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Abstract: In this paper, we present a novel and robust
nonlinear precoding (NLP) design and detection struc-
ture specifically tailored for multiple-input multiple-
output space division multiple access (MIMO-SDMA)
systems toward 6G wireless. Our approach aims to ef-
fectively mitigate the impact of imperfect channel es-
timation by leveraging the channel fluctuation mean
square error (MSE) for reconstructing a highly accu-
rate precoding matrix at the transmitter. Furthermore,
we introduce a simplified receiver structure that elim-
inates the need for equalization, resulting in reduced
interference and notable enhancements in overall sys-
tem performance. We conduct both computer simu-
lations and experimental tests to validate the efficacy
of our proposed approach. The results reveals that the
proposed NLP scheme offers significant performance
improvements, making it particularly well-suited for
the forthcoming 6G wireless.
Keywords: MIMO-SDMA; nonlinear precoding;
Tomlinson-Harashima precoding (THP); vector per-
turbation (VP)

I. INTRODUCTION

Multiple input multiple output (MIMO) is a key tech-
nology in modern wireless networks that effectively
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improves system capacity and spectral efficiency [1].
In the physical layer specifications of 5G new radio
(NR), MIMO is equipped with a large number of an-
tennas, referred to as massive MIMO, to further en-
hance system throughput [2]. As the demand for
1000x increased data rate continues towards 6G com-
munication, MIMO remains one of the most important
transmission technologies [3–5]. Despite its ability
to significantly improve spectral efficiency and trans-
mission performance, MIMO introduces serious inter-
channel interference (ICI). To address this problem,
MIMO precoding [6] was proposed as a transmitter-
side solution to eliminate ICI.

Naturally, precoding has emerged as a valuable
technique for preprocessing transmitted signals in or-
der to achieve enhanced spectral and power efficiency
within space division multiple access (SDMA) sys-
tems, which has gained considerable attention in re-
cent years. While multiple antenna technology has al-
ready demonstrated its potential for improving perfor-
mance in prevalent multiple access schemes such as
time division multiple access (TDMA) and code divi-
sion multiple access (CDMA), SDMA takes advantage
of the spatial transmission flexibility enabled by mul-
tiple antennas. By employing precoding to mitigate
multi-user interference in SDMA, the spatial resources
inherent in multiple antenna technology can be ef-
fectively utilized, leading to efficient reuse of time-
frequency resources. Moreover, this approach offloads
processing complexity from mobile terminals to the
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base station, simplifying mobile device design. How-
ever, achieving optimal segregation and differentiation
of users in SDMA requires an infinite number of an-
tennas and radio frequency chains, presenting a signif-
icant challenge for present SDMA systems. Therefore,
in future wireless communication systems, it is crucial
to address pressing issues related to optimize precod-
ing design and efficiently manage SDMA multi-user
interference, while effectively leveraging base station
resources. These considerations play a vital role in
advancing the performance and capabilities of SDMA
systems in upcoming wireless communication deploy-
ments.

To provide further insights, linear precoding (LP)
algorithms commonly used in 5G communication sys-
tems include zero-forcing (ZF) [7], minimum mean-
squared error (MMSE) [8, 9], and block diagonal-
ization (BD) precoding [10]. While LP is relatively
straightforward to implement, it may not achieve opti-
mal throughput. To address this issue, nonlinear pre-
coding (NLP) techniques have been developed. One
of the initial NLP techniques introduced was the dirty
paper code (DPC) [11], which can perfectly elimi-
nate inter-carrier interference when all additive inter-
ference is known at the transmitter. However, DPC
exhibits high computational complexity, while perfect
channel state information (CSI) at the transmitter may
not be practical. To overcome these limitations, sim-
plified NLP techniques such as Tomlinson-Harashima
precoding (THP) [12, 13] and vector perturbation (VP)
precoding [14] have been devised, offering improved
performance while reducing complexity.

Specifically, THP stands as a representative exam-
ple of NLP technology, utilizing nonlinear successive
interference cancellation (SIC). The underlying prin-
ciple of THP involves eliminating continuous interfer-
ence through a decision feedback structure. By em-
ploying a combined modulo operation, the precoded
signal is remapped onto the input signal constella-
tion, preserving the transmit signal’s energy efficiency.
VP precoding, on the other hand, aims to further re-
duce transmit power and enhance the signal-to-noise
ratio (SNR) at the receiver, leading to performance im-
provements. This technique introduces perturbation
vectors to the transmitted signals for modulation at
the transmitter. The receiver then eliminates the in-
troduced perturbation vector through a simple modulo
operation, allowing for a decision to be made based on

the received symbol.
While standardized precoding schemes are well-

established in wireless communications, the design of
multi-antenna precoding in SDMA systems still faces
unresolved challenges in the context of 5G and 6G
[15, 16]. Specifically, the inherent channel orthogo-
nality is inadequate, and the interference among users
remains substantial, leading to a noticeable perfor-
mance gap between traditional digital precoding ap-
proaches and the upper bound of system capacity.
Consequently, nonlinear precoding has gained signif-
icant attention as a potentially effective technique for
improving MIMO performance in future generations
of NR. For example, the Third Generation Partnership
Project (3GPP) has recognized the importance of in-
terference cancellation techniques, particularly at the
transmitter end, for co-scheduled user ends (UEs), in
achieving these goals [17]. Therefore, NLP stands
as one of the candidate techniques identified by NR
for this purpose, including approaches such as DPC-
based, VP-based, and other linear/nonlinear hybrid
precoding techniques.

Building upon the existing 5G architecture, NLP
schemes for multi-user (MU) transmissions represent
one of the potential techniques to enhance the perfor-
mance of 6G networks compared to LP. However, the
practical implementation of NLP faces several tech-
nical challenges [18]. Firstly, the utilization of large
antenna arrays at the base station (BS) in 5G NR re-
sults in high complexity and significant overhead. Sec-
ondly, as NLP relies on accurate CSI to mitigate non-
causal interference, it is more susceptible to CSI er-
rors compared to LP. Thirdly, the receiver design for
NLP involves the use of modulo operations and re-
ceive combining at UEs, which introduces additional
interference from traditional equalization techniques.
Furthermore, despite its potential advantages, the per-
formance of NLP under the 5G NR framework falls
short of the ideal performance achievable, thereby
limiting its practical applicability. Consequently, ad-
dressing these challenges remains an urgent and crit-
ical problem that requires resolution. Specifically,
researchers in [19–21] considered robust NLP struc-
tures with imperfect CSI. In [19], the authors proposed
two types of multi-branch THP (MB-THP) structures
that employ multiple transmit processing and order-
ing strategies along with a selection scheme to miti-
gate interference. In [20], the authors proposed the
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MB-THP transceiver design for MIMO relay systems
with amplify-and-forward protocols, which employs
successive interference cancellation on several parallel
branches. In [21], the authors proposed rate-splitting
THP (RS-THP) schemes along with stream combin-
ers to increase the robustness of systems. These ap-
proaches focus on NLP structure design for enhancing
the robustness against channel inaccuracies. Never-
theless, there is potential for further improvement in
NLP by considering channel characteristics and mod-
ulo structures.

In this paper, we aim to tackle two fundamental is-
sues in applying NLP to MIMO-SDMA, as CSI sen-
sitivity and receive processing. Specifically, to en-
hance the robustness of NLP, we consider compensat-
ing for channel estimation errors in the developed ap-
proach. Additionally, we simplify the receiver struc-
ture to eliminate the need for equalization, making
downlink transmission more efficient. Therefore, the
proposed method includes a robust NLP matrix de-
signed for imperfect CSI acquisition at the transmit
side, with a simplified receiver structure free of equal-
ization at the receiver side, fully addressing the initial
design problems of NLP. We then demonstrate the po-
tential of NLP to outperform conventional LP for en-
hancing performance in NR structures.

The remainder of this paper is structured as follows.
Section II presents a review of typical NLP schemes.
Section III introduces a channel error compensation
scheme for NLP. Then Section IV details an interfer-
ence alleviating receiver as well as the performance
analysis. Section V discusses the practical implemen-
tation of the proposed schemes in an experimental en-
vironment. In Section VI, we provide the perfor-
mance of the proposed schemes in both experimental
and simulation scenarios. Finally, our conclusions are
offered in Section VII.

Notation: ∥·∥F denotes the Frobenious norm of a
matrix. |·| represents the magnitude of a complex
quantity or the cardinality of a given set. (·)T , (·)∗

and (·)H stand for the transpose, conjugate and Hermi-
tian transpose of a vector/matrix, respectively. min(x)

gives the value of the smallest element of x.

II. PRELIMINARIES

We consider an MU MIMO communication system
comprising a BS with M transmit antennas (TA) and

a UE equipped with N receive antennas. For ease
of implementation, each UE is fitted with a single
receive antenna. The V-BLAST scheme is utilized,
whereby the M · log2(L) information bits are mapped
into L-size constellation and subsequently transmitted
through M TAs. The V-BLAST signal can be repre-
sented mathematically at the transmitter as

x = [x1, x2, · · · , xM ]T. (1)

At the receiver, the received signal Y ∈ CN×1 can be
given by

Y = Hx+ n, (2)

where H ∈ CN×M is the N ×M MIMO channel ma-
trix whose entries are assumed to be independent com-
plex Gaussian random variables with zero mean and
unit variance, i.e. CN (0, 1), x ∈ CM×1 is the trans-
mitted signal vector, whose entities take values from
a modulation alphabet A (e.g., M-QAM/ PSK), and
n ∈ CN×1 is the noise vector whose entries are fol-
low Gaussian distribution with CN

(
0, σ2

n

)
.

2.1 Tomlinson-Harashima Precoding

The general THP scheme is illustrated in Figure 1,
where the transmitter consists of the modulo opera-
tion, the feedback matrix B, and the feedforward ma-
trix F, while the receiver is comprised of the weight-
ing matrix G as well as the modulo operation. Specif-
ically, B, F, G is obtained through QR decomposition
as

QR = qr
(
HH
)
,

G = diag[r−1
1,1, r

−1
2,2, · · · , r

−1
N,N ],

B = GRH,

F = Q.

(3)

MOD

B - I

H
H

GQ MOD

n

s x x y 'y
ŝF

Figure 1. System model of THP.

At the transmitter, the information bits are mapped
to L-QAM constellation symbols s. Then, each ele-
ment of s is successively processed by the feedback

© China Communications Magazine Co., Ltd. · January 2024 71



matrix B and the modulo operation as

xk = MOD

(
sk −

k−1∑
l=1

bk,lxl

)
. (4)

The modulo operation is used to restrain the power
increasing caused by the interference cancellation,
which is defined by

MODA (a) = a−A

⌊(
Re (a) +

A

2

)
/A

⌋
−jA

⌊(
Im (a) +

A

2

)
/A

⌋
,

(5)

where ⌊·⌋ denotes the floor operation, and Re(a),
Im(a) represent the real part and imaginary part of a
respectively. In THP, A is a constant defined by the
constellation size, i.e., A = 2

√
L.

Eq. (4) can be rewritten as follows:

xk = sk + dk −
k−1∑
l=1

bk,lxl, (6)

where dk ∈ {2
√
L (dI + jdQ) |dI , dQ ∈}. Further-

more, The vector form of (6) is formulated as follows:

x = s+ d− (B− I)x. (7)

Let v ∆
= s+ d, the symbol vector can be derived as

x = B−1v. (8)

Finally, we obtain the transmit vector as x̃ = Fx.
At the receiver, the received signal in the download

link is represented as (2). After the weighting matrix
processing, the received vector is formulated as fol-
lows:

y′ = Gy

= GHFB−1v +Gn

= (s+ d) +Gn.

