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Abstract—In this paper, we propose a novel transmissive
reconfigurable intelligent surface (TRIS) transmitter-enabled
spatial modulation (SM) multiple-input multiple-output (MIMO)
system. In the transmission phase, a column-wise activation
strategy is implemented for the TRIS panel, where the specific
column elements are activated per time slot. Concurrently, the
receiver employs the maximum likelihood detection technique.
Based on this, for the transmit signals, we derive the closed-
form expressions for the upper bounds of the average bit
error probability (ABEP) of the proposed scheme from different
perspectives, employing both vector-based and element-based
approaches. Furthermore, we provide the asymptotic closed-form
expressions for the ABEP of the TRIS-SM scheme, as well as
the diversity gain. To improve the performance of the proposed
TRIS-SM system, we optimize ABEP with a fixed data rate. Ad-
ditionally, we provide lower bounds to simplify the computational
complexity of improved TRIS-SM scheme. The Monte Carlo
simulation method is used to validate the theoretical derivations
exhaustively. The results demonstrate that the proposed TRIS-
SM scheme can achieve better ABEP performance compared
to the conventional SM scheme. Furthermore, the improved
TRIS-SM scheme outperforms the TRIS-SM scheme in terms
of reliability.

Index Terms—TRIS transmitter, spatial modulation, multiple-
input multiple-output (MIMO), average bit error probability
(ABEP).

I. INTRODUCTION

With the explosive growth in data traffic and the number of
wireless connections, the power consumption of base stations
and the cost of deploying them has increased exponentially.
To cope with this challenge, multiple-input multiple-output
(MIMO) techniques leverage space-time multiplexing and
diversity techniques to improve the effectiveness and relia-
bility of the system [1]. Due to expensive radio-frequency
(RF) links behind each antenna, it can significantly increase
the cost of deployment. Nonetheless, fifth-generation (5G)
technology employs massive MIMO technology to further
meet data transmission rates and reliability via hybrid analog-
digital beamforming [2]. By 2030, it is expected that the
data rate of sixth-generation (6G) technology will reach 1
Tb/s, the spectrum efficiency will reach 100 bps/Hz, and the
latency will be less than 1 ms [3]. These requirements are
crucial for integrated sensing and communication, immersive
communication, etc. In addition to meeting various emerging
application scenarios, 6G technology also needs to satisfy
individual voice requirements, which requires exploring new
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multi-antenna technologies to reduce power consumption and
costs of wireless networks.

Reconfigurable intelligent surfaces (RIS) is regarded as
a promising and economical support technology for future
wireless [4]. More specifically, RIS comprises an extensive
array of passive, cost-effective elements, arranged in a two-
dimensional planar configuration. Within this array, each RIS
element is independently tunable, allowing for precise control
over its amplitude, phase, and frequency through a dedicated
RIS controller [5]. This capability circumvents the need for
complex encoding and decoding processes. As a result, each
element has a high degree of flexibility by adjusting the cor-
responding coefficient [6]. With this in mind, the RIS enables
the reconfigurability of the wireless channel by regulating the
phase of the elements to enhance useful signals or suppress
interfering signals [7]. Currently, most RIS-related work is
based on reflective RIS-assisted communication techniques
[8]. Typically, reflective RIS is deployed in the channel to
enhance the signal or extend the area coverage. Recently, [9]
proposed a transmitter architecture based on transmissive RIS
(TRIS), which is a very promising transceiver technology.
An important reason for this is that the structure of TRIS-
based transmitter is quite simple compared to the conventional
transmitter [10]. Specifically, the TRIS transmitter consists of
a horn-fed antenna, a controller, and a TRIS panel [11]. Since
the incident and transmissive signals of the TRIS transmitter
are located on both sides of the TRIS, interference between
electromagnetic signals can be effectively avoided [10]. In
addition, TRIS has higher aperture efficiency and larger oper-
ating bandwidth [12]. Based on the above considerations, the
application of TRIS to multi-antenna transmitter design is a
prospective technology for future wireless communications.

In addition to the RIS technique, spatial modulation
(SM) based on the MIMO architecture is a promising tech-
nique, especially in terms of improving system spectral ef-
ficiency and reducing power consumption [13]. Specifically,
the SM technique combines conventional M -ary phase shift
keying/quadrature amplitude modulation (PSK/QAM) with
antenna-indexed modulation, thereby adding one degree of
freedom to the modulation [14]. Since SM is equipped with
an RF link on the implementation side, it activates only
one corresponding antenna in each transmission time slot
according to the input bit stream [15]. In contrast to the MIMO
technique, SM effectively avoids problems such as signal
interference and synchronization among multiple antennas
[16]. To facilitate the implementation of SM, [17] conducted
real-world measurements of the SM technology in both in-
door corridor and lecture room environments with channel
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TABLE I
NOTATIONS IN THIS PAPER

Notations Definitions Notations Definitions
Nt The number of transmit antennas Nr The number of receive antennas
L The number of transmissive RIS units Cm×n The space of m× n matrics

N
The number of columns of

transmissive RIS units LN
The number of rows of
transmissive RIS units

Cm×n The space of m× n matrics [·]T The transpose operation
M The number of modulation orders ∥ · ∥ 2-norm operation

diag{·} The diagonal matrix operation of the vector ⊗ The Kronecker product operation
[·]H The conjugate transpose operation det(·) The determinant operation for matrices

dm

dtm
{F} The m-th order derivative of the

F function with respect to t
(·)! The factorial operation

(N
n

) The number of combinations of
n chosen from N

CN (·, ·) The complex Gaussian distribution

Pr(·) The probability of an event happening ℜ{·} The real part operation for complex value

N (·, ·) The real Gaussian distribution Q(·) Q(x) =
∫∞
x

1√
2π

exp(− t2

2
)dt

E[·] The expectation operation on a variable V ar[·] The variance of a variable
ℑ{·} The imaginary part operation for complex value | · | The absolute value operation
(·)!! The double factorial operation ∥ · ∥F The Frobenius norm operation
(·)∗ The conjugate operation on complex value D Diversity gain

