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Abstract: In this paper, we present a practical partitioned intelligent-reflecting-surface-
aided transmit spatial modulation (PIRS-TSM) scheme, where spatial modulation is im-
plemented at the transmitter and partitioning is conducted on the IRS to enhance the
spectral efficiency (SE) and reliability for multiple-input single-output (MISO) systems.
The theoretical analysis of average bit error rate (ABER) based on maximum likelihood
(ML) detection and the computational complexity analysis are provided. Experimental
simulations demonstrate that the PIRS-TSM scheme obtains a significant ABER enhance-
ment under the same SE compared to the existing partitioned IRS-aided transmit space
shift keying or generalized space shift keying schemes by additionally carrying modulated
symbols. Moreover, the system performances with different configurations of antenna
numbers and symbol modulation orders under the same SE are investigated as a practical
application reference.

Keywords: partitioned intelligent reflecting surface (PIRS); spatial modulation (SM); spectral
efficiency (SE); average bit error rate (ABER)

MSC: 94-10

1. Introduction
The six generation (6G) wireless communication requires significant innovation and

progress of communication paradigm to meet the enormous demands for spectrum effi-
ciency (SE) and energy efficiency (EE) [1,2]. Spatial modulation (SM) [3], essentially as a
spatial multiplexing technology for wireless communication, has been emerging in recent
years due to its high SE and EE. Unlike conventional signal transmission, SM conveys
not only the modulated symbols, but also the index of the activated antenna as extra
information. Moreover, inter-antenna synchronization (IAS) and inter-channel interference
(ICI) are avoided due to the single-antenna activation. Later, SM was simplified as space
shift keying (SSK) [4] in which only the activated antenna indices were conveyed to reduce
the complexity of the system and detection. Furthermore, SM and SSK were respectively
extended to generalized spatial modulation (GSM) [5] and generalized space shift keying
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(GSSK) [6], where multiple antennas were activated simultaneously, thereby improving the
diversity gain or SE for wireless communication systems.

On the other hand, intelligent reflecting surface (IRS), consisting of a large array of
passive elements, is regarded as an intelligent device that can change electromagnetic
waves by adjusting the phase of the incident signal, aiming to maximize the signal-to-noise
ratio (SNR) of the receiver (Rx) [7,8]. Moreover, IRS signal reflection does not require a
specialized RF chain for signal processing. Due to its advantages in high transmission
reliability and EE, IRS is widely recognized as one of the most promising technologies for
6G [9].

In light of the significance of SM and IRS, exploring the potential of IRS-aided SM
systems to achieve high reliability, SE, and EE, has been widely researched. Refs. [10–15]
researched IRS-aided received SM or its evolution forms such as SSK, GSSK, and GSM in
single-input multiple-output (SIMO) systems. The theoretical average bit error probability
(ABER) and simulation analyses were provided, demonstrating the significant superiority
of combining IRS and SM. Ref. [16] proposed IRS-assisted GSM with phase offset scheme,
which enhanced the IRS beamforming and widened the activated antenna combination
channel differences to improve the system bit error rate (BER) performance. Ref. [17]
proposed a novel transmissive reconfigurable intelligent surface (TRIS) transmitter-enabled
SM multiple-input multiple-output (MIMO) system where the specific column elements of
the TRIS panel are activated per time slot.

Refs. [18–22] focused on the research of IRS-aided transmit SSK or GSSK in multiple-
input single-output (MISO) systems. Moreover, IRS partitioning improved the distinctions
between transmission channels and effectively improved the BER performance in the
partitioned IRS-aided transmit SSK (PIRS-TSSK) scheme [20]. Then, it was extended to
multi-antenna activated scenario and a partitioned IRS-aided transmit GSSK (PIRS-TGSSK)
scheme and a partitioned IRS-aided flexible GSSK (PIRS-FGSSK) scheme were proposed
to further improve SE and antenna utilization [22]. It is worth noting that although [22]
improves antenna utilization compared to [20], it does not transmit symbols, which still
limits the further enhancement of SE to some extent. In summary, in the existing studies
mentioned above, the transmitter (Tx) employs SSK or GSSK, which only conveys antenna
index information without carrying symbols. This can be considered as an absence of
symbolic information transmission, which constrains the wireless communication system’s
SE. In particular, at high SE requirements, the number of transmit antennas required is
large, thus leading to more groups of IRSs and fewer reflecting elements per group; then,
the beamforming effect will deteriorate and the BER performance will decrease.