(9)

Then, the transmit symbol is estimated by employing
the same modulo operation on y′.

2.2 Vector Perturbation Precoding

The general VP scheme employed in ZF precoding is
illustrated in Figure 2. The data vector s is first per-
turbed as

v = s+ τ l, (10)

where l is a K-dimensional complex vector, where
lk ∈ {a + jb|a, b ∈ Z}. τ is a positive real number
and is often chosen as

τ = 2|c|max +∆, (11)

where |c|max is the absolute value of the constellation
point with largest magnitude, and ∆ is the spacing be-
tween constellation points.

H MOD

n

Research

Algorithm

x

1b -

s x 'y

b

†
H

t l

v
ŝ

y

Figure 2. System model of VP.

Then, the transmitted signal is precoded as

x̃ =

√
P

γ
H†v. (12)

P is the transmit signal power, and γ is the precoding
signal power, which is formulated as

γ=
∥∥H†v

∥∥2 = ∥∥H† (s+ τ l)
∥∥2. (13)

After passing through the channel H, the receive
data at the k-th MS is represented as

yk =

√
P

γ
(sk + τ lk)+nk (k = 1, 2, · · · ,M) . (14)

The received data after the modulo operation is

ŝk = MODτ

(√
γ

P
yk

)
= sk +

√
γ

P
nk.

(15)
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Figure 3. Overall system structure of nonlinear precoding in the downlink on TDD mode.

III. TRANSMITTER DESIGN FOR NON-
LINEAR PRECODING

In general, NLP is more susceptible to imperfect CSI
when compared to LP, leading to considerably de-
graded performance. To address this issue, this sec-
tion proposes a robust transmitter design for NLP in
the presence of imperfect CSI.

3.1 System Model

The structure of the NLP system in the downlink, in
the context of utilizing time division duplex (TDD),
is presented in Figure 3, where NRb represents the
number of resource blocks (RB). During the precoding
process, a time delay occurs in the estimation of CSI
which introduces a disparity between the CSI used for
precoding at the current time and the actual channel
experienced by the signal [22]. Therefore, this delay
has a significant impact on the performance of NLP,
which is highly sensitive to CSI accuracy. To allevi-
ate this influence, we consider calculating the mean
square error (MSE) between two channels at adjacent
delay intervals and use this MSE to compensate for the
current precoding so as to significantly improves the
performance of NLP. In this paper, VP is used as an ex-
emplar of NLP technology to demonstrate the efficacy
of the proposed technique. Then the above-mentioned
delay model is illustrated in Figure 4, and the generic
VP structure is processed as follows. The data vector

s is first perturbed and then precoded as

x̃ =

√
P

γ
H†

t−1v, (16)

where H†
t−1 is pseudo inverse of the CSI acquired at

the previous time slot t− 1, while γ is formulated as

γ=
∥∥∥H†

t−1v
∥∥∥2 = ∥∥∥H†

t−1 (s+ τ l)
∥∥∥2. (17)

After passing through the channel Ht, i.e., the current
CSI, the received data at the k-th MS is represented as

yk =

√
P

γ
HtH

†
t−1 (sk + τ lk)+nk (k = 1, 2, · · · ,M) .

(18)
The received data is then demodulated after the mod-
ulo operation as (15).

3.2 Proposed Robust NLP Scheme

The transmitter design of the proposed scheme is il-
lustrated in Figure 5. The proposed scheme aims at
mitigating the CSI error between the CSI used for pre-
coding at the current time and the actual channel expe-
rienced by the data. The process is described in details
as follows.

Step 1: Obtain the channel information, such as
channel matrix, channel covariance matrix and inter-
ference covariance matrix, at time slots N − t1 and
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Figure 5. Transmitter structure of the proposed scheme with time delay.

N − t2. Note that the value of the delay interval
t = t2 − t1 is determined by at least one of the param-
eters such as the number of BS antennas, precoding
granularity and user mobile speed.

Step 2: According to the channel information of
time slots N−t1 and N−t2, the MSE value of channel
change in time delay t is calculated as

αMSE =
(
C̄N−t1 − C̄N−t2

) (
C̄N−t1 − C̄N−t2

)H
,

(19)
where C̄N−t1 and C̄N−t2 represent the channel infor-
mation of time slots N − t1 and N − t2, respectively.

Step 3: According to the MSE value and the chan-

nel information at time slot N − t1, the channel infor-
mation at time slot N is estimated. If the channel in-
formation is a channel matrix, then the precoding ma-
trix at time slot N is calculated as

W̄N =
(
C̄N−t1C̄

H
N−t1 + αMSE

)−1
C̄N−t1 . (20)

If it is a channel covariance matrix, then the channel
information at time slot N is calculated as

R̄N = R̄N−t1 + diag(diag(αMSE)), (21)

where R̄N denotes the channel covariance matrix.
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Step 4: According to the channel information at
time slot N , determine the precoding matrix.

Step 5: The signal is precoded according to the ob-
tained precoding matrix.

Using the precoding matrix in (20), the transmit sig-
nals can be represented as

x̃ = W̄Nx =
(
C̄N−t1C̄

H
N−t1 + αMSE

)−1
C̄N−t1x.