Pb(x → x̂|H) CPEP Pb(x → x̂) UPEP
Pb([n,m] → [n̂, m̂]|H) CPEP Pb([n,m] → [n̂, m̂]) UPEP

fX(·) The probability density function (PDF) on X ∼ “Distributed as”
sin(·) Sine function tan(x) Tangent function

measurement techniques. In each environment, both line-of-
sight (LoS) and non-LoS (NLoS) scenarios were analyzed in
the practical measurements. In [18], the authors proposed the
quadrature SM (QSM) method by preprocessing the transmit
signals. Within this, the spatial domain constellation symbols
are expanded into in-phase and quadrature components and
activate both transmit antennas simultaneously. Hence, the
QSM not only improves the spectral efficiency, but also avoids
the interference between the transmit signals. In addition, the
authors in [19] proposed the generalized SM (GSM) system,
where the SM is generalized from activating one antenna
to activating multiple transmitting antennas within the same
time slot. It is worth mentioning that GSM can achieve
higher spectral efficiency with fewer antennas. To improve
the average bit error probability (ABEP) performance of the
SM system, the authors proposed the adaptive SM (ASM)
scheme in [20] by fixing the average data rate. For millimeter-
wave (mmWave) band signal transmission, the reliability of the
signal is difficult to guarantee if the transmission is carried out
the SM due to the severe path loss. In views of this, [21] and
[22] extend SM to the mmWave band and present schemes
for spatial scattering modulation (SSM) and quadrature SSM,
respectively.

Enlightened by their potential advantages, the RIS-aided
SM systems have been investigated in a large number of
communication scenes [23]–[31]. To be specific, the authors of
[23] considered the RIS-assisted receive SM scenario, where
maximum likelihood (ML) detection and greedy detection
algorithms are applied at the receiver side, together with
the corresponding analytical ABEP expressions. Intending
to enhance the reliability of RIS-assisted receive SM, [24]
proposed the novel RIS-assisted receive SM scheme, where
the alternating active and passive beamforming optimization

method is employed to concentrate the energy of the target
receive antenna while reducing the energy leakage to the other
receive antennas. Compared to the receive SM, it is more
common to adopt the SM technique at the transmitter side. For
this reason, [25] conducted the investigation of RIS-assisted
transmit SM for downlink communication system, where the
Gaussian-Chebyshev quadrature approach is exploited to de-
rive the ABEP closed-form expression. To improve the spectral
efficiency of RIS-assisted SM, [26] combines the transmitting
and receiving antenna indices for joint modulation, where the
reflected beam is shaped by RIS taking both the transmit SM
and the receive SM into account. From RIS-assisted transmit
and receive SM perspectives, [27] investigated the formation of
an optimization problem by minimizing the symbol error rate,
which is addressed by adopting the penalty-alternative method.
By taking advantage of the information carrying capacity
of SM and the reconfigurability of RIS to the environment,
[28] studied the potential applications of RIS-SM in relay
networks, wireless sensing, and cognitive radio. Besides, the
framework of RIS-assisted SM-based ambient backscattering
communication was presented in [29], where the tag device
can implement ambient backscattering to harness the energy
of RF waves in the environment as well as SM techniques.
Additionally, [30] proposed the RIS-assisted transceiver-based
QSM scheme in which the transmitter and receiver select a set
of antenna indexes for transmitting and receiving the real and
imaginary parts of the complex signal, respectively. It is worth
mentioning that the RIS is logically divided into two parts
for reflecting these portions of the signal. For RIS-assisted
SM transmission in the mmWave band, [31] proposed the
RIS-SSM scheme, where the RIS is deployed closer to the
transmitter and further away from the receiver. Consequently,
these two sub-channels are considered for both LoS and NLoS
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communication scenarios, respectively.
Up to now, all the studies related to RIS and SM are based

on reflective RIS-assisted communication, which improves the
ABEP performance of SM through the deployment strategy
of reflective RIS. Besides, it can achieve better system per-
formance by deploying RIS closer to the transceiver in accor-
dance with [8]. Additionally, since TRIS has the advantage
of a simple structure, it can greatly alleviate the problem
of high power consumption and the high cost of traditional
transceivers, which makes it a promising architecture. For
these reasons, we propose the TRIS transmitter-enabled SM-
based MIMO scheme.

• We propose a novel TRIS transceiver-enabled SM-MIMO
architectural system. To the best of our knowledge, work
based on TRIS-enabled SMs has not been reported in
the open literature. In the proposed TRIS-SM scheme,
the TRIS activates a corresponding column of TRIS ele-
ments at each instant based on the input bit information.
Then, the activated TRIS elements radiate the PSK/QAM
signals in the symbol domain into free space.

• At the receiver, we employ an ML detector to retrieve
the transmitted signal. Based on this, we first derive
the conditional pairwise error probability (CPEP) of the
proposed scheme by adopting the vector-based (VB)
approach for the transmit signals. Subsequently, lever-
aging the CPEP and the moment-generating function
(MGF), we obtain the closed-form expression for the
unconditional pairwise error probability (UPEP). To offer
another idea of derivation, we obtain the UPEP closed-
form expression for the transmit signals by adopting the
element-based (EB) approach. In order to gain further
valuable insights, we also provide the UPEP asymptotic
expressions and diversity gains for the proposed TRIS-
SM scheme. Finally, the joint upper bound expression
for ABEP is given by combining the derived UPEP and
Hamming distance.

• Aiming to improve the reliability for the proposed
scheme, we form an optimization problem of minimizing
ABEP. By effective transformation, we obtain a target
problem of maximizing the minimum Euclidean distance
with the constraint of fixing the amount of data in each
time slot. Afterward, to reduce the complexity of the
improved TRIS-SM scheme, we simplify it and propose
a lower bound for the improved TRIS-SM scheme.

• Extensive Monte Carlo simulation results are utilized to
verify the correctness of the theoretically derived results.
It is shown that the ABEP results obtained using both
VB and EB approaches are identical. Additionally, we
find that the proposed TRIS-SM scheme is to obtain
better ABEP performance than the conventional SM.
Furthermore, the improved TRIS-SM scheme is also
superior to the TRIS-SM scheme in terms of reliability.

The remainder of this paper can be organized as follows.
In Section II, the proposed system model for TRIS-enabled
SM is described. The ABEP performance of the proposed
TRIS-SM system is provided in Section III. In Section IV,
the improved TRIS-SM scheme is presented. The simulation
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Fig. 1. System model.

results, analytical results and corresponding discussions are
given in Section V. Finally, Section VI concludes the whole
paper. Note that the Notations in this paper are summarized
in Table I.