To address this issue, this paper proposes a partitioned IRS-aided transmit spatial
modulation (PIRS-TSM) scheme. The contributions of this paper can be summarized
as follows:

• In PIRS-TSM, SM is performed at the Tx, so both antenna index and modulated symbol
can be transmitted in each time slot, effectively resolving the symbolic information
absence issue inherent in [20,22]. In addition, the IRS is divided into groups corre-
sponding to the transmit antennas and phase shifts are made on each IRS group
corresponding to the transmit channel states to enhance the differences between
channels so as to improve the BER performance. The proposed PIRS-TSM scheme
achieves significantly better ABER performance compared to the unpartitioned IRS-
TSM scheme. Moreover, even under the same partitioning strategy of IRS, the perfor-
mance of PIRS-TSM is superior to the existing PIRS-TSSK [20], PIRS-TGSSK [22], and
PIRS-FGSSK [22] schemes.

• The theoretical ABER bound of the proposed PIRS-TSM scheme is provided based on
maximum likelihood (ML) detection and is confirmed by simulations. The computa-
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tional complexity of the scheme is also investigated and compared with PIRS-TSSK
and PIRS-TGSSK schemes.

• Compared with existing PIRS-TSSK, PIRS-TGSSK, and PIRS-FGSSK schemes, the
joint transmission of antenna index and modulated symbol information and the
configuration influence of antenna numbers and symbol orders of PIRS-TSM under
the same SE have also been investigated in this paper. Simulation results show that
the configuration with fewer transmit antennas and higher modulation orders has
better BER performance.

The remainder of this paper is organized as follows. Section 2 details the proposed
PIRS-TSM system model. Subsequently, Section 3 presents the theoretical derivation and
analysis of PIRS-TSM ABER performance. Thereafter, Section 4 conducts an analysis and
comparison of the computational complexity of ML detection. Section 5 provides the
simulation results along with corresponding discussions and analyses. Finally, Section 6
concludes the paper by summarizing key contributions.

Notation: Xℜ and Xℑ represent the real and imaginary part of a complex variable X,
respectively. j =

√
−1 represents the imaginary unit. E[X] and Var[X] denote the mean and

variance of X, respectively.

2. System Model
2.1. Transmission

The proposed PIRS-TSM system model is illustrated in Figure 1, where Nt transmit
antennas are deployed at the Tx and a single antenna is equipped at the Rx. In addition, an
IRS is composed of N reflecting elements which make phase shifts independently. Only one
of the Nt transmit antennas is activated to transmit information at each time. We follow the
hypothesis that the information from Tx to Rx can be transmitted only through the IRS due
to the physical barrier. Let vector a = [0 0 . . . 1 0 . . . 0] represent the transmit antennas,
where only one non-zero element is used to represent the activated antenna. In contrast
to the PIRS-TSSK system [20] where the incoming data bits exclusively map the activated
antenna index, the PIRS-TSM system transmits both antenna index and modulated symbol.
During each transmission time slot, the incoming data bits S are divided into two parts:
S = S1 + S2, in which S1 = log2 Nt bits denote the index of the activated antenna and
S2 = log2 M bits denote the M-ary constellation symbols. Let x represent the data symbol
selected from M-ary constellations with normalized power, i.e., |x|2 = 1.

IRS

Transmitter Receiver

 1       2      3          Nt  
…

Data

110...010
Bit 

Splitter
t

N
2

log

M2log

……
…

…

Controller

Barrier

 Sub IRS     1       2         3            Nt  

Figure 1. PIRS-TSM system model.

The channel from the Tx to the IRS is denoted by H ∈ CNt×N, while the channel from the
IRS to the Rx is denoted by g∈ CN×1. Assuming H and g follow independent Rayleigh fading
CN (0, 1), each entry of H is represented as ht,i = αt,ie−jθt,i(t = 1, . . . , Nt, i = 1, . . . , N), while
each entry of g is represented as gi = βie−jψi . The phase-shift matrix of the IRS is denoted by
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a diagonal matrix Φ ∈ CN×N, where each element represents the phase shift of a reflecting
element, written as ejϕi(i = 1, . . . , N). We assume perfect channel state information (CSI) at
the Tx. The IRS obtains phase-shift information from the controller linked to the Tx.

In this system, the IRS partitioning method is the same as that of the PIRS-TSSK
scheme, i.e., the IRS is divided into groups that have a one-to-one correspondence with
the transmit antennas. Specifically, a total number of N reflecting elements is divided into
Nt groups, each of which consists of n = N

Nt
elements. Each group of reflecting elements

can be regarded as a sub-IRS, which maximizes the signal energy from the corresponding
transmit antenna to the Rx by phase adjustment. Therefore, during data transmission of
each time slot, no matter which transmit antenna is activated, all reflecting elements on
the IRS work at predetermined phase-shift angles based on the CSI. In other words, all
reflecting elements on the IRS work at the “ON” state, with one of the IRS groups able
to fully offset the channel phases, while the other groups are not fully offset. In fact, this
IRS partitioning method is a trade-off between widening the differences in the channels
corresponding to different transmit antennas and maintaining the beamforming of the IRS.
The partitioning method is validated to provide more diversity when activating different
transmit antennas [22] so as to improve the BER performance. For convenience, the transmit
energy is assumed to be 1, and the received signal can be expressed as follows:

y = aHΦgx + w = Lx + w, (1)

where w denotes the additive white Gaussian noise (AWGN) with mean 0 and variance
N0, and

L =
tn

∑
i=(t−1)n+1

αt,iβi +
Nt

∑
k=1
k ̸=t

kn

∑
i=(k−1)n+1

αt,iβie
j(θk,i−θt,i), (2)

with k representing the index of the sub-IRS. The phase shift of the reflecting element on the
k-th sub IRS is ϕk,i = θk,i + ψi(k = 1, . . . , Nt). When the t-th transmit antenna is activated,
for the k = t sub-IRS, the channel phases are completely canceled, while for the k ̸= t cases,
the phases cannot be completely canceled.

2.2. Maximum Likelihood Detection

A joint detection of antenna index t and symbol x based on the ML detector is utilized
for our PIRS-TSM scheme, written as follows:

(t̂, x̂) = argmin
t,x

|y − Lx|2, (3)

where t̂, x̂ represent the estimated antenna index and symbol, respectively.

3. Performance Analysis
In this section, we make a theoretical analysis of the error performance for the PIRS-

TSM scheme. The theoretical average pairwise error probability (APEP) for ML detection is
derived, and then, the theoretical ABER can be obtained [23,24]. The conditional pairwise
error probability (CPEP) with ML detection using (3) can be expressed as follows:

Pe(t, x → t̂, x̂)|H, g) = P
{
|y − Lx|2 >

∣∣y − L̂x̂
∣∣2}, (4)

where

L̂ =
t̂n

∑
i=(t̂−1)n+1

αt̂,iβi +
Nt

∑
k=1
k ̸=t̂

kn

∑
i=(k−1)n+1

αt̂,iβie
j(θk,i−θt̂,i). (5)
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After calculation, it can be concluded that

Pe = P
{
−

∣∣Lx − L̂x̂
∣∣2 − 2[w∗(Lx − L̂x̂)]ℜ > 0

}
= P{ν > 0},

(6)

where ν = −
∣∣Lx − L̂x̂

∣∣2 − 2[w∗(Lx − L̂x̂)]ℜ with w∗ being the complex conjugate of w. It
can be obtained that ν follows complex Gaussian distribution with mean µν and variance
σ2

ν since w follows complex Gaussian distribution. We can calculate µν = −
∣∣Lx − L̂x̂

∣∣2,

σ2
ν = 2N0

∣∣Lx − L̂x̂
∣∣2. Let B = Lx − L̂x̂, using Gaussian Q-function, we have

Pe = Q
(√ |B|2

2N0

)
. (7)

Assuming λ = |B|2, the APEP can be obtained as follows:

P̄e =
∫ ∞

0
Q
(√ λ

2N0

)
fλ(λ)dλ

=
1
π

∫ π
2

0
Mλ

( −1
4N0 sin2 η

)
dη,

(8)

where fλ(λ) and Mλ(s) are the probability density function (PDF) and moment-generating
function (MGF) of λ, respectively. Then, we will discuss the distribution of λ in different
cases to obtain the corresponding MGF. In (7), it can be easily written that |B|2 = B2

ℜ + B2
ℑ.

(1) First case (t = t̂): Assume that the activated antenna index is correctly detected. We
have B = L(x − x̂). Then, we obtain

λ = |B|2 = |L|2 · |x − x̂|2 =
(

L2
ℜ + L2

ℑ

)
|x − x̂|2, (9)

where

Lℜ =
tn

∑
i=(t−1)n+1

αt,iβi +
Nt

∑
k=1
k ̸=t

kn

∑
i=(k−1)n+1

(
αt,iβie

j(θk,i−θt,i)
)
ℜ

,

Lℑ =
Nt

∑
k=1
k ̸=t

kn

∑
i=(k−1)n+1

(
αt,iβie

j(θk,i−θt,i)
)
ℑ

.

Next, we will analyze the distribution of λ, and then obtain the MGF based on its
distribution. In order to analyze the distribution of λ, we need to express λ as the sum
of two components, i.e., λ = λ1 + λ2, where λ1 = L2

ℜ|x − x̂|2, λ2 = L2
ℑ|x − x̂|2. Then, the

MGF satisfies the following relationship:

Mλ(s) = Mλ1(s) · Mλ2(s). (10)

It is known that βi and αt,i are independent and follow Rayleigh distribution with

mean
√

π
2 and variance 4−π

4 . We consider the characteristics of mean and variance be-
tween independent random variable (RV)s and utilize the relevant derivations. Specif-
ically, for the independent RVs X and Y, the mean and variance follow the rules:
E[XY] = E[X]E[Y], Var[XY] = Var[X]Var[Y] + E2[X]Var[Y] + E2[Y]Var[X], E[X + Y] =

E[X] + E[Y], Var[X ±Y] = Var[X] +Var[Y], while for the un-independent RVs X and Y, the
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property of covariance is Cov(X, Y) = 1
2 (Var[X + Y]− Var[X]− Var[Y]). Then the mean

and variance of the following terms can be figured out as follows:

E[αt,iβi] =
π

4
,

Var[αt,iβi] =
16 − π2

16
,

E[
(

αt,iβie
j(θk,i−θt,i)

)
ℜ
] = E[

(
αt,iβie

j(θk,i−θt,i)
)
ℑ
] = 0,

Var[
(

αt,iβie
j(θk,i−θt,i)

)
ℜ
] = Var[

(
αt,iβie

j(θk,i−θt,i)
)
ℑ
] =

1
2

.

After some mathematical calculations, we have E[Lℜ] =
nπ
4 , Var[Lℜ] =

n(16−π2+8Nt−8)
16 .