(22)
By utilizing the singular value decomposition (SVD),
we can represent the power of x̃ as

∥x̃∥22 =
∥∥∥(C̄N−t1C̄

H
N−t1 + αMSE

)−1
C̄N−t1x

∥∥∥2
=
∥∥∥(V ΣV H + αMSE

)−1
V ΣUHx

∥∥∥2, (23)

where C̄N−t1=V ΣUH . Since

(
V ΣV H + αMSE

)−1
V Σ =

(
ΣV H + αMSEΣ

−1V H
)−1

,

(24)
(23) can be rewritten as

∥x̃∥22 =
∥∥∥(ΣV H + αMSEΣ

−1V H
)−1

UHx
∥∥∥2

=
∥∥∥V (Σ+ αMSEΣ

−1
)−1

UHx
∥∥∥2. (25)

As the vector norm remains invariant when multiplied
by a unitary matrix, , i.e., ∥V x∥2 = ∥x∥2, the expec-
tation of (25) can be calculated as

E
(
∥x̃∥22

)
= E

(∥∥∥V (Σ+ αMSEΣ
−1
)−1

UH
∥∥∥2)

= Tr
(
αMSE

(
Σ+ αMSEΣ

−1
)−2
)

=

Nt∑
i=1

αMSE

(
σi +

αMSE

σi

)−2

=
Nt∑
i=1

αMSEσ
2
i

(αMSE + σ2
i )

2 ,

(26)

where E(·) is the expectation function.
As can be seen from (26), the power of transmit sig-

nals precoded by W̄N reduces compared to that pre-
coded by C̄N−t1 , which results in smaller γ. There-
fore, at the receiver, the noise has been amplified to
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Figure 6. The receiver structure of nonlinear precoding:
(a) conventional receiver process; (b) proposed simplified
receiver process.

a lesser degree. By utilizing MSE calculations for
channels with adjacent delay intervals and adjusting
the current precoding matrix accordingly, a more ac-
curate precoding matrix can be constructed. This sig-
nificantly enhances the performance of nonlinear pre-
coding. Moreover, achieving optimal nonlinear pre-
coding performance requires the optimization of the
delay interval for various system configurations. This
issue will be further discussed in Section VI.

IV. RECEIVER DESIGN FOR NONLINEAR
PRECODING

In LP, the equalization is utilized to eliminate resid-
ual multi-user interference, which in turn incurs higher
implementation costs at UEs. Meanwhile, the modulo
operation in NLP may impact the equalization’s effec-
tiveness in reducing interference. For alleviating this
issue, in this section, we put forth the design of a re-
ceiver intended for nonlinear precoding.

4.1 System Model

We consider a MIMO system with precoding matrix

© China Communications Magazine Co., Ltd. · January 2024 75



W. The received signal can be represented as

y = βHWx+ n. (27)

In practical scenarios, the matrix HW cannot consis-
tently be the identity matrix I due to the imperfect
CSI. Consequently, the residual multi-user interfer-
ence becomes non-negligible, as the non-zero values
of non-diagonal elements in HW introduce additional
interference. Typically, in LP, interference rejection
combining (IRC) [23] equalization was suggested to
achieve better performance. The detailed processing
is summarized as follows.

The LP receiver first calculates the IRC equalization
matrix as

WIRC = P0G
H
0

(
Nt−1∑
i=0

PiGiG
H
i + σ2

NI

)−1

, (28)

where Gi = H̄iWTx,i is the interference matrix of
other users. Then the received signal is equalized by
WIRC and the normalization factor β as

ỹ =
1

β
WIRCy. (29)

Finally, ỹ is demodulated into the estimated bits.
While IRC equalization offers improved perfor-

mance, it substantially increases computational com-
plexity and requires additional interference matrix in-
formation at the receiver. Simultaneously, the mod-
ulo operation in NLP may affect the equalization’s ef-
fectiveness in reducing interference. Due to inherent
disparities in precoding architectures, the previously
mentioned equalization method is unsuitable for NLP
systems. Consequently, we introduce a more concise
and effective receiver architecture tailored for NLP, as
outlined below.

Step 1: Normalize the received signal by β as ỹ =
1
βy.

Step 2: Perform the modulo function on ỹ as ỹ′ =

MODτ (ỹ).
Step 3: Obtain the estimated bits by demodulating

ỹ′.
As a result, the receiver implementation is signifi-

cantly simplified, requiring only a normalization fac-
tor and modulo operation, in contrast to LP. Impor-

tantly, simulation results will exhibit that the perfor-
mance of the proposed receiver architecture outper-
forms its equalized counterpart.

4.2 Performance Analysis

In this section, we analyze both LP and NLP, exempli-
fied by ZF and VP respectively, in the context of per-
fect and imperfect estimated CSI. This analysis aims
to quantify the potential performance degradation re-
sulting from equalization procedures.

4.2.1 Under Accurate CSI

For analytical convenience, we assume that the num-
ber of transmit antennas at the BS is equal to the num-
ber of receive antennas at the UE, i.e., Nt = Nr. Note
that this assumption is adopted for simplification and
can be extended to more general settings.

1) ZF: For conventional ZF, the precoding matrix is
the pseudo inverse of the channel matrix, expressed as
W = H†. Then the transmit signals are represented
as βWx, where β is the power normalization factor
and can be calculated as

β =

√
1

∥Wx∥F
. (30)

If the CSI is accurate, we have HW = I. At the
receiver, the received signals can be simplified to

y = βHWx+ n = βIx+ n. (31)

In this case, when the CSI is perfect, there is no resid-
ual multi-user interference. Consequently, the estima-
tion of the transmit signals can be expressed as

x̂ = y/β + n/β. (32)

Because β is typically less than 1, noise will be ampli-
fied at the receiver. Traditional IRC equalization can
balance the noise and interference, ensuring that the
norm of its precoding matrix is less than the ZF norm,
so as to alleviate the impact of noise interference.