II. SYSTEM MODEL

We consider the TRIS-SM scheme for MIMO system as
depicted in Fig. 1, where the transmitter consists of a feedback
horn antenna, a TRIS, and Nr receive antennas. In particular,
the TRIS composed of L low-cost passive units is connected
to the feedback horn antenna through the controller. Besides,
the transmissive coefficient of the TRIS can be characterized
as

f = [f1, · · · , fl, · · · , fL]T ∈ CL×1, (1)

where we assume that the TRIS is completely transmissive
and there is no signal reflection. Also, the TRIS is made up
of a uniform planar array (UPA). Since the implementation
of element-level control of the TRIS is costly, We adopt the
column-control approach [33] with respect to TRIS plane.
Notice that the L transmissive units consist of N column
elements, and each column is composed of LN transmissive
units, such that LN = L/N . At this point, the controller only
needs to regulate N effective units to achieve the regulation
of all the transmissive units.

Without loss of generality, we make the vector e =
[e1, · · · , en, · · · , eN ]T denote the column-control signal of
TRIS. For the control signal of the n-th column, we have
en = f(n−1)LN+1 = f(n−1)LN+2 = · · · = fnLN

= βne
jϕn ,

where βn and ϕn denote the magnitude and phase shared
by the n-th column unit of the TRIS, respectively. In this
paper, the TRIS phase is set to a constant value ϕ0 = 0
[32]. Meanwhile, the amplitude of the TRIS is regulated
by the controller with on-off (βn = 1 for on, βn = 0
for off). Taking this into account, the phase and amplitude
adjustment mechanism of the TRIS implemented in this paper
can significantly reduce the control complexity and increase
the practicality. In this manner, (1) can be further expressed
as

en = [0, · · · , 0︸ ︷︷ ︸
n−1

, 1︸︷︷︸
n−th coordinate

, 0, · · · , 0︸ ︷︷ ︸
N−n

]T . (2)

For the proposed TRIS-SM scheme, the input information
consists of two parts, i.e., the symbol information and the
additional spatial domain information. Specifically, the sym-
bol bit information is mapped to constellation points from
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M -ary phase shift keying/quadrature amplitude modulation
(PSK/QAM) and then radiated through the horn antenna to
the TRIS panel, while the other part of the information is
mapped to activate the corresponding column elements of the
TRIS. Here, the information of the m-th constellation point of
the symbol domain and the n-th column of the spatial domain
activating the transmissive element can be described as

xm,n = smen ∈ C1×N , (3)

where sm ∈ {s1, · · · , sm, · · · , sM} denotes the symbol from
M -ary PSK/QAM diagram of constellation. For this purpose,
the transmit symbols of the joint spatial and symbol domains
at each transmission time slot can be written as

x = [xT
1,n, · · · ,xT

m,n, · · · ,xT
M,n]

T ∈ CL×1. (4)

On the basis of this, the received signal vector y can be
obtained as

y = Hx+ n, (5)

where H ∈ CNr×L stands for the independent and identically
distributed (i.i.d.) wireless fading channel whose elements are
distributed with a complex Gaussian distribution with zero
mean and unit variance, x belongs to the TRIS-SM signal set
S, and n denotes the complex additive white Gaussian noise
(AWGN) vector that has covariance matrix N0INr

. It is worth
noting that the signal x can be given by

S = {s1e1, s2e2, · · · , sMeN} . (6)

Assume that the input symbols output with the same probabil-
ity, we employ the optimal ML detector in terms of average
error performance at the receiver side to retrieve the transmit
signal, which can be formulated as

x̂ = argmax
x∈S

py(y|x,H) (7a)

= argmin
x∈S

∥y −Hx∥2, (7b)

where x̂ denotes the detected signal, py(·) stands for the PDF
of y, and S represents the set of all legitimate transmit symbols
in the spatial and symbol domains.

III. PERFORMANCE ANALYSIS

In this section, we derive the UPEP closed-form expressions
depending on the form of the transmit symbol elements by
employing both VB and EB methods, respectively. From this,
we also provide the asymptotic UPEP expression and ABEP
union upper bound expression for the TRIS-SM scheme.
Furthermore, we provide the diversity gain of the proposed
scheme.

A. VB Method to UPEP Derivation

According to (7), the CPEP expression between the trans-
mitted signal x and the detected signal x̂ can be derived as

Pb(x → x̂|H) =Pr(∥y −Hx∥2 > ∥y −Hx̂∥2)
=Pr(∥n∥2 > ∥n+H(x− x̂)∥2)
=Pr(∥n∥2 − ∥n+H(x− x̂)∥2 > 0)

=Pr(G > 0),

(8)

where G = ∥n∥2 − ∥n + H(x − x̂)∥2. To facilitate the
representation, we can set

w = n+H(x− x̂). (9)

In this case, we can rewrite G as

G = ∥n∥2 − ∥w∥2 = uHGu, (10)

where u =
[
nT wT

]T
and G = diag{INr

,−INr
}. Next,

we adopt Lemma 1 to obtain the distribution of the random
vector u.

Lemma 1. The random vector u =
[
nT wT

]T
follows the

circularly symmetric complex Gaussian random distribution,
and its covariance can be given by

Ku =

[
N0INr N0INr

N0INr (N0 + ∥x− x̂∥2)Inr

]
. (11)

Proof: Let us make the matrices X = INr
⊗ xT and X̂ =

INr
⊗ x̂T , where X ∈ CNr×L and X̂ ∈ CNr×L. And then, we

define hn = [hn,1, hn,2, · · · , hn,Nr ]
T . Based on this, we have

Hx = Xhn, Hx̂ = X̂hn. (12)

Subsequently, we can respectively rewrite w and u as

w = (X− X̂)hn + n, (13)

and

u =

[
n

w

]
=

[
0Nr×L INr

X− X̂ INr

]
︸ ︷︷ ︸

≜A

[
hn

n

]
︸ ︷︷ ︸
≜v

. (14)

It can be observed that the random vector v follows the
circularly-symmetric complex Gaussian distribution. The cor-
responding covariance can be given by

Kv = diag{N0INr
, INr

}. (15)

In views of this, the covariance of variable u can be given by

Ku = AKvA
H

=

[
N0INr N0INr

N0INr
(X− X̂)(X− X̂)H +N0INr

]
.

(16)

By substituting (X− X̂)(X− X̂)H = ∥x− x̂∥2INr
, the proof

is completed. ■

Based on Lemma 1, the variable G in (10) is a complex
Gaussian random variable subject to Hermitian quadratic form.
For this reason, the corresponding moment-generating function
can be expressed as [34]

MGFG(t) =
1

det(I2Nr
− tKuG)

=
1

det(I2 − tK̃u ⊗ INr )

=
1

det(I2 − tK̃u)Nr
,

(17)
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where MGFX (t) =
∫∞
0

exp(tx) exp(−x)dx = 1
1−t denotes

the moment generating function (MGF) with variables of X
and coefficients of t, and

K̃u =

[
N0 −N0

N0 −N0 − ∥x− x̂∥2

]
. (18)

Following that, we move on to addressing the eigenvalues of
matrix K̃u as

det(λ− K̃u)
2 = det

(
λ−N0 N0

−N0 λ+N0 + ∥x− x̂∥2

)2

= 0.

(19)
After some algebraic manipulation, (19) can be recast as

λ2 + λ∥x− x̂∥2 −N0∥x− x̂∥2 = 0. (20)

With the aid of the rule for addressing quadratic equations,
we respectively attain the eigenvalues λ1 and λ2 as

λ1 =
−∥x− x̂∥2 +

√
∥x− x̂∥4 + 4N0∥x− x̂∥2

2
, (21)

λ2 =
−∥x− x̂∥2 −

√
∥x− x̂∥4 + 4N0∥x− x̂∥2

2
. (22)

Depending on the eigenvalues (21) and (22) of G, we can
reformulate (17) as

MGFG(t) =
1

(1− tλ1)Nr (1− tλ2)Nr
. (23)

By applying the inversion theorem [35] and the residual
theorem [36], the (8) can be reconstructed as

Pb(x → x̃)

=
−1

(Nr − 1)!

dNr−1

dtNr−1

{(
t− 1

λ2

)Nr MGFG(t)

t

}∣∣∣∣t= 1
λ2

=
(−1)Nr−1

(Nr − 1)!λNr
2

dNr−1

dtNr−1

{
1

t(1− λ1t)Nr

}∣∣∣∣t= 1
λ2

.

(24)
After utilizing the Leibniz differentiation rule [37], we can
further characterize the derivation result in (24) as

dNr−1

dtNr−1

{
1

t(1− λ1t)Nr

}
=

Nr−1∑
nr=0

(
Nr − 1

nr

)
dNr−1−nr

dtNr−1−nr

{
1

t

}
︸ ︷︷ ︸

≜B1

dnr

dtnr

{
1

(1− λ1t)Nr

}
︸ ︷︷ ︸

≜B2

.

(25)
In this respect, we respectively address the derivatives of B1

and B2 of (25) as

B1 =
(−1)Nr−1−nr (Nr − 1− nr)!

tNr−nr
, (26)

B2 =
λnr
1 Πnr−1

j=0 (Nr + j)

(1− λ1t)Nr+nr
. (27)

By substituting (26) and (27) into (25), the
dNr−1

dtNr−1

{
1

t(1−λ1t)Nr

}
|t= 1

λ2

in (24) can be obtained as

dNr−1

dtNr−1

{
1

t(1− λ1t)Nr

}
|t= 1

λ2

=

Nr−1∑
nr=0

(Nr + nr − 1)!

nr!

−λnr
1 λ2Nr

2

(λ1 − λ2)Nr+nr
.

(28)

In views of (24) and (28), the UPEP expression of the proposed
TRIS-SM scheme can be written as

Pb(x → x̂)

=
(−1)Nr−1

(Nr − 1)!λNr
2

Nr−1∑
nr=0

(Nr + nr − 1)!

nr!
× −λnr

1 λ2Nr
2

(λ1 − λ2)Nr+k

=

(
−λ2

λ1 − λ2

)Nr Nr−1∑
nr=0

(
Nr + nr − 1

nr

)(
λ1

λ1 − λ2

)nr

.

(29)

B. EB Method to UPEP Derivation

To provide another thought of the derivation, we split the
transmit signal to map to the channel selection and symbol
domain information regarding the RIS column elements sep-
arately. To be specific, (5) can be equivalently expressed as

y = Hnsm + n, (30)

where Hn ∈ CNr×LN denotes the channel from the n-th
column element of the RIS to the Nr receive antennas. Since
the different Hn,l are i.i.d. to l and follow CN (0, INr ), we
can obtain the distribution of hn ∈ CNr×1 as

hn =
∑LN

l=1
Hn,l ∼ CN (0, LNINr

). (31)

Based on this, the CPEP can be written as

Pb([n,m] → [n̂, m̂]|H)

=Pr
(
∥y − hnsm∥2 > ∥y − hn̂sm̂∥2

)
=Pr

(
∥n∥2 > ∥y − hn̂sm̂∥2

)
=Pr

(
∥n∥2 > ∥y∥2 + ∥hn̂sm̂∥2 − 2ℜ{hn̂sm̂(hnsm + n)}

)
=Pr

(
∥n∥2 > ∥hnsm + n∥2 + ∥hn̂sm̂∥2

−2ℜ{hnhn̂smsm̂ + hn̂sm̂n})
=Pr

(
∥n∥2 > ∥hnsm∥2 + ∥n∥2 + 2ℜ{hnsmn0}

+∥hn̂sm̂∥2 − 2ℜ{hnhn̂smsm̂ + hn̂sm̂n}
)
.

(32)
After some mathematical manipulation, we can further obtain
the (32) as

Pb([n,m] → [n̂, m̂]|H)

=Pr(0 > ∥hnsm∥2 + 2ℜ{hnsmn}
+ ∥hn̂sm̂∥2 − 2ℜ{hnhn̂smsm̂ + hn̂sm̂n})

=Pr(−∥(hnsm − hn̂sm̂)∥2 − 2ℜ{(hnsm − hn̂sm̂)n} > 0)

=Pr (G > 0) ,
(33)
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where G = −∥(hnsm − hn̂sm̂)∥2 − 2ℜ{(hnsm − hn̂sm̂)n}
variable is distributed with the Gaussian distribution. Accord-
ingly, it follows that G ∼ N (µG, σ

2
G), where the correspond-

ing expectation and variance are µG = −∥(hnsm − hn̂sm̂)∥2
and σ2

G = 2N0∥hnsm − hn̂sm̂∥2, respectively. Towards this
end, (33) can be equivalent to

Pb([n,m] → [n̂, m̂]|H)

= Q

(√
µ2
G

σ2
G

)
= Q

√∥hnsm − hn̂sm̂∥2

2N0


= Q

√∑Nr

nr=1 |hnr,nsm − hnr,n̂sm̂|2

2N0

 .

