
182
IEICE TRANS. FUNDAMENTALS, VOL.E107–A, NO.1 JANUARY 2024

LETTER
A Simple Design of Reconfigurable Intelligent Surface-Assisted
Index Modulation: Generalized Reflected Phase Modulation

Chaorong ZHANG†, Yuyang PENG†a), Ming YUE†, and Fawaz AL-HAZEMI††, Nonmembers

SUMMARY As a potential member of next generation wireless com-
munications, the reconfigurable intelligent surface (RIS) can control the
reflected elements to adjust the phase of the transmitted signal with less
energy consumption. A novel RIS-assisted index modulation scheme is
proposed in this paper, which is named the generalized reflected phase
modulation (GRPM). In the GRPM, the transmitted bits are mapped into
the reflected phase combination which is conveyed through the reflected el-
ements on the RIS, and detected by the maximum likelihood (ML) detector.
The performance analysis of the GRPM with the ML detector is presented,
in which the closed form expression of pairwise error probability is derived.
The simulation results show the bit error rate (BER) performance of GRPM
by comparing with various RIS-assisted index modulation schemes in the
conditions of various spectral efficiency and number of antennas.
key words: index modulation, GRPM, BER, spectral efficiency

1. Introduction

In recent years, the reconfigurable intelligent surface (RIS)
attracts plenty of attention in wireless communication area
[1], [2]. As a potential member in beyond 5th generation
(B5G) and 6th generation (6G) generation wireless com-
munications, the RIS can be applied in many wireless-
communication areas, e.g., index modulation, cooperative
communication, non-orthogonal multiple access, etc. Com-
pared with the traditional cooperative communication, the
RIS, as a passive relay, needs less power to adjust the trans-
mitted signal through the circuit unit on the RIS, which is
named RIS controller. The RIS controller can make an ad-
justment of the reflected element to adjust the phase of the
transmitted signal, which is called passive beamforming [3].
Some of the prior RIS researches consider the continuous
phase adjusted at each reflected element, which is not practi-
cal and difficult to realize in real applications [4]. Due to this
limitation in the RIS, the adjusted reflected phase needs to
be discrete and quantized [5]. In this paper, an RIS-assisted
index modulation scheme is designed with less discrete re-
flected phases, which can satisfy the requirement of hard-
ware limitation and decrease the error detection caused by a
greater number of discrete reflected phases.

After a few years researching and developing, index
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modulation has plenty of variants, e.g., the spatial modula-
tion (SM), space shