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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

In recent years, the full-duplex (FD) and massive multiple-
input-multiple-output (MIMO) technologies have emerged 
as key research focuses in wireless communications[1–4]. 
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 
compared with the traditional duplex system[5–6]. As another 
key technology of 5G, massive MIMO can improve the spectral 
efficiency and reliability of a system by equipping a large num⁃
ber of antennas[7–11]. In 5G wireless technology implementa⁃
tions, the combination of various technologies has become a 
trend[12–13]. 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[14]. 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[15]. 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 RF 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[19], 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⁃

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 VBS ∈ CNRF, t × KDown) and a combiner (with a matrix 
UBS ∈ CKUp × NRF, r), as shown in Fig. 1.

The transmitter and the receiver of BS, which operate in a 
full-duplex mode, are equipped with Nt and Nr antennas, and 
by NRF,t and NRF,r 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 NRF, t = Nt /3, NRF, r = Nr /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 
Nt + Nr to NRF,t + NRF,r = (Nt + Nr ) /3. The half-duplex (HD) 
single-antenna users in the system are divided into KUp users 
transmitting in the uplink mode and KDown users receiving in 
the downlink mode, which are denoted as nodes “Up” and 
nodes “Down”, respectively, where KUp, KDown ≤ {NRF, t, NRF, r}.

The transmitter of BS employs both traditional digital pre⁃
coding and SI suppression using the matrices B and A of size 
fD × KDown and NRF , t × fD to process the baseband signal 
SBS, t ∈ CKDown × 1 in the frequency domain, respectively. The 
beamformed signal undergoes NRF,t transmission RF channels 
and the Nt transmission antenna, and this generates as a down⁃
link transmission signal S. fD 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 KDown ≤ fD ≤ NRF,t. The 
downlink transmission signal can be mathematically ex⁃
pressed as:
xBS , t = C tF

ΗVBSSBS , t (1),
where VBS = AB ∈ CNRF,t × KDown is the equivalent transmission 
digital precoding matrix, and F ∈ CNRF,t × NRF,t denotes the fast 
Fourier transform matrix. The elements [F ]m,k with m, k =
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0,1,…, N - 1 take e- j2πmk N N . C t ∈ CNt × NRF,t represents the 
matrix from the transmitting RF channel to the TX antenna on 
the BS side, which is obtained as:
C t = 1

3 ΕNRF ,t ⊗ é
ëΕNt,y, ΕNt,y, ΕNt,y

ù
û

Τ (2),
where EN 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⁃
noted as HDown ∈ CKDown × Nt and HUp ∈ CNr × KUp, 
respectively. Moreover, HSI ∈ CNr × Nt 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 k

u = Nu,x ×
Nu,y, u ∈ {t, r}, k ∈ {1, 2},where u ∈ {t, r} repre⁃
sents either the transmitter side for u = t or the 

receiver side for u = r. Here, Nu,x and Nu,y represent the anten⁃
nas along the x-axis and the y-axis, respectively, where N 1

t =
N 2

t  and N 1
r = N 2

r .
The transmit and receive URAs of BS located in the x-o-y 

plane are placed next to each other, where d1 represents the dis⁃
tance between the transmit and receive URAs along the x-axis.

BS: base station
FFT: fast Fourier transform

IFFT: inverse fast Fourier transform
RF: radio frequency

SIC: self-interference cancellation
UE: user equipment

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

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 d2 between them. 
The wall’s center point oante is at the same 
height as the center point oante of transmit and re⁃
ceive URAs. Both the nodes Down and VBS 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 1 are at the same height as oante at the angle 
of αu and αd.We assume that there are KUp , x and KUp , y up⁃
link users regularly arranged along the negative 
x-axis and the positive y-axis with an interval of 
dUp ,x and dUp ,y. Similarly, there are KDown ,x and 
NRF ,t uplink users regularly arranged along the 
negative x-axis and the positive y-axis with the 
intervals of dDown ,x and dDown ,x, where KUp =
KUp , x × KUp , y, Hequ = HDown , equA.

Fig. 3 shows the structure of transmit and re⁃
ceive URAs, where each transmit or receive RF 
chain is connected to three dedicated transmit 
or receive antenna elements in the same polar⁃
ization. N kRF ,u, u ∈ {t, r}, k ∈ {1, 2} indicates the 
number of transmit or receive RF chains at⁃
tached to the antenna with polarization k, where 
N 1RF , t = N 2RF , t and N 1RF , r = N 2RF , r.

Nt, x and Nt, y transmit antenna elements in the same polar⁃
ization are arranged with equal intervals dt,x and dt,y along the 
positive x-axis and the negative y-axis, respectively. Similarly, 
Nr,x and Nr,y transmit antenna elements in the same polariza⁃
tion are arranged with equal intervals dt,x and dt,y along the 
positive x-axis and the negative y-axis, respectively.

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

c = 1

Ci

Li,c paths between the transmitter and re⁃
ceiver in total. The intended channel matrix is derived as:
H i = ∑

c = 1

Ci ∑
l = 1

Li,c
τ-η

i,cl
gi,cl

ϕr,j (γ ( x )
r,cl

,γ ( y )
r,cl

) ϕH
t,i (γ ( x )

t,cl
,γ ( y )

t,cl
) = Φ r,jG iΦ t,i

(3),
where H i∈CR × T (R,T ) ∈ {(KDown, Nt ) , (Nr, KUp )}; j and i 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 ) = (KDown, Nt ). When ( j, i) =
(BS , Up), there is (R, T ) = (Nr, KUp ). G i =
diag (τ-η

i,1 gi,1,…,τ-η
i,Li

gi,Li ) ∈ CLi × Li represents the diagonal path 

gain matrix, τi,cl
 and gi,l~CN (0,1/Li ) denote the distance and 

complex path gain of the l-th path in the c-th cluster, respec⁃
tively. η is the path loss exponent. Φ r, j ∈ CR × Li and 
Φ t, i ∈ CLi × T respectively represent the receive and transmit 
phase response matrices of intended channels, which is 
given by:

Φ r,j =
é

ë

ê

ê

ê
êê
ê

ê

ê ù

û

ú

ú

ú
úú
ú

ú

úϕH
r, j (γ ( x )

r,1 ,γ ( y )
r,1 )

⋮
ϕH

r, j (γ ( x )
r, Li

,γ ( y )
r, Li

)

H

(4),

Φ t,i =
é

ë

ê

ê

ê
êê
ê

ê

ê ù

û

ú

ú

ú
úú
ú

ú

úϕH
t,i (γ ( x )

t,1 ,γ ( y )
t,1 )

⋮
ϕH

t,i (γ ( x )
t,Li

,γ ( y )
t,Li

)
(5),

where ϕu,i (γ ( x )
u,cl

,γ ( y )
u,cl

) ∈ CU × 1, (U, u) ∈ {(R, r) , (T, t)} denotes 
the phase response vector of the l-th path in the c-th cluster, 
which can be expressed as:
ϕu,i (γx,γy ) = é

ë
ù
û

1, ej2πdu,x γx, …, ej2πdu,x( )Nu,x - 1 γx

T ⊗ 
é
ë
êêêê ù

û
úúúú1, ej2πdu,y γy, …, ej2πdu,y( )Nu,y - 1 γy

T (6).

Figure 3. Base station transceiver’s uniform rectangular array structure
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γ ( x )
r,cl

 and γ ( y )
r,cl

 include the elevation angle-of-arrival (AoA) 
and azimuth AoA information of the receive antenna of the l-
th path in the c-th cluster at node j, which can be written as 
follows:

γ ( x )
r,cl

= sin (θr,cl
) cos ( ψr,cl

) (7),

γ ( y )
r,cl

= sin (θr,cl
) sin ( ψr,cl

) (8).
The elevation AoA θr,cl

 and azimuth AoA ψr,cl
 are the angle 

between the path and the positive x-axis and that between the 
projection of the path on the y-o-z plane and the positive z-
axis, respectively. γ ( x )

t,cl
 and γ ( y )

t,cl
 indicate the elevation angles of 

departure (AoD) and azimuth AoD of the transmit antenna of 
the l-th path in the c-th cluster at the node i, and can be math⁃
ematically expressed as:

γ ( x )
t,cl

= sin (θt,cl
) cos ( ψt,cl

) (9),

γ ( y )
t,cl

= sin (θt,cl
) sin ( ψt,cl

) (10),
where θt,cl

 and ψt,cl
 respectively represent the elevation AoD 

and azimuth AoD of the l-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 
HLoS ∈ CNr × Nt and the far-field SI channel HNLoS,i ∈ CNr × Nt af⁃
ter antenna isolation, which can be obtained as:
HSI = HLoS + HNLoS (11).
With the transmit and receive URA structure in Fig. 3, HLoS is derived as:
HLoS = é

ë
êêêê ù

û
úúúúH 11LoS H 12LoS

H 21LoS H 22LoS
(12),

where H gkLoS ∈ CN g
r × N k

t , g, k ∈ {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 PXPI ,dB =
-10log10 (K ) ∈ CN g

r × N k
t , g ≠ k. Eq. (12) is equivalent to:

HLoS = é
ë
êêêê ù

û
úúúú

H 11LoS K⊙H 11LoS
K⊙H 11LoS H 11LoS

(13).

The residual near-field SI channel H 11LoS between transmit 
and receive array elements with polarization 1 is detailed in 
the following. The element of the [ (u - 1)Nr,y + v ] row and 
[ (m - 1)Nt,y + n ] column of H 11LoS, which is the channel be⁃
tween the (m,n )-th transmitter and (u,v )-th receiver in Fig. 3, 

can be given by
H 11LoS ( [ (u - 1)Nr,y + v ] , [ (m - 1)Nt,y + n ]) =

κ1Δ(m,n ) → (u,v )
e- j2πΔ(m,n ) → (u,v ) (14),

where κ1 is a constant satisfying 10log { Ε [  H 11LoS
2
F

] } = -P IS,dB; 
P IS,dB is the antenna isolation, and Δ(m,n ) → (u,v ) is the distance 
from the (m,n )-th transmitter to the (u,v )-th receiver. Δ(m,n ) → (u,v ) is defined as follows:

Δ(m,n ) → (u,v ) =
[ (m - 1)dt,x + (u - 1)dr,x + D1 ]2 + (ndt,y - vdr,y )2 (15).

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

ë
êêêê ù

û
úúúú

H 11NLoS K⊙H 11NLoS
K⊙H 11NLoS H 11NLoS

(16),

where H 11NLoS ∈ CN 1
r × N 1

t  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 11NLoS. Suppose there are CSI scattering clusters, and c 
cluster contains LSI,c non-line-of-sight (NLOS) paths with c =
1,2,…,CSI. In total, there are LSI = ∑

c = 1

CSI
LSI,c paths between the 

transmitter and receiver. According to Eq. (3), it can be math⁃
ematically expressed as
H 11NLoS = ΦSI ,rGSIΦSI ,t (17),

where GSI = diag (τ-ηSI,1 gSI,1,…,τ-ηSI,LSI gSI,LSI ) ∈ CLSI × LSI denotes 
the diagonal path gain matrix, τSI, cl

 and gSI, l ∼ CN (0,1/LSI ) re⁃
spectively represent the distance and complex path gain of the 
l-th path in the c-th cluster. ΦSI,r ∈ CNr × LSI and ΦSI,t ∈ CLSI × Nt 
denote the receive and the transmit phase response matrices 
of the far-field SI channel, respectively. We assume θSI ,r,cl

 and 
ψSI ,r,cl

 indicate elevation AoA and azimuth AoA of the l-th 
NLOS path in the c-th cluster. θSI ,t,cl

and ψSI ,t,cl
 respectively rep⁃

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

ë
êêêê ù

û
úúúú

H 11SI K⊙H 11SI
K⊙H 11SI H 11SI

(18),

where H 11SI = H 11LoS + H 11NLoS ∈ CN 1
r × N 1

t  is the SI channel between 
transmit and receive array elements with polarization 1.

In the downlink transmission, the received signals 
yUE,r ∈ CKDown × 1 at nodes Down are obtained as:
yUE ,r = HDownxBS .t + nUE (19),
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where nUE ∼ CN (0,σ2UEIKDown ) ∈ CKDown × 1 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 
yBS ,r ∈ CNr × 1 at the receiver of BS includes the downlink trans⁃
mission signals xBS .t through the SI channels and the uplink 
transmission signals xUE .t ∈ CKUp × 1 through the uplink chan⁃
nel. It can be expressed as:
yBS ,r = HUpxUE .t + HSIxBS .t + nBS (20),

where nBS ∼ CN (0, σ2BS INr ) ∈ CNr × 1 is the AWGN vector at 
the BS receiver.

Upon signal yBS ,r 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 
UBS ∈ CKUp × NRF ,r ,vector SBS ,r ∈ CKUp × 1 is derived as:
SBS , r = UBSFCryBS ,r (21),

where Cr = 1
3 ΕNRF ,r ⊗ é

ëΕNr,y, ΕNr,y, ΕNr,y
ù
û ∈ CNRF ,r × Nr is the 

equivalent matrix from the receive antenna to the receive RF 
channel at the BS. We utilize HDown , equ = HDownC t ∈ CKDown × NRF ,t 
and HUp ,equ = CrHUp ∈ CNRF ,r × KUp to 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 HSI ,equ = CrHSIC t ∈ CNRF ,r × NRF ,t. Eq. (19) is derived as:
yUE ,r = HDown , equFΗVBSSBS ,t + nUE (22).
Eq. (21) is obtained as:
SBS ,r = UBSFHUp ,equxUE .t + UBSFHSI ,equFΗVBSSBS ,t +
UBSFCrnBS (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 VBS into two sub-matrices, we have:
VBS = AB (24).

The implementation block diagram is shown in Fig. 4. On 
the BS-side, KDown original parallel transmit data streams SBS ,t are first passed through the conventional digital precoding ma⁃
trix B to obtain fD parallel data streams, and then through the 
SIC matrix A to obtain NRF ,t parallel data streams, which are 
subsequently fed into the NRF ,t 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 fD. 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:
B = αequHΗequ(HequHΗequ )-1 = αequWZF , equ (25),

where αequ = K1
tr (WZF ,equW HZF ,equ )  is the power control factor 

and K1 is a constant; Hequ = HDown ,equA 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 fD 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 fD for the 
conventional digital precoding. Assuming that the equivalent 
SI channel HSI , equ is known, the design problem is formulated 
as follows:  
A = argmin

A
 HSI ,equA

2
F

                        s.t.   AΗA = E fD × fD

(26),

Figure 4. FD massive MIMO system with transmitting digital precoder

SIC: self-interference cancellation

Traditionalprecoder
B

SIC
AKDown

…

fD

…

NRF,t

…

102



ZTE COMMUNICATIONS
December 2025 Vol. 23 No. 4

ZHANG Boyu, ZHANG Ling, LI Zijing, SHEN Ying 

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

where  HSI ,equA
2
F
 is the total SI signal power and  ⋅ 2

F is the 
square of the Frobenius parametrization; the constraint AΗA =
E fD × fD

 denotes that A has F orthogonal columns and is used to 
ensure that the required degrees of freedom fD are preserved 
for conventional digital precoding. The solution to Eq. (26) is:
A = é

ë
v( )NRF , t - fD + 1 v( )NRF , t - fD + 2 … v( )NRF , t ù

û
(27),

where rank (HSI ,equ ) = r is assumed. σ1,σ2,…,σr are the r 
positive singular values of HSI ,equ. The singular value decompo⁃
sition of matrix HSI ,equ is HSI ,equ = UΣVΗ, where U ∈ CNRF , r × NRF ,r 
and V ∈ CNRF , t × NRF , t are both unitary matrices, Σ =
diag ( δ1,δ2,…,δr,0,0,…,0) ∈ CNRF ,r × NRF ,t is a diagonal matrix, 
and δi is a complex number satisfying | δi | = σi; v( )i  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 fD right singular vectors cor⁃
responding to the fD least singular values of the equivalent 
SI channel HSI ,equ. In essence, this process involves identify⁃
ing the fD-dimensional subspace in the original transmis⁃
sion space CNRF ,t that minimizes the total SI received by the 
BS. Therefore, the greater the number of zero singular val⁃
ues of matrix HSI ,equ (i.e., the smaller the rank r of the matrix 
HSI ,equ), the closer the fD-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 NRF = NRF ,t = NRF ,r, N = Nt = Nr, 
N 1 = N k

t = N k
r , N 1RF = N kRF ,t = N kRF ,r, Nx = Nt,x = Nr,x, and Ny =

Nt,y = Nr,y. At this point, Cr = C t
Τ， and rank (C t ) = NRF. We 

let C = C t and r11SI = rank (H 11SI ). First, we discuss the case of 
channel matrix H 11SI  with a full rank, i.e., r11SI = N 1. When K =
βJ (where J ∈ CN 1 × N 1 is an all-ones matrix), the polarization 
isolation between each transceiver array element in different 
polarization directions is given by PXPI , dB =
-10log10 ( β ) with 0 < β ≤ 1. Eq. (18) is equivalent to:

HSI = é

ë
êêêê

ù

û
úúúú

H 11SI βH 11SI
βH 11SI H 11SI

(28).

The values of r are discussed for each of the three cases 0 <
β < 1, β → 0 and β = 1.

When 0 < β < 1, with chunk matrix multiplication, the 
equivalent self-interfering channel matrix expression is ob⁃
tained as:
HSI , equ = é

ë
êêêê

ù

û
úúúú

CΤ11H 11SI C11 βCΤ11H 11SI C11
βCΤ11H 11SI C11 CΤ11H 11SI C11

 (29),

where C11 ∈ CN 1 × N 1RF, and rank (C11 ) = N 1RF. It can be obtained 
that:

r = 2 × rank (CΤ11H 11SI C11 ) ≤ NRF (30).
Similarly，when β → 0,
r = 2 × rank (CΤ11H 11SI C11 ) ≤ NRF (31).
When β = 1,
r = rank (CΤ11H 11SI C11 ) ≤ N 1RF (32).
In summary,

r ≤
ì

í

î

ïïïï

ïïïï

NRF ,  0 < β < 1
NRF ,  β → 0
N 1RF ,  β = 1

(33).

For 0 < β < 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 HSI ,equ may not have 
any zero singular values. That is to say, the fD-dimensional 
subspace constructed by the fD 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 β → 0, i.e., 
the polarization isolation between the transmit and receive ele⁃
ments of different polarization directions approaches infinity, 
the number of HSI ,equ singular values of zero does not change 
significantly compared with 0 < β < 1. In other words, the SIC 
performance does not improve significantly as polarization iso⁃
lation increases. When β = 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 NRF > N 1RF . At this time, the 
number of HSI ,equ singular values taking zero is at least NRF -
N 1RF > 0, which means that the fD-dimensional subspace con⁃
structed by the fD 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 ≠ βJ is further discussed as follows. At this 
point, rank (K⊙H 11SI ) ≤ r11SI = N 1. For matrix K = (ki,j) N 1 × N 1, 
we express it as:
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K = é
ëk1, k2, … ,kN 1 ùû = é

ëg
Τ1 , gΤ2 , … ,gΤ

N 1 ùû
Τ (34),

where k j ∈ CN 1 × 1, j = 1,2,…,N 1, and g i ∈ C1 × N 1, i =
1,2,…,N 1. We let HSI = (hi,j) N × N

. At this point, the expres⁃
sion of the equivalent SI channel HSI ,equ is:
HSI ,equ = é

ë
êêêê ù

û
úúúúH 11SI ,equ H 12SI ,equ

H 12SI ,equ H 11SI ,equ
==

é

ë

ê
êê
ê
ê
ê ù

û

ú
úú
ú
ú
úCΤ11H 11SI C11 CΤ11( )K⊙H 11SI C11

CΤ11( )K⊙H 11SI C11 CΤ11H 11SI C11

(35),

where rank (H 11SI ,equ ) ≤ N 1RF, rank (H 12SI ,equ ) ≤
ì
í
î

ïï

ïï

rank ( )K⊙H 11SI rank ( )K⊙H 11SI < N 1RF
N 1RF rank ( )K⊙H 11SI ≥ N 1RF

. Denote the j-th col⁃
umn of H 11SI ,equ and H 12SI ,equ as h11SI ,equ , j and h12SI , equ , j respectively, 
where the elements of h11SI ,equ ,j and h12SI ,equ ,j are ∑

k,l = 0,Ny,2Ny

hi + k,j + l, 
and ∑

k,l = 0,Ny,2Ny

ki + k,j + l hi + k,j + l (i = 1, 2,…, Ny, 3Ny + 1, 3Ny +
2,…, 4Ny,…, N 1; j = 1, 2,…, N 1RF).To minimize the rank r of the matrix HSI ,equ, it is neces⁃
sary that the j-th column of H 12SI ,equ in Eq. (35) is equal to the 
j-th column of H 11SI ,equ , i. e., the following condition must be 
satisfied.