It can be seen that λ1 = L2
ℜ|x − x̂|2 is a non-central chi-square RV with one degree of free-

dom. Since the number of reflecting elements N ≫ 1, the Central Limit Theorem (CLT)
is applicable. Assuming µr = E[Lℜ], σ2

r = Var[Lℜ], according to the genetic character-
istic function (CF) of the non-central χ2 distribution, the MGF of λ1 can be obtained as
follows [5]:

Mλ1(s) =
( 1

1 − 2sσ2
r |x − x̂|2

) 1
2

exp
( sµ2

r |x − x̂|2
1 − 2sσ2

r |x − x̂|2
)

. (11)

Similarly, it can be calculated that E[Lℑ] = 0, and σ2
l = Var[Lℑ] =

n(Nt−1)
2 . Therefore,

λ2 = L2
ℑ|x − x̂|2 is a central chi-square RV with one degree of freedom. The MGF of λ2 can

be obtained as follows:

Mλ2(s) =
( 1

1 − 2sσ2
l |x − x̂|2

) 1
2
. (12)

Then, the MGF of λ can be obtained by substituting (11) and (12) to (10). Finally,
substitute the MGF of λ to Equation (8) to calculate APEP. It is worth noting that the APEP
is independent of t and t̂.

(2) Second case (t ̸= t̂): Assume that the antenna index is detected erroneously. Then,
we have B = Lx − L̂x̂. Consequently, we have

λ = |B|2 = |Lx − L̂x̂|2 = B2
ℜ + B2

ℑ, (13)

while Bℜ ∼ N
(

µBℜ , σ2
Bℜ

)
and Bℑ ∼ N

(
µBℑ , σ2

Bℑ

)
, respectively. The next step is to analyze

the distribution of Bℜ and Bℑ and their relevance. We rewrite x and x̂ in the form of adding
the real and imaginary parts: x = xℜ + jxℑ, x̂ = x̂ℜ + jx̂ℑ. Then, we have

Bℜ =
[
L(xℜ + jxℑ)− L̂(x̂ℜ + jx̂ℑ)

]
ℜ, (14)

Bℑ =
[
L(xℜ + jxℑ)− L̂(x̂ℜ + jx̂ℑ)

]
ℑ. (15)

Then, substituting L and L̂ as Equations (2) and (5) into Equations (14) and (15), respec-
tively, and after a series of tedious calculations, the mean vector and covariance matrix of
b = [Bℜ, Bℑ]

T can be obtained as follows:

µ = [µ1, µ2]
T, (16)
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C =

[
σ2

1 σ1,2

σ1,2 σ2
2

]
, (17)

where

µ1 =
nπ(xℜ − x̂ℜ)

4
, µ2 =

nπ(xℑ − x̂ℑ)
4

,

σ2
1 =

n(Nt − 1)(|x|2 + |x̂|2)
2

+
n(16 − π2)(x2

ℜ + x̂2
ℜ)

16
,

σ2
2 =

n(Nt − 1)(|x|2 + |x̂|2)
2

+
n(16 − π2)(x2

ℑ + x̂2
ℑ)

16
.

Next, according to the property of the covariance, we figure out the covariance of Bℜ
and Bℑ as follows:

σ1,2 =
n(16 − π2)(xℜxℑ + x̂ℜ x̂ℑ)

16
. (18)

Furthermore, we utilize the MGF of the generalized non-central chi-square distribution
as follows [23]:

MX(s) = [det(I − 2sC)]−
1
2

× exp
(
−1

2
µT

[
I − (I − 2sC)−1

]
C−1µ

)
,

(19)

where X = X2
1 + X2

2 + · · · + X2
n, I is the unit matrix, and µ and C are the mean and

covariance matrix of [X2
1 , X2

2 , . . . , X2
n]

T, respectively. Substituting Equations (16) and (17) to
Equation (19), we can obtain the MGF of λ in the case of t ̸= t̂. Then, substitute Equation (19)
to Equation (8) to calculate APEP. Further, the theoretical ABER can be derived based on
the union bound technique by substituting APEP into the following equation:

P̄b =
1

Nt M ∑
t
∑̂

t
∑
x

∑̂
x

e(t, x → t̂, x̂)P̄e(t, x → t̂, x̂)
log2 Nt M

, (20)

where e(t, x → t̂, x̂) denotes the number of bits in error for the corresponding pairwise
error event.