2) VP: For the nonlinear VP, a perturbation vector
is added to the transmit signals toward the least trans-
mit power. Here the transmit signals is represented as
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βW(x+ τ l), while β is calculated as

β =

√
1

∥W(x+ τ l)∥F
. (33)

Similarly, the accurate CSI renders HW = I. The
receiver can recover the transmit signals even without
equalizer as

x̂ = modτ (y). (34)

4.2.2 Under Inaccurate CSI

In practical situations, the CSI for precoding cannot be
perfect due to channel delay, channel estimation error,
precoding granularity greater than 1 subcarrier, and so
on. As a result, the residual multi-user interference
cannot be ignored. Therefore, we have HW ̸= I, in-
dicating that the non-zero values of non-diagonal ele-
ments in HW introduce multi-user interference. Note
that

HW =


a11 a12 · · · a1Nt

a21 a22 · · · a2Nt

...
...

. . .
...

aNr1 aNr2 · · · aNrNt


. (35)

In (35), the norm of diagonal elements is larger as
it approaches 1, while the norm of non-diagonal ele-
ments is typically smaller, representing multi-user in-
terference.

1) ZF: For ZF precoding, the received signals can
be expressed as y = βHWx + n, where HW ̸=
I. The k-th steam is then represented as yk =

β[HW]kx+ n, where [·]k denotes the k-th row a ma-
trix and [HW]k = [ak1 ak2 · · · akNt ]. Then, yk
can be rewritten as

yk = β(ak1x1 + · · ·+ akkxk + · · ·+ akNtxNt) + nk,

(36)
where nk and xk represent the noise and transmit sig-
nal of the k-th stream, respectively. Let ik = ak1x1 +

· · · + akNtxNt be the interference, then yk can be ex-
pressed as

yk = β(akkxk + ik) + nk. (37)

The k-th signal can be recovered as

x̂k = (akkxk + ik) + nk/β. (38)

As can be seen from (38), the performance will suffer
from the interference ik.

Let G = (HW)† be the equalization matrix, where

G =


g11 g12 · · · g1Nt

g21 g22 · · · g2Nt

...
...

. . .
...

gNr1 gNr2 · · · gNrNt


. (39)

Then the receiver signals after equalization can be rep-
resented as

y = βGHWx+Gn. (40)

Let Gk = [G]k = [gk1 gk2 · · · gkk · · · gkNt] represent
the equalization vector of the k-th stream. Then the
equalized yk can be expressed as

yk = βGkHWx+Gkn

= βxk + (gk1n1 + · · ·+ gkknk + · · ·+ gkNrnNr).

(41)

The recovered k-th signal is then obtained as

x̂k = xk +(gk1n1+ · · ·+ gkknk + · · ·+ gkNrnNr)/β.

(42)
2) VP: For VP, the k-th received signal is expressed

as

yk =β(ak1x1 + · · ·+ akNtxNt)

+ β(ak1τ l1 + · · ·+ akNtτ lNt)

+ nk,

(43)

where li represents the perturbation of the i-th stream.
Eq. (43) can be rewritten as

yk =β(akkxk + ik)

+ β(ak1τ l1 + · · ·+ akkτ lk + · · ·+ akNtτ lNt)

+ nk,

(44)
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where ik = ak1x1+· · ·+ak(k−1)xk+1+ak(k+1)xk+1+

· · ·+ akNtxNt denotes the multi-user interference.
Let A be HW, then we arrive at

τAkl = ak1τ l1 + · · ·+ akkτ lk + · · ·+ akNtτ lNt

= pτl.

(45)

Since the p in (45) is no longer an integer when the CSI
is inaccurate, the perturbation cannot be completely
eliminated by the modulo operation.

Then, the estimated k-th stream signal after modulo
is given as

x̂k = modτ ((akkxk + ik + τAkl) + nk/β). (46)

If the equalizer is not employed, both residual multi-
user interference and residual perturbation interfer-
ence will jointly affect the transmit signals. Mean-

while, the noise will not be amplified, and there will
be no introduction of interference from other streams.

In this case, by adopting an equalizer to alleviate
the interference, the k-th equalized signals can be ex-
pressed as

yk = Gky = βGkHW(x+ τ l) +Gkn, (47)

which can be detailed as

yk = β(gk1ak1x1 + · · ·+ gkkakkxk + · · ·+ gkNtakNtxNt)

+ βτGkAl

+ (gk1n1 + · · ·+ gkknk + · · ·+ gkNtnNr).

(48)

Then, the estimated signal is obtained by the modulo
operation as (49).

x̂k = modτ ((gk1ak1x1 + · · ·+gkNtakNtxNt + τGkAl) + (gk1n1 + · · ·+ gkNtnNr)/β). (49)

Furthermore, (49) can be simplified to

x̂k = modτ ((gkkakkxk + igk + τGkAl)

+ (gk1n1 + · · ·+ gkknk + · · ·+ gkNtnNr)/β),

(50)

where ikg is the interference after the equalization,
and mod(τGkAl) is the residual modulo interfer-
ence, which is calculated to be 0 due to GkA =

[0 · · · 1 · · · 0]. Therefore, the inference residue term
can also be eliminated to zero completely.

By employing the IRC equalization, we have ikg =

0 and gkkakk = 1. Eq. (49) can be further expressed
as

x̂k = modτ (xk +Gkn/β). (51)

As can be seen from (51), an additional interference
vector Gk = [gk1 · · · gkk · · · gkNt] is introduced al-
though the multi-user interference is eliminated. Gen-
erally, the norm of Gk is greater than 1, leading to the
amplification of noise once more.

Table 1 presents an overview of the estimated sig-
nals through ZF and VP precoding methods. Our anal-
ysis indicates that in ZF precoding, the interference ik

is the primary factor for performance degradation in
the presence of inaccurate CSI. Although equalization
introduces a higher level of noise, the benefits of inter-
ference elimination outweigh the drawbacks of noise
amplification.

In contrast, within the VP technique, both multi-
user interference and perturbation interference coa-
lesce, potentially resulting in amplification or reduc-
tion of total interference. However, even without
equalization at the receiver, noise remains unaffected.
Additionally, through the imposition of a modulo op-
eration, interference and noise are restricted within a
limited range. Notably, the main diagonal elements
akk approximate unity, exerting minimal impact on
overall detection performance. Conversely, the appli-
cation of equalization amplifies noise and introduces
interference from other streams, leading to significant
performance degradation. As inferred from the above,
in NLP, the proposed receiver structure manifests su-
perior performance with extremely simplified process-
ing.
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Table 1. The estimated signals of ZF and VP precoding.

Precoding Type Equalization Estimated Signals

ZF not Equalized x̂k = (akkxk + ik) + nk/β

ZF Equalized x̂k = xk + (gk1n1 + · · ·+ gkknk + · · ·+ gkNrnNr)/β

VP not Equalized x̂k = modτ ((akkxk + ik + τAkl) + nk/β)

VP Equalized x̂k = mod(xk +Gkn/β)τ

V. PRACTICAL IMPLEMENTATION

In this section, we implement the developed NLP
schemes using the universal software radio peripheral
(USRP) communication environment to validate the
simulation results. Our testbed comprises four trans-
mit antennas and four receive antennas. The system
test processing includes both hardware and software
components, as illustrated in Figure 7. The hardware
setup involves a PC mainframe case, the PXI remote
control device, as well as the USRP RIO software ra-
dio equipment. Software components manage data
generation, correlation processing, and transmission at
the transmitter, while data reception, processing, and
recovery occur at the receiver, all implemented using
LabVIEW.

LabVIEW is utilized for generating data bitstreams,
performing modulation, and facilitating transmission
to the designated PC. The USRP RIO box transmits
data symbols through the selected antenna based on
predefined software parameters. These symbols pass
through the spatial channel and return to the PC via
the USRP RIO box. Subsequently, the transmitted
data bitstream undergoes successful recovery through
software-driven demodulation.

5.1 The Testbed Hardware

The setup includes two USRP RIO devices serving as
the transmitter and receiver, both equipped with VERT
2450-type vertical omnidirectional antennas with a
dual-band range (2.4 to 2.48 GHz and 4.9 to 5.9 GHz)
with 3 dBi gain. The hardware configurations are as
follows.

• PXIe-1082 mainframe;

• PXI remote control module;

• PXI Express module: NI-PXIe-8374;

• USRP RIO software radio device: NI-USRP-
2942.

Table 2. The transmitter parameters of NI-USRP-2942 de-
vice.

Parameter Value

the number of channels 2

frequency range 400 MHz to 4.4 GHz

frequency range less than 1 KHz

maximum output power 50 mW to 100 mW

gain range 0 dB to 31.5 dB

gain step 0.5 dB

frequency accuracy 2.5 ppm

Maximum sampling frequency 200 MS/s

USRP-2942 40 MHZ 40 MHz

USRP-2942 120 MHZ 120 MHz

For data transmission, the PXIe-1082 mainframe
connects to the PXI Express module NI-PXIe-8374 at
both ends. A PXI remote control module facilitates
the hardware connection for data transmission. The
NI-USRP-2942 device, used for MIMO transmission,
covers a carrier frequency range of 400 MHz to 4.4
GHz with a 40 MHz RF bandwidth. It offers trans-
mit output power of up to 20 dBm and receive output
power ranging up to -15 dBm. This device is equipped
with a programmable (Xilinx Kintex-7) FPGA and
two 40 MHz bandwidth RF transceivers. The layout
of the USRP RIO equipment is shown in Figure 8, and
specific hardware parameters for the NI-USRP-2942
device are provided in Table 2 and Table 3.

5.2 The Testbed Software

To enable the generation and reception of mainframe
data at both the transmitter and receiver ends, we lever-
age LabVIEW programming for activating the corre-
sponding USRP RIO device. A visual representation
of the specific implementation process is presented in
Figure 9.
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Figure 8. The NI-USRP-2943 equipment.

Table 3. The receiver parameters of NI-USRP-2942 device.

Parameter Value

the number of channels 2

frequency range 400 MHz to 4.4 GHz

frequency range less than 1 KHz

maximum input power -15 dBm

gain range 0 dB to 37.5 dB

gain step 0.5 dB

frequency accuracy 2.5 ppm

Maximum sampling frequency 200 MS/s

USRP-2942 40 MHZ 40 MHz

USRP-2942 120 MHZ 120 MHz

5.2.1 Processes from Original Bits to Transmission
Data

At the transmitter, binary data is firstly generated and
processed. Subsequently, these data are transmitted
from the transmit antennas and propagated through the
space environment to reach the receive antennas.

a) Frame Structure Design
After data generation, the binary data is processed

and converted into symbol data frames. Each frame
consists of 14 OFDM symbols with an FFT length of
1024, including 4 synchronous symbols, 4 data sym-
bols, 2 pilot symbols, and 4 training symbols. The
frame structure is depicted in Figure 10.

b) Modulation Process
The transmitter data frame is modulated using either

conventional VP or the proposed VP-MSE schemes.

1. Conventional VP: As both the transmit and re-
ceive data processing takes place on the same PC,
the CSI can be easily achieved. Feedback data
is stored in variables within the software for ease
of programming. The steps used to generate VP
modulation symbols are summarized as follows.

Step 1: Binary bit stream is mapped through con-
stellation to generate constellation symbol. QPSK
modulation is adopted in the system.

Step 2: Based on ZF criterion, the average value
of H for every four subcarriers is calculated to
construct precoding matrix as

W=H̄† = H̄H
(
H̄H̄H

)−1
. (52)

Step 3: Search for the optimal perturbation vector
as

lopt = argmin
l∈L={K+jK}

∥∥H̄† (s+ τ l)
∥∥2. (53)

Step 4: Add the perturbation vector to obtain
transmission symbols as

x̃ =

√
P

γ
H̄† (s+ τ lopt) . (54)

2. Proposed VP: The proposed VP scheme compen-
sates for delay caused errors in the channel by
computing the MSE of two channels with simul-
taneous delay intervals. Specifically, for the cur-
rent time slot, the actual channel is denoted as Hi,
while the average value of H used for precoding,
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obtained from the previous delay, is represented
as H̄i−1. For the last time slot, the actual chan-
nel experienced is Hi−1, and the average value of
the channel used in the precoding matrix is repre-
sented as Hi−2. The MSE is then calculated as

MSE =
(
H̄i−1 − H̄i−2

)H (
H̄i−1 − H̄i−2

)
.

(55)

Then the MSE value is compensated to obtain the
precoding matrix of the current time as

W = H̄H
i−1

(
H̄i−1H̄

H
i−1 +MSE

)
. (56)

The remaining steps of the proposed VP modula-
tion processing are identical to those of the con-
ventional VP scheme. To simplify the transmit-
ter and minimize system interruption, the receiver
calculates the precoding matrix and sends it as
feedback data, instead of the traditional approach
of transmitting channel estimations.

c) Parameter storage
To assure accurate demodulation of the receiver’s

data and achieve effective IRC equalization using the
precoding matrix W, the system stores both

√
P
γ and

W.
d) Pilot Placement and Addition of CP
The pilot sequence is placed utilizing two OFDM

symbols while adopting the time-division block pilot

mapping method, as depicted in Figure 11. The exper-
iment employs the Zadoff-Chu (ZC) pilot sequence.

e) Synchronization Sequence Insertion at the
Transmitter

Each frame contains four symbol data. The first two
symbol positions are reserved for frame synchroniza-
tion data, while the last two symbol positions con-
tain “0” and “1” crossed data used for SNR estima-
tion at the receiver. The ZC sequence is employed for
training, with frame synchronization data inserted in
two consecutive training symbols. This facilitates car-
rier frequency offset (CFO) estimation at the receiver,
along with data synchronization.

f) Signal Power Variation

The signal power fluctuations result in varying
SNRs, which can be estimated by manipulating the
output signal amplitude and setting the output signal
power parameters accordingly.

g) Upsampling and Filtering

To combat ICI and ISI and ensure signal stability, a
square-root raised cosine roll-off filter is applied. This
specific filter is chosen from the LabVIEW modula-
tion toolkit and involves sixteen times oversampling
per frame. After implementing these signal process-
ing methods, the data is transmitted using the PXIe
broadcasting system.
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5.2.2 Processes from Received Data to Estimated Bits

At the receiver, the data is firstly captured by the
PXIe and subsequently processed through the Lab-
VIEW programming software for binary data restora-
tion. Achieving this requires the implementation of
the following steps.

a) Downsampling and Filtering
Upon reception, the data is processed using a data

capturing module. It then passes through a square-root
raised cosine roll-off filter, with each data frame being
down-sampled by a factor of sixteen.

b) Synchronization at the Receiver
Two ZC sequences with equal length are incorpo-

rated into the synchronization sequence, to facilitate
synchronization of both timing and frequency.

c) The SNR Calculation

Within each frame, the third and fourth symbols are
alternately set to be 0 and 1 as data, enabling the com-
putation of the received SNR as

SNR =
E(||Hx||2F )

σ2
n

, (57)

where σ2
n represents the power of AWGN.

d) Valid Data Frame Storage
Once the data is received, it undergoes synchroniza-

tion processing, and any redundancy is subsequently
eliminated. The data is then stored in a queue, frame
by frame, to safeguard against the data acquisition
module crashing due to processing time delays.

e) Channel Estimation
In this experiment, the channel information is esti-

mated by the least square (LS) algorithm and linear
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interpolation.
f) Channel Information Feedback
After channel estimation, we compute the precod-

ing matrix for the upcoming frame’s data. We store
this matrix using variables, enabling the feedback of
channel information.

g) Data Demodulation
The demodulation process is as follows.

1. Duplicate copies of the received data are created,
with one copy subjected to proposed receiving
algorithm processing, while the other undergoes
IRC equalization. The subsequent operations are
the same.

2. Firstly eliminate the normalization factor
√

P
γ ,

and then carry out the modulo operation as

ŝk = MODτ

(√
γ

P
yk

)
= MODτ

(
sk + τ lk +

√
γ

P
nk

)
= sk +

√
γ

P
nk

= sk + ñk.

(58)

3. Obtain the demodulated bit data by demapping
constellation symbols.

4. Compare the demodulated data with the data orig-
inal at the transmitter, so as to quantify the the
BER performance.

Finally, the BERs can be obtained by the recovered
data bits.

5.3 Environment of Signal Transmission

Figure 12 portrays the actual environment in which the
signal transmission is carried out, where Tx and Rx
represent the transmit and receive antennas, respec-
tively. The transmit and the receive antennas utilized
in the experiment are identical. During the placement
process, both the transmitter and the receiver are po-
sitioned directly opposite to each other, with no ob-
struction present in the middle of the channel. This
configuration results in a channel model referred to as
line of sight (LOS). The carrier frequency employed
in the transmission process is 2.5 GHz.

Tx1

Tx2

Tx3

Tx4

Rx1

Rx2

Rx3

Rx4

PXle

Figure 12. Experimental setup in the laboratory.