∑
k,l = 0,Ny,2Ny

ki + k,j + l hi + k,j + l = ∑
k,l = 0,Ny,2Ny

hi + k,j + l (36),

which can be rewritten as:
ki + k,j + l = 1 (37),

where i = 1,2,…, Ny, 3Ny + 1, 3Ny + 2,…, 4Ny,…, N 1, k, l =
0, Ny, 2Ny. Eq. (37) is equivalent to:
k j = k j + Ny

= k j + 2Ny
= [ 1, 1, … ,1 ]Τ (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 12SI , equ in Eq. (35) is equal to 
that of H 11SI , equ, i.e.,
g i = g i + Ny

= g i + 2Ny
= [ 1, 1, … ,1 ] (39).

At this point, the polarization isolation between the receive 

array connected to the i-th receive RF channel and all trans⁃
mit arrays is 0 dB. Note that W is the set of column numbers of 
the column vector k j satisfying Eq. (38), P is the set of row 
numbers of the row vector g i 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 11SI ,equ H 12SI ,equ ] ) - w - p (40),
where

rank ([H 11SI ,equ H 12SI ,equ ] ) ≤
ì
í
î

ïï

ïï

N 1RF + rank ( )K⊙H 11SI rank ( )K⊙H 11SI < N 1RF
NRF rank ( )K⊙H 11SI ≥ N 1RF

(41).

At this point, r is related to the rank of matrix K⊙H 11SI  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 K⊙H 11SI  is less than N 1RF , 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 0 dB, in order to achieve better 
SIC performance. It should be noted that when using the K 
method, if the rank of K⊙H 11SI  is only reduced but remains 
greater than N 1RF, 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 H 11SI  is non-
full rank, i. e., r11SI < N 1. The corresponding value of rank r 
when r11SI < N 1 is analyzed below. When K = βJ , the same 
three cases are discussed in terms of 0 < β < 1, β → 0 
and β = 1.

When r11SI < N 1RF,

rank (HSI ,equ ) ≤
ì

í

î

ïïïï

ïïïï

2r11SI  , 0 < β < 1
2r11SI  , β → 0
r11SI  , β = 1

(42).

When r11SI ≥ N 1RF,

rank (HSI ,equ ) ≤
ì

í

î

ïïïï

ïïïï

NRF , 0 < β < 1
NRF , β → 0
N 1RF , β = 1

(43).

Therefore, when N 1RF ≤ r11SI < N 1, r does not change much 
compared with the case where H 11SI  is full rank. When 
r11SI < N 1RF, r decreases, and at this time, the number of zero sin⁃
gular values of HSI,equ is at least NRF - 2r11SI  (0 < NRF - 2r11SI <
NRF ). Thus, the fD-dimensional subspace constructed by fD 
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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 r11SI  of H 11SI , r11SI  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 ≠ βJ, it can be obtained similarly that
r = rank ([H 11SI ,equ H 12SI ,equ ] ) - w - p (44),

where，
rank ([H 11SI ,equ H 12SI ,equ ] ) ≤
ì

í

î

ï
ïï
ï

ï
ïï
ï

r11SI + rank ( )K⊙H 11SI  , r11SI < N 1RF
N 1RF + rank ( )K⊙H 11SI  , rank ( )K⊙H 11SI < N 1RF ≤ r11SI
NRF , rank ( )K⊙H 11SI ≥ N 1RF

(45).