4. Detection Complexity Analysis
In this section, we compare the computational complexity of PIRS-TSSK, PIRS-TGSSK,

and the proposed PIRS-TSM scheme during ML detection, as shown in Table 1. In addition,
we make a detection complexity analysis of the PIRS-TSM scheme with different numbers of
transmit antennas Nt and modulation orders M at the same SE. The computational complexity
is investigated with the number of real multiplications (RMs) and real additions (RAs) in
ML detection. First, for the PIRS-TSSK scheme, the computational complexity is derived
from the expression of ML detection ([20], Equation (14)). There is one group of reflecting
elements that completely cancel out the channel phases, resulting in N

Nt
RM terms: αt,iβi.

Meanwhile, the remaining (Nt − 1) groups of reflecting elements cannot completely cancel
out the channel phases, resulting in (Nt − 1) N

Nt
multiplications of three complex numbers:

ht,iejϕk,i gi, each of which requires eight RMs and four RAs. Similarly, the computational
complexity of PIRS-TGSSK is analyzed from the ML detection expression ([22], Equation (3)).
In GSSK here, we asume that C = 2a combinations are utilized, with defining a =

⌊
log2 (

Nt
Ns
)
⌋

,
SE = a bit/s/Hz.

On the other hand, the computational complexity of the proposed PIRS-TSM scheme
is derived from the ML detection expression Equation (3), which has an additional product
term of complex number x, resulting in an added complex multiplication for each reflecting
element. Then, it can be obtained that each of the reflecting element that perfectly cancels
out the channel phases requires three RMs, while each of the remaining reflecting elements
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that cannot completely cancel out the channel phases requires four complex multiplications,
each of which requires twelve RMs and six RAs.

Table 1. Detection complexity analysis summary.

Scheme RMs RAs
PIRS-TSSK (8N − 7N

Nt
+ 3)Nt (6N − 5N

Nt
)Nt

PIRS-TGSSK (8N − 7N
Nt

+ 4)Nt (6N − 5N
Nt

)Nt + C
PIRS-TSM (12N − 9N

Nt
+ 2)Nt M (8N − 7N

Nt
)Nt M

Table 1 summarizes the RMx and RA formulas for the PIRS-TSSK, PIRS-TGSSK, and
PIRS-TSM schemes, demonstrating that the computational complexity primarily depends
on the values of Nt and M under the same number of reflecting elements N. Moreover,
a computational complexity comparison bar is provided in Figure 2 for an example of
SE = 4 bit/s/Hz and N = 128. The PIRS-TSM scheme is configured as three scenarios:
Nt = 8, M = 2; Nt = 4, M = 4; and Nt = 2, M = 8. The computational complexity of PIRS-
TGSSK is lower than that of PIRS-TSSK under the same SE because PIRS-TGSSK requires
fewer Nt. Among the three configuration scenarios of PIRS-TSM (the three green bars), the
configuration with Nt = 2 and M = 8 has the lowest computational complexity. It can be seen
that under the same SE, when Nt is smaller and M is larger, the computational complexity
of PIRS-TSM is lower. This is because fewer transmit antennas implies fewer partitions
on the IRS, resulting in lower computational complexity. When compared with PIRS-
TSSK, PIRS-TSM with the configuration of Nt = 2 and M = 8 has a lower computational
complexity. However, the computational complexities of the configurations with Nt = 4
and M = 4, and Nt = 8 and M = 2, are both higher than that of PIRS-TSSK. It is worth
mentioning that the BER performance of PIRS-TSM with Nt = 2 and M = 8 is also optimal,
which will be illustrated in the next section.

Complexity Comparison (N=128,SE=4bit/s/Hz)

TGSSK
TSSK

TSM1 (N
t=2,M

=8)

TSM2 (N
t=4,M

=4)

TSM3 (N
t=8,M

=2)
0

0.5

1

1.5

2

2.5

3

R
M

 a
n

d
 R

A
 C

o
u

n
t

10
4

Figure 2. Comparison of computational complexity between PIRS-TGSSK, PIRS-TSSK, and PIRS-TSM
(N = 128, SE = 4 bit/s/Hz).