VI. PERFORMANCE EVALUATION

In this section, we present the performance evaluation
of the developed transceiver structure for NLP under
various antenna configurations. The system perfor-
mance assessment is conducted via Monte Carlo sim-
ulations, while the total transmit power holds constant
for all schemes. In addition, we adopt LTE parameters
to reflect the suitability of our schemes for 6G. The
mobile speed is set as 3 km/h, while the precoding in-
terval is based on one RB incorporating 12 subcarriers.
Moreover, we implement the TDL-B channel specified
in the 5G standard protocol, featuring a time delay of
5 ms.

6.1 Computer Simulations

In Figure 13, we compare the performance of the ro-
bust transmitter design with different OFDM symbol-
based compensation intervals (OSCI) for the VP pre-
coding design. The BS is equipped with Nt = 4 trans-
mit antennas, while there are Nu = 4 users, each with
a single receive antenna. Notably, the original VP
demonstrates inferior performance compared to ZF
under practical communication environments. Con-
versely, our proposed robust scheme offers significant
improvements over regular VP precoding by mitigat-
ing the channel estimation error caused by time delay.
Additionally, the performance gain from our proposed
scheme is dependent on the selection of MSE calcula-
tion intervals. Our simulations suggest that 25 OSCIs
provide optimal results for compensating time delay
errors.
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In Figure 14, we present the BER performance of
the proposed transmitter implemented under various
system configurations. During the simulation, a BS
equipped with Nt = 8 transmit antennas and Nu = 4

users, each possessing Nr = 2 receive antennas, were
considered. Our designed robust transmitter signifi-
cantly improves BER performance through the attain-
ment of an accurate precoding matrix. Notably, the
simulation results reveal that 20 OSCIs provide opti-
mal performance in this scenario.
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Figure 13. Performance of the proposed system with var-
ious compensation intervals when Nt = 4, Nu = 4 and
Nr = 1.
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Figure 14. Performance of the proposed system with var-
ious compensation intervals when Nt = 8, Nu = 4 and
Nr = 2.
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Figure 15. Performance comparison between ZF and VP
systems with the proposed receiver when Nt = 8, Nu = 8
and Nr = 1.

In Figure 15, we compare the BER performance of
both ZF and VP precoding schemes with the simpli-
fied receiver. The simulation considers a BS equipped
with Nt = 8 transmit antennas and Nu = 8 users,
each with a single receive antenna. Two and four RB
precoding intervals are adopted. As shown in Fig-
ure 15, the conventional receiver with IRC equaliza-
tion provides better performance for ZF precoding by
eliminating the multiuser interference. However, for
VP precoding, the proposed simplified receiver, i.e.,
without IRC equalization, exhibits better performance.
The conventional receiver, conversely, worsens the
BER performance. This interesting result reveals that
the equalizer introduces extra interference due to the
modulo operation, as analysed in Section III. This ob-
servation is critical to the NLP application, where the
modulo operation is widely utilized.

In Figure 16, we compare the BER performance of
ZF and VP precoding schemes under perfect and im-
perfect CSI. As shown in Figure 16, the original VP
provides an even worse performance than ZF, mak-
ing it difficult to implement in practical scenarios.
However, the proposed VP structure significantly im-
proves performance and demonstrates that the devel-
oped NLP scheme is more robust to imperfect CSI,
resulting in better performance in practical systems.
Meanwhile, in Figure 17, we compare the BER per-
formance of ZF and THP precoding schemes under
perfect and imperfect CSI. Figure 17 illustrates that
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our proposed scheme can deliver better BER perfor-
mance under imperfect CSI when compared to the
original THP. Additionally, we compare the BER per-
formance between the multi-branch THP (MB-THP)
scheme [19] and the rate-splitting multi-branch THP
(RS-MB-THP) scheme [21]. The results show that
the proposed schemes can yield similar gains to RS-
MB-THP. Based on the performance evaluation in Fig-
ure 13-17, our proposed NLP transceiver structure
can simplify receive processing and achieve consid-
erable performance gains under practical channel es-
timation errors, compared to traditional LP counter-
parts. Therefore, NLP has the potential to play a sig-
nificant role in the physical layer of upcoming 6G net-
works.
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Figure 16. Performance comparison between ZF and VP
systems with the proposed schemes under perfect and im-
perfect CSI when Nt = 8, Nu = 4 and Nr = 2.

6.2 Practical Experiments

The experimental result for the proposed transceiver
structure is shown in Figure 18. The experiment is
conducted with four transmit antennas and four re-
ceive antennas, and the system parameters are detailed
in Section V. In this experiment, the channel is a LOS
channel. Due to the receiver-end calculation of the
precoding matrix, there is a significant time delay in
the test. As demonstrated in Figure 18, VP precod-
ing with the proposed error compensation processing
achieves a 3 dB performance gain at a BER of 10−2

over the conventional scheme. Furthermore, the pro-

Figure 17. Performance comparison between ZF and THP
systems with the proposed schemes under perfect and im-
perfect CSI when Nt = 4, Nu = 4 and Nr = 1.
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Figure 18. Practical performance comparison among ZF
and VP systems of the proposed transceiver when Nt = 4,
Nu = 4 and Nr = 1.

posed simplified receiver improves the performance
by approximately 1 dB. Therefore, the experimental
results validate our computer simulation results.

VII. CONCLUSION

In this paper, we conceived a robust NLP design along
with a simplified receiver designed for MIMO-SDMA
systems, in the context of imperfect channels. We
demonstrated that the designed NLP structure is ro-
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bust to imperfect CSI, which as been ever considered
as a key limitation of NLP. Furthermore, the extremely
simplified receiver structure, even free of equalization,
will facilitate the downlink transmission especially for
internet of things (IoT). Finally, by computer simula-
tions and experimental testbed, we exhibit that NLP
has the potential to be a promising transmission tech-
niques for future 6G communications.
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