Thus, when K ≠ βJ, the rank r is related not only to the 
rank of K⊙H 11SI  and the number of unit row (or column) vec⁃
tors in K, but also to the rank r11SI  of H 11SI . Accordingly, in practi⁃
cal engineering implementations, to enhance the SI cancella⁃
tion capability, in addition to designing K to minimize the 
rank of K⊙H 11SI  (i.e., ensuring it is less than N 1RF), 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, r11SI  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 
HSI ,equ obtained at this point is the same as that in Eq. (38). 
This is because using different array placements only changes 
the values of the elements of the sub-matrix H 11SI , but the trans⁃
mit or receive array elements of both polarization directions 
are still in the same position. Thus the form of HSI ,equ will not 
change. Therefore, the rank r11SI  of the channel matrix H 11SI  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 K⊙H 11SI  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 r11SI  of H 11SI  to be smaller than the number of transmit or re⁃

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:

RDL = log2| IKDown + R-1UEWDL | (46),
where RUE = Ε{nUEnΗUE}, and Ε{ }∙  denotes the statistical ex⁃
pectation. WDL represents the received covariance matrices of 
the downlink channel, which is defined as:
WDL = HDown ,equGBSH ΗDown ,equ (47),

where GBS = FΗVBSΕ{SBS ,t SΗBS ,t}V ΗBSF. Similarly, the uplink 
(UL) rate is expressed as:

RUL = log2
|
|
|||| IKUp + (RBS + QBS )-1

WUL
|
|
|||| (48),

where RBS = UBSFΕ{nBSnΗBS}FΗU ΗBS denotes the power of re⁃
ceived noise, QBS and WUL are the downlink receive covari⁃
ance matrices for the SI and intended signal on the BS side, re⁃
spectively, defined as:
QBS = UBSFHSI ,equGBSH ΗSI ,equFΗU ΗBS (49),

WUL = UBSFHUp ,equGUEH ΗUp ,equFΗU ΗBS (50),
where GUE = Ε{xUE .txΗUE .t}. Accordingly, the achievable rate 
can be written as:

Rsum = RDL + RUL = log2| IKDown + R-1UEWDL | + log2
|
|
|||| IKUp +

(RBS + QBS )-1
WUL

|
|
|||| (51).

The parameters are summarized in Table 1, where λ is the 
wavelength. It is assumed that the NLOS path between each 
transmit and receive antenna pair is reflected by the point owall.In Fig. 5, we investigate the SIC of each receiving RF chan⁃
nel versus the degrees of freedom fD 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 fD corresponds to an in⁃
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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 

channel. In Fig. 6, we further investigate fD 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[17] 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 fD within the proposed system 
architecture. However, the degrees of freedom available for 

Table 1. Simulation parameters of full-duplex massive MIMO system
Parameter
Bandwidth

Center frequency
Transmit power of base station

Transmit power of user
Number of base station antennas

Number of base station RF channels
Number of uplink users

Number of downlink users
Antenna spacing along x-axis
Antenna spacing along y-axis

URAs spacing
User spacing along x-axis
User spacing along y-axis

Cross-polarization isolation
Path loss factor

Number of uplink channel multipaths
Number of downlink channel multipaths

Number of SI channel multipaths

Value
100 MHz

2.595 GHz
30 dBm
30 dBm

Nt = Nr = 6 × 8 × 2 = 96
NRF ,t = NRF ,r = 32
KUp = 2 × 4 = 8

KDown = 2 × 4 = 8
dt,x = dr,x = 0.67λ

dr,y = dt,y = 0.5λ

d1 = 0.5λ

dUp ,x = dDown ,x = 2.679 5 m
dUp ,y = dDown ,y = 2.679 5 m

PXPI,dB = 25 dB
η = 2.92

CUp = 1, LUp ,c = 1, LUp = 1
CDown = 1, LDown ,c = 1, LDown = 1

CSI = 1, LSI,c = 1, LSI = 1
URA: Uniform rectangular array

Freedom for downlink, fD

8  16 24 32
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Figure 5. Impact of fD on SIC in received RF channels

Figure 6. Impact of fD on total SIC
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Figure 7. Impact of fD on sum rate
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downlink traditional beamforming also change. We further in⁃
vestigate the impact of fD adjustment on the sum rate. Fig. 7 
plots the relationship between fD 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 fD. 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, 

we should choose a reasonable value of fD 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 fD 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⁃

Figure 8. Impact of antenna isolation on sum rate
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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 fD. 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 fD = 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 d1 is increased to 5λ.

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. 8c 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 fD-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 r11SI . Thus, the received UL SINR and the sum rate performance are 
improved. It is necessary to reasonably select fD, antenna isola⁃
tion, and d1 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.
5 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 
URAs to improve system performance. Simulation results show 
that the SoftNull algorithm can achieve SI suppression in the ar⁃

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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