5. Simulation Results
In this section, the analytical and numerical results of the BER performance of the pro-

posed PIRS-TSM scheme with different system configurations are demonstrated through
Monte Carlo simulations. Furthermore, the comparisons among the proposed PIRS-TSM,
unpartitioned IRS-aided transmit SM (IRS-TSM), PIRS-TSSK [20], PIRS-TGSSK [22], and
PIRS-FGSSK [22] schemes are conducted to demonstrate the effectiveness of IRS partition-
ing and symbols carrying in enhancing system performances. To ensure fair performance
comparisons, this study evaluates the BER of different schemes under the same SE. Mean-
while, in order to facilitate the configuration of Nt and M under the same SE and evaluate



Mathematics 2025, 13, 1503 9 of 13

the impact of different SM configurations on PIRS-TSM system performance, we adopt
SE = 4 bit/s/Hz for simulations. The system performances are compared by the SNR
values (X-axis) of schemes at a certain BER value (Y-axis).

Figure 3 shows the simulated and theoretical BER performance for various values
of N (64, 128, 256), with the configuration of Nt = 2 and M = 8 and Nt = 8 and M = 2,
respectively. As seen in Figure 3, as the number of reflecting elements increases, the BER
performance of the system is superior, demonstrating the improvement of the channel
propagation environment caused by the phase shift of IRS. Moreover, the theoretical results
are very close to the experimental results in the area of high SNR. For the same N, the BER
performance of the configuration with Nt = 2 and M = 8 outperforms that of Nt = 8 and
M = 2, and its theoretical results show closer agreement with experimental data in the
low-SNR region.
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 N= 64, 128, 256

Figure 3. Theoretical and computer simulation results for PIRS-TSM with different N when SE is
4 bit/s/Hz (Nt = 2, M = 8 and Nt = 8, M = 2).

Figure 4 demonstrates the agreement between theoretical and experimental BER
performance at two SE examples. First, SE = 4 bit/s/Hz with configurations Nt = 8 and
M = 2; Nt = 4 and M = 4; and Nt = 2 and M = 8. Second, SE = 6 bit/s/Hz with
configurations Nt = 8 and M = 8; Nt = 4 and M = 16; and Nt = 2 and M = 32. The
legend parameters are set in the format (SE, Nt, M). It can be seen that the theoretical results
fit the simulation results very closely. In addition, lower Nt with higher M configurations
(e.g., (4, 2, 8) (6, 2, 32) vs. (4, 8, 2)(6, 8, 8)) achieve superior BER performance. The reason is
that only one group of reflecting elements completely cancels out the channel phases in our
IRS partitioning method. Therefore, with the same total number of reflecting elements, the
more transmit antennas there are, the more groups are divided on the IRS, and the fewer
reflecting elements each group has, leading to some degradation of the IRS beamforming.
Quantitatively, as seen in Figure 4, when BER = 10−3, PIRS-TSM at SE = 4 bit/s/Hz with
Nt = 2, M = 8 contributes approximately 2.5 dB SNR gain over Nt = 4, M = 4 and 7.5 dB
SNR gain over Nt = 8, M = 2. When BER = 10−2 and SE is 6 bit/s/Hz, PIRS-TSM with
Nt = 2, M = 32 obtains about 7.5 dB SNR gain over Nt = 4, M = 16 and 14.5 dB SNR gain
over Nt = 8, M = 8. This shows that as the SE increases, the PIRS-TSM in the configuration
with fewer antennas exhibits a more pronounced performance advantage.
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Figure 4. Theoretical and computer simulation results for PIRS-TSM with 3 different configurations
when SE is 4 bit/s/Hz and 6 bit/s/Hz, respectively.

In Figure 5, the effect of partitioning on the IRS is illustrated by making a BER perfor-
mance comparison between PIRS-TSM and unpartitioned IRS-TSM in the above 3 config-
urations, respectively. Specifically, in the IRS-TSM scheme, during each transmission, all
IRS reflecting elements work at phase shifs to cancel the channel phases from the activated
antenna to the IRS then to the Rx in order to maximize the SNR at the Rx. We can observe
that the reliability of signal transmission is significantly improved by partitioning on the
IRS, especially at high SNR. Taking the scenario of Nt = 2, M = 8 as an example. Select
the points of PIRS-TSM at −11 dB and −1 dB as the low-SNR and high-SNR comparison
points, respectively. To match the BER performance of PIRS-TSM at −11 dB, the IRS-TSM
scheme requires an approximate 8.5 dB SNR gain. Notably, this performance gap widens
significantly in the high-SNR region, where IRS-TSM demands a 16 dB SNR gain to achieve
the same BER as PIRS-TSM at −1 dB. This trend highlights the enhanced effectiveness of
PIRS-TSM in high-SNR scenarios, attributed to its optimized IRS partitioning and phase
alignment mechanisms.
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Figure 5. Performance comparison between PIRS-TSM and IRS-TSM with 3 different configurations
when SE is 4 bit/s/Hz.

Figure 6 investigates the effect of carrying symbols on the transmission performance
of the system with the same IRS partitioning method, by making a comparison of the BER



Mathematics 2025, 13, 1503 11 of 13

performance among the PIRS-TSM, PIRS-TSSK, PIRS-TGSSK, and PIRS-FGSSK schemes.
The system parameters are still uniformly configured as SE = 4 bit/s/Hz, N = 128.
The performance curves of the proposed PIRS-TSM scheme for the three aforementioned
configurations are given. For the required SE of 4 bit/s/Hz, the number of transmit
antennas for PIRS-TSSK should be Nt = 16, and the PIRS-TGSSK scheme needs 7 transmit
antennas and 2 activated antennas. The number of transmit antennas for the PIRS-FGSSK
scheme, which has a flexible number of activated antennas, is set as Nt = 8. The reasons for
chosing the number of transmit antennas in these schemes are as follows: for PIRS-TSSK,
SE = log Nt, so Nt is set as 16 to achieve an SE of 4 bits/s/Hz. For PIRS-TGSSK, the number
of possible transmit antenna combinations is (Nt

Ns
) with Ns denoting the number of activated

antennas. Because the number of activated antenna combinations must be a power of
2, C = 2a combinations are utilized, with SE = a =

⌊
log2 (

Nt
Ns
)
⌋

bit/s/Hz. Therefore,
Nt = 7 and Ns = 2 can achieve an SE of 4 bits/s/Hz. For PIRS-FGSSK, the number of
activated antennas is flexible, we set Nt = 8 to achieve an SE of 4 bits/s/Hz. It can be
seen that the BER performance of the PIRS-TSM scheme is superior to the other three
schemes. For example, when BER = 10−2, PIRS-TSM with Nt = 2 and M = 8 achieves
about 14 dB, 12 dB, and 8 dB SNR gain compared with PIRS-TGSSK, PIRS-TSSK, and
PIRS-FGSSK, respectively.
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Figure 6. Performance comparison among PIRS-TSM, PIRS-TSSK, PIRS-TGSSK, and PIRS-FGSSK
when SE is 4 bit/s/Hz.

6. Conclusions
In this paper, a PIRS-TSM scheme is proposed and efficiently improves the reliability

and SE of the wireless system. The utilization of IRS partitioning improves the BER per-
formance for antenna-indexed data bit transmission. In addition, both antenna index and
modulated symbol transmission improve the SE of the system and achieve configurability
between the number of transmit antennas and symbol modulation order, resulting in better
performance than PIRS-TSSK or PIRS-TGSSK. Simulations also indicate that under the
same SE, the BER performance is better and the computational complexity is lower when
fewer transmit antennas and higher symbol modulation orders are set in PIRS-TSM.
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