull /=32 -
=120+ oftNull =3 5 _
Tf"
é:/
3
3
g
E
=
w
0 i : ; ; I ; ; I !
0 3 6 9 12 15 18 21 24 27 30
Received SNR/dB
(b) Py =30dB
180 : ;
—-a-—Ideal FD
— A -HD T
150 - SoftNull f,=8 Rl
—%—SoftNull /=16 P g
. —+—SoftNull f,=24 -7 d
7 —#—SoftNull f, =32 A
=120 :
TZ”
:’;:
T
z
£
=
w
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() Py =50dB

SNR: signal-to-noise ratio

Figure 8. Impact of antenna isolation on sum rate

ZTE COMMUNICATIONS
December 2025 Vol. 23 No. 4

| 107



Research Papers | Full-Duplex Massive MIMO Self-Interference Suppression Based on Beamforming

ZHANG Boyu, ZHANG Ling, LI Zijing, SHEN Ying

sive MIMO system with large antenna arrays, antenna isolation
is used to further suppress the received SI, thereby enabling a
higher sum rate while enhancing the total SIC performance. Fig.
8 depicts the sum rate with different antenna isolation.

Increasing antenna isolation further reduces the received SI
signal, so that the uplink rate is improved. When more an-
tenna isolation is utilized, the sum rate increases under differ-
ent f;,. The received SI power is much smaller than the re-
ceived intended signal power. And the achieved sum rate is
higher than that of HD and approaches the ideal FD, when the
antenna isolation is increased to 50 dB and f}, = 32. The re-
sults with the sum rate are increased by 26.7% compared with
those using only the SoftNull algorithm, and 67% to 100%
higher than the HD.

As an increase in antenna isolation causes a corresponding
decrease in the received SI power, the received UL SINR is in-
finitely close to the received SNR. Thus, the sum rate under
SoftNull cannot increase linearly with the increase of antenna
isolation. The lower the received SNR, the smaller the total
SIC required to achieve the same rate situation.

The SIC performance and the sum rate can also be further
enhanced by increasing the spacing between the transmit and
receive URAs. Fig. 9 depicts the sum rate with different an-
tenna isolation when d, is increased to SA.

As can be observed, an increase in the distance between
transmit and receive URAs under the same antenna isolation
corresponds to an increase in the sum rate compared with that
in Figs. 8¢ and 8d. When the antenna isolation is 50 dB, the
sum rate can be increased by up to 54%, which is 90% to
100% higher than that of HD. The f,-dimensional subspace
found under the same available degrees of freedom and an-
tenna isolation is closer to the null space by increasing the dis-
tance of the transceiver URAs, which reduces the rank rlj.
Thus, the received UL SINR and the sum rate performance are
improved. It is necessary to reasonably select f}), antenna isola-
tion, and d, with the requirements when using SoftNull to
achieve SI elimination under the proposed system architec-
ture, so as to improve the sum rate while achieving the re-

quired SIC.

S Conclusions

In this paper, a structure for the FD massive MIMO commu-
nication system with multi-stream transmission, where one
transmit or receive RF channel is connected with three trans-
mitting or receiving antennas in the same polarization direction,
is proposed. This structure greatly reduces power dissipation
and cost. To avoid LNA saturation caused by SI signals, the
SoftNull algorithm based on transmit digital precoding is pro-
posed. In addition, the method of enhancing the SIC under the
algorithm is analyzed. We consider the method of antenna isola-
tion and increasing the distance between receive and transmit
URASs to improve system performance. Simulation results show
that the SoftNull algorithm can achieve SI suppression in the ar-
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Figure 9. Impact of antenna isolation on sum rate with transceiver
uniform rectangular array spacing of 5A

chitecture. Moreover, the method of joint antenna isolation and
increasing the distance between the transmit-receiver URAs
can further enhance system performance.
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