(34)

It is easy to see that (34) does not satisfy the closed form of the
expression due to the presence of Q-function. In this regard,
we define κnr

= |hnr,nsm − hnr,n̂sm̂|2 and use Lemma 2 to
statistically average it.

Lemma 2. For κnr
= |hnr,nsm − hnr,n̂sm̂|2, we treat the

symbol domain information as invariant parameters and carry
out the expectation operation for the i.i.d. Rayleigh channel
only. In this case, we have

κ̄nr =

{
|sm − sm̂|2LN , n̂t = nt

(|sm|2 + |sm̂|2)LN , n̂t ̸= nt

(35)

Proof: Taking an expectation operation on κnr
, we have

κ̄nr
= E

[
|hnr,nt

sm − hnr,n̂t
sm̂|2

]
. (36)

To facilitate the subsequent derivation, we split (36) into the
form of adding the real and imaginary parts of the information.
In parallel, we make use of the expectation addition operation
law for independent signals, which yields

κ̄nr
=E

[
|ℜ{hnr,nt

sm − hnr,n̂t
sm̂}|2

]
+ E

[
|ℑ{hnr,ntsm − hnr,n̂tsm̂}|2

]
.

(37)

In the following, we discuss two cases based on whether the
spatial domain signals are correctly detected or not [38].

For the RIS column elements signal is correctly detected,
we have

κ̄nr
=E

[
|ℜ{hnr,nt

(sm − sm̂)}|2
]

+ E
[
|ℑ{hnr,nt

(sm − sm̂)}|2
]
.

(38)

Since the spatial and symbol domain signals are independent
of each other, we can further transform (38) via the indepen-
dent signal expectation multiplication relation into

κ̄nr
=E

[
|ℜ{hnr,nt

}|2
]
|sm − sm̂|2

+ E
[
|ℑ{hnr,nt

|2}
]
|sm − sm̂|2.

(39)

By merging the real and imaginary spatial domain signal
energies of (39), we obtain

κ̄nr =E
[
|hnr,nt |

2
]
|sm − sm̂|2. (40)

Based on E
[
|hnr,nt

|2
]

= |E [hnr,nt
]|2 + V ar[hnr,nt

], we
first need to obtain |E [hnr,nt

] and V ar[hnr,nt
]. To address

this issue, we resort to (31). Thus, (40) can be recast as

κ̄nr
=|sm − sm̂|2LN . (41)

For the case of incorrect detection of the RIS column
element signals, the spatial domain transmit and detect signals
are independent of each other. Hence, we can further rewrite
(37) as

κ̄nr =E
[
|ℜ{hnr,nt}|

2
]
|sm|2 + E

[
|ℜ{hnr,n̂t}|

2
]
|sm̂|2

+ E
[
|ℑ{hnr,nt

}|2
]
|sm|2 + E

[
|ℑ{hnr,n̂t

}|2
]
|sm̂|2.

(42)
Further, we can merge the same symbol field entries to arrive
at

κ̄nr
=E

[
|hnr,nt

|2
]
|sm|2 + E

[
|hnr,n̂t

|2
]
|sm̂|2. (43)

By leveraging (31), we can get

κ̄nr
= |sm|2LN + |sm̂|2LN . (44)

In combining the two cases (41) and (44), we complete the
proof. ■

Remark 1. In κnr , we find that hnr,n is the channel with
respect to LN mutually independent transmission elements.
Meanwhile, Lemma 1 contains LN in the variance. Therefore,
the relationship between the random variable A and the mean
B can be characterized as

κnr
= κ̄nr

x, (45)

where x stands for the central chi-square distribution with 2
degrees of freedom and a variance of 0.5. Thus, the PDF can
be given as

fX(x) = exp(−x). (46)

1) Single Receive Antenna (Nr = 1): In this case, the
UPEP can be written as

Pb([n,m] → [n̂, m̂]) =

∫ ∞

0

Q

(√
ρκ̄x

2

)
fX(x)dx. (47)

With the aid of [39], the Q-function can be equivalently
expressed as

Q(x) =
1

π

∫ π
2

0

exp

(
− x2

2 sin2 θ

)
dθ. (48)

Substituting (48) into (47), we can rewrite UPEP as

Pb([n,m]→ [n̂, m̂])=
1

π

∫ ∞

0

∫ π
2

0

exp

(
−ρκ̄x

4 sin2 θ

)
fX(x)dθdx.

(49)
By exchanging the order of integration of θ and x, we yield

Pb([n,m]→ [n̂, m̂])=
1

π

∫ π
2

0

∫ ∞

0

exp

(
−ρκ̄x

4 sin2 θ

)
fX(x)dxdθ.

(50)
Fortunately, the inner integrals in (50) can be handled such
that it can be simplified as

Pb([n,m]→ [n̂, m̂])=
1

π

∫ π
2

0

MGFX

(
−ρκ̄

4 sin2 θ

)
dθ, (51)
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Considering this, (51) can be evaluated as

Pb([n,m]→ [n̂, m̂]) =
1

π

∫ π
2

0

4 sin2 θ

4 sin2 θ + ρκ̄
dθ. (52)

After some substitution operations, we have

Pb([n,m]→ [n̂, m̂]) =
1

2
− 1

π

∫ π
2

0

ρκ̄

4 sin2 θ + ρκ̄
dθ. (53)

By making use of [40], we can rewrite (53) as

Pb([n,m]→ [n̂, m̂])

=
1

2
− ρκ̄

4π

√
16

ρκ̄(4 + ρκ̄)
tan−1

(√
4 + ρκ̄

ρκ̄
tan θ

) ∣∣∣∣π2
0

.
(54)

On this basis, we can derive the UPEP as

Pb([n,m]→ [n̂, m̂]) =
1

2

(
1−

√
ρκ̄

4 + ρκ̄

)
. (55)

2) Multiple Receive Antennas (Nr > 1): In this case, the
channel between the n-th column element vector of the TRIS
and the Nr receive antennas can be characterized as

fX(x) = fX1,··· ,Xnr ,··· ,XNr
(x1, · · · , xnr

, · · · , xNr
). (56)

Considering both (34) and (56), the UPEP of the TRIS-SM
scheme with multiple receive antennas can be calculated as

Pb([n,m]→ [n̂, m̂]) =

∫ ∞

0

Q

(√
ρκ̄x

2

)
fX(x)dx. (57)

Since the channel between the transmitter and receiver is
subject to i.i.d. Rayleigh distribution, we can further rewrite
(56) as

fX(x) = fX1(x1) · · · fXnr
(xnr ) · · · fXNr

(xNr )

=

Nr∏
nr=1

fnr (xnr ).
(58)

Taking (58) into (57), we can rewrite UPEP as

Pb([n,m]→ [n̂, m̂]) =

∫ ∞

0

∫ ∞

0

· · ·
∫ ∞

0︸ ︷︷ ︸
Nr−fold

Nr∏
nr=1

Q

(√
ρκ̄xnr

2

)

× fnr
(xnr

)dx1dx2 · · · dxNr
.

(59)
After an equivalent transformation of the Q-function, we can
further evaluate (59) as

Pb([n,m]→ [n̂, m̂])

=

∫ ∞

0

∫ ∞

0

· · ·
∫ ∞

0︸ ︷︷ ︸
Nr−fold

1

π

∫ π
2

0

Nr∏
nr=1

exp

(
−ρκ̄xnr

4 sin2 θ

)

× fnr (xnr )dθdx1dx2 · · · dxNr .

(60)

Since it is difficult to address (60) directly, we convert it by
swapping the order of integrals of x and θ to

Pb([n,m]→ [n̂, m̂])

=
1

π

∫ π
2

0

∫ ∞

0

∫ ∞

0

· · ·
∫ ∞

0︸ ︷︷ ︸
Nr−fold

Nr∏
nr=1

exp

(
−ρκ̄xnr

4 sin2 θ

)

× fnr
(xnr

)dx1dx2 · · · dxNr
dθ.

(61)

By the definition of the MGF, (61) can be further recast as

Pb([n,m]→ [n̂, m̂]) =
1

π

∫ π
2

0

Nr∏
nr=1

MGFXnr

(
−ρκ̄

4 sin2 θ

)
dθ.

(62)
As the signals arriving from the transmitter to the different
receive antennas satisfy the i.i.d. condition, thus (62) can be
re-expressed as

Pb([n,m]→ [n̂, m̂]) =
1

π

∫ π
2

0

(
4 sin2 θ

4 sin2 θ + ρκ̄

)Nr

dθ.

(63)
In dependence on [41] and (54), the UPEP of the considered
system can be given by

Pb([n,m]→ [n̂, m̂]) = µNr
α

Nr−1∑
nr=0

(
Nr − 1 + nr

nr

)
(1− µα)

nr ,

(64)
where µα = 1

2

(
1−

√
ρκ̄

4+ρκ̄

)
.

3) Asymptotic UPEP expression: Based on the UPEP ex-
pression obtained above, we approximate UPEP to obtain the
asymptotic expression in the high signal-to-noise ratio (SNR)
region as

Pasy([n,m]→ [n̂, m̂]) = lim
ρ→∞

Pb([n,m]→ [n̂, m̂]). (65)

It can be observed that it is hard to derive the asymptotic
UPEP directly from (29) through VB method and from (64)
through EB method. To tackle this issue, we resort to (63) as

Pasy([n,m]→ [n̂, m̂]) = lim
ρ→∞

1

π

∫ π
2

0

(
4 sin2 θ

4 sin2 θ + ρκ̄

)Nr

dθ.

(66)
When the SNR is large, the denominator part 4 sin2 θ in (66)
becomes quite small compared to ρκ̄. By neglecting 4 sin2 θ,
we can rewrite (66) as

Pasy([n,m]→ [n̂, m̂]) =
1

π

∫ π
2

0

(
4 sin2 θ

ρκ̄

)Nr

dθ. (67)

By separating the variables of (67), we get

Pasy([n,m]→ [n̂, m̂]) =
1

π

(
4

ρκ̄

)Nr
∫ π

2

0

(sin θ)
2Nr dθ.

(68)
Finally, we can take advantage of the Wallis formula [40] to
simplify (68) to

Pasy([n,m]→ [n̂, m̂]) =
1

2

(
4

ρκ̄

)Nr (2Nr − 1)!!

(2Nr)!!
. (69)

4) Diversity Gain: In accordance with [42], the diversity
gain of the proposed scheme can be characterized as

D = − lim
ρ→∞

log2 Pasy(n → n̂)

log2 ρ
. (70)

Substituting (68) into (70), we have

D = − lim
ρ→∞

log2
1
2 + log2

(
4
ρκ̄

)Nr

+ log2
(2Nr−1)!!
(2Nr)!!

log2 ρ
. (71)
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Disregarding the terms that are irrelevant to the SNR, we can
rewrite (71) as

D = − lim
ρ→∞

log2

(
4
ρκ̄

)Nr

log2 ρ
. (72)

Unfolding the numerator term of (72), we get

D = − lim
ρ→∞

2Nr −Nr log2 ρ−Nr log2 κ̄

log2 ρ
. (73)

After some arithmetical operations, we obtain the diversity
gain as

D = Nr. (74)

C. ABEP Expression
Due to the multiple variables associated with the spatial and

symbol domains, it is impossible to obtain the exact ABEP
expression directly. Instead, we adopt the the union upper
bound of ABEP to evaluate the reliability of proposed scheme
as

ABEP ≤
N∑

n=1

N∑
m=1

N∑
n̂=1

M∑
m̂=1

Pb([n,m]→ [n̂, m̂])N([n,m]→ [n̂, m̂])

MN log2 MN
,

(75)
where N([n,m] → [n̂, m̂]) term denotes the Hamming dis-
tance between the transmit signal hn to sm and the detected
signal hn̂ to sm̂ in the spatial domain and symbol domain,
respectively.

IV. IMPROVED TRIS-SM SCHEME

In this section, we enhance the performance of the proposed
TRIS-SM system through optimization (75). In essence, the
reliability of the constrained proposed scheme depends mainly
on the Euclidean distance between neighboring constellation
points. As such, optimizing ABEP can be transformed into
optimizing the minimum Euclidean distance. Also, this can be
corroborated by the CPEP expression in the previous section.
Hence, the minimum Euclidean distance becomes a key metric
to assess the effectiveness of the proposed system.

Based on (34), the square of the minimum receive distance
of the proposed scheme can be described as

d2min = min
m̂,m∈{1,··· ,M}
n̂,n∈{1,··· ,N}
m̸̂=m&n̂ ̸=n

∥hnsm − hn̂sm̂∥2 , (76)

where the dmin is a parameter that affects the performance
of TRIS-SM scheme, and the system performance can be
improved by maximizing the minimum non-zero distance in
the constellation.

A. Improved TRIS-SM Scheme

As stated above, the received minimum distance of the
TRIS-SM system can be reformulated as

dmin = min
m̂,m∈{1,··· ,M}
n̂,n∈{1,··· ,N}
m̸̂=m&n̂ ̸=n

∥∥∥∥∥∥∥∥∥∥


h1,nsm

h2,nsm
...

hNr,nsm

−


h1,n̂sm̂

h2,n̂sm̂
...

hNr,n̂sm̂


∥∥∥∥∥∥∥∥∥∥
F

.

(77)

By the definition of the F -norm, we can equivalently transform
(77) to

dmin= min
m̂,m∈{1,··· ,M}
n̂,n∈{1,··· ,N}
m̂ ̸=m&n̸̂=n

√
|sm|2τ1+|sm̂|2τ2−2ℜ{sms∗m̂τ3},

(78)
where τ1, τ2, and τ3 can be respectively given by

τ1 = |h1,n|2 + |h2,n|2 + · · ·+ |hNr,n|2, (79a)

τ2 = |h1,n̂|2 + |h2,n̂|2 + · · ·+ |hNr,n̂|2, (79b)
τ3 = h1,nh

∗
1,n̂ + h2,nh

∗
2,n̂ + · · ·+ hNr,nh

∗
Nr,n̂. (79c)

For the given data rate, we optimize d2min to improve the
reliability of the proposed scheme as

max d2min

s.t.
1

N

N∑
n=1

ξn = ξ̄,
(80)

where ξn denotes the data rate of n-th column elements of
TRIS, and ξ̄ stands for the average data rate.

B. Simplified Improved (SI) TRIS-SM Scheme

Due to the very high complexity of (80), we can simplify
the optimization problem by numerical search, given the way
the information is transmitted in the TRIS-SM. To reduce the
complexity of (80), we can make a simplification of it. Assume
that the power of the transmitted signal is normalized, i.e.,
|sm|2 = 1, ∀m and |sm̂|2 = 1, ∀m̂. Considering this, (80) can
be transformed into

dn,n̂min= max
m̂,m∈{1,··· ,M}
n̂,n∈{1,··· ,N}
m̸̂=m&n̂ ̸=n

2ℜ{sms∗m̂τ3}.
(81)

Considering (78) and (81), we can simplify (78) as

max τ1+ τ2− dn,n̂min

s.t.
N∑

n=1

ξn = Nξ̄,
(82)

where we can calculate the value dn,n̂min for each candidate.

Remark 2. The amplitude of the signal remains constant and
fixed as 1 as the symbol domain adopts M -ary PSK. In this
case, the improved TRIS-SM and SI-TRIS-SM are the same for
both schemes.

Remark 3. Since the simplified and improved TRIS-SM
scheme is a process of amplifying the objective function, and
because the Q-function is a decreasing function, it can be
seen from (34) that SI-TRIS-SM scheme is the lower bound of
improved TRIS-SM scheme in terms of CPEP.

V. SIMULATION AND ANALYTICAL RESULTS

In this section, we validate the ABEP analytical and asymp-
totic expressions derived in the previous section. Then, we
analyze the ABEP performance of the proposed scheme over
the different parameters. Furthermore, we study the ABEP
performance of the improved TRIS-SM scheme.
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Fig. 2. ABEP performance comparsion of the TRIS-SM with con-
ventional SM scheme.

A. Validation of Theoretical Derivation Results

Fig. 2 shows the relationship between ABEP and SNR for
different numbers of column elements in TRIS. Simultane-
ously, a comparative analysis of the performance relationship
between the proposed TRIS-SM scheme and the conventional
SM scheme is presented with the corresponding parameter
settings of M = 1, N = 2, and Nr = 1. As expected, the
analytically derived ABEP agrees well with the Monte Carlo
simulation results, where the theoretical curves in this figure
are plotted based on (29). This phenomenon illustrates the
correctness of the theoretical derivation. It should be noted
that (75) represents the union upper bound of the proposed
TRIS-SM scheme, where the parameter configuration of this
figure is the condition for the equality sign to hold. According
to Fig. 2, it can be seen that when the value of LN in TRIS
is larger, better ABEP performance can be obtained, which is
caused by the fact that in the same time slot, when the number
of column elements is larger, the energy of the signals that are
pooled and transmitted to the receiver will be stronger. From
Fig. 2, it is found that the ABEP value of the proposed TRIS-
SM scheme is significantly smaller than the conventional SM
scheme. This is because the low-cost nature of TRIS can act as
a spatial diversity transmit enhancement for the transmissive
signal by increasing the deployment of LN .

To evaluate the ABEP theoretical results, we compare and
analyse the two methods based on VA and EB in Fig. 3, where
the parameters are set to M = 2, N = 4, Nr = 4, and
LN = 4. It can be observed that the relationship between the
simulation results and the analytical curves can be broadly
divided into two parts, i.e., the low SNR region and the high
SNR region. It is found that the two match well with each
other for SNR greater than -5 dB. Besides, there is a large gap
between the analytical ABEP and the simulation ABEP when
SNR is less than -5 dB. The reason for this phenomenon is
(75) stands for the union upper bound expression of ABEP
for the proposed scheme rather than its exact expression.
Moreover, Fig. 3 displays the analytical curves of the VA-
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Fig. 3. Comparative analysis based on VA and EB methods.
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Fig. 4. ABEP performance under the different N values.

based approach and the EB-based two approaches of derived
ABEP as the SNR increases. It is clear that the results of
the ABEP analytical curves plotted with the two approaches
separately are identical over the entire range of SNR. This
phenomenon mutually confirms the correctness of the two
derived ideas. Additionally, we also plot the asymptotic results
of ABEP in Fig. 3, whereby we find that the asymptotic results
match almost perfectly with the simulation and analytical
results in the high SNR region. This confirms the accuracy
of the asymptotic results and also shows that in the high SNR
region we can replace the analytical results with asymptotic
in the parameter configuration of this figure.

B. Impact of Different Parameters on System Performance

In Fig. 4, we depict the relationship of ABEP with SNR
for different number of column elements N of TRIS, where
the parameters setting in this figure are M = 2, Nr = 4,
and LN = 4. The solid and dashed lines represent the theo-
retical and asymptotic ABEP derived in the previous section,
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Fig. 5. ABEP performance under the different M values.

respectively, while the circles with circles represent the ABEP
results obtained with Monte Carlo simulations. As expected,
the good agreement between the analytical and simulation
results in the middle and high SNR regions validates our
derivations. Also, the asymptotic ABEP gives an upper bound
limit for analyzing the ABEP results. In Fig. 4, we find that the
performance of ABEP decreases significantly as the number of
TRIS columns increases, indicating that increasing the number
of TRIS in the proposed scheme does not necessarily enhance
the performance of ABEP. This is because when the number
of TRIS columns increases, it means that the candidate set
of the TRIS-SM spatial domain increases. At this time, when
the transmit signal power is constant and the probability of
selecting elements in each column of TRIS is the same, the
possibility of the receiver making an error when making a
decoding decision will increase accordingly.

Fig. 5 depicts the Monte Carlo simulation, analytical results
and asymptotic results of the ABEP versus SNR in dB for
different modulation orders. The considered TRIS-SM system
employs 4 rows and 4 columns of TRIS and 4 receive anten-
nas. In this scenario, the simulation results, analysis results,
and asymptotic results are represented by circles, curves, and
dashed lines in Fig. 5 respectively. At the same time, they
are generated respectively corresponding to the equations (7),
(64), and (69). It can be seen that the analytical curve matches
well with the Monte Carlo simulation results under high SNR
conditions. In addition, as the modulation order is higher, the
ABEP performance deteriorates at the same SNR. Specifically,
when ABEP = 10−6, the proposed TRIS-SM system with
modulation order QPSK saves 3 dB and 7 dB SNR than the
8PSK and 16QAM-based systems, respectively. Furthermore,
asymptotic results give a quantitative analysis of the trend of
the proposed scheme. It is worth mentioning that the analytical
curves match the asymptotic results in the high SNR region,
which verifies the accuracy of the theoretical derivation, and
also indicates that the variation of ABEP tends to be stable
with the increase of SNR.

In Fig. 6, we investigate the relationship between ABEP and
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Fig. 6. ABEP performance under the different Nr values.
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Fig. 7. ABEP performance for the improved TRIS-SM scheme.

SNR of the proposed TRIS-SM scheme from the perspective
of the different numbers of receive antennas, where BPSK
modulation is adopted in the symbol domain and 4 × 4
arrays are adopted in the spatial domain. From this figure,
we observe that the analytical curves based on (64) and the
theoretical derivation represented by the curves with Monte
Carlo simulation results in circles match perfectly in the
medium and high SNR ranges. Also, we find that the derived
asymptotic ABEP results based on (69) and the analytical
curves correspond to each other in the high SNR region.
This phenomenon not only confirms the correctness of our
theoretical derivation but also shows that we can replace the
analytical curves with the asymptotic results in the high SNR
region to evaluate the performance of the proposed scheme
within the error tolerance. Meanwhile, we also find that more
performance gain can be attained by increasing Nr compared
to Figs. 4 and 5. This is because the transmitter has only one
RF link and increasing the number of TRIS rows can only
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increase the signal transmission area to enhance the reliability
of the signal transmission. On the contrary, since each receive
antenna is equipped with the corresponding RF link, increasing
the number of receive antennas can effectively improve the
diversity gain of the system, which is theoretically verified by
the (74).

C. Improved TRIS-SM Scheme Performance

In Fig. 7, we plot the ABEP versus SNR for the improved
TRIS-SM scheme, where the parameters N , LN , and Nr are
set to 2, 4, and 2, respectively. Since the improved scheme
needs to decide on the modulation order based on (80) the
optimal spatial domain and symbol domain modulation orders
based on the real-time information of the channel. Then the
corresponding modulation is performed, which is an extremely
complex process. To simplify this process, we choose the
signal transmission rate to be 3 bits per channel use (bpcu)
and channel H as

H =

[
−2.1550− 1.8483i −0.2703 + 2.5219i

−0.1560 + 2.2516i −0.4722− 1.4695i

]
. (83)

In Fig. 7, the TRIS-SM scheme uses QPSK, while the im-
proved TRIS-SM scheme uses BPSK and 8QAM under the
average 3 bpcu. As can be seen from Fig. 7, the improved
TRIS-SM scheme is better than the TRIS-SM scheme in
terms of ABEP in high SNR areas. In addition, we observe
that the simplified and improved TRIS-SM achieves the best
performance. The reason for this phenomenon is explained in
Remark 3.

VI. CONCLUSIONS

In this paper, we proposed a TRIS transmitter-enabled SM-
MIMO system scheme that utilizes TRIS column indices to
convey data. At the receiver, the ML detector is used to decode
the received signal. Following the ML detector, we evaluate
the ABEP performance of the proposed TRIS-SM scheme.
Concretely, we derived the UPEP closed-form expression
of the proposed scheme by employing both VB and EB
approaches successively. Further, the asymptotic expression
of UPEP and the diversity gain of this scheme are provided.
Furthermore, the joint upper bound expression for ABEP is
given by combining the Hamming distance and UPEP results.
In addition, we proposed the improved TRIS-SM scheme to
enhance the ABEP performance. To reduce the complexity, the
lower bound of the improved scheme is also provided. Finally,
we validated the theoretical analysis results using Monte Carlo
simulation. Results reveal that the proposed TRIS-SM scheme
is capable of offering better ABEP gain compared to the
conventional SM scheme, and the improved TRIS-SM scheme
can achieve better ABEP performance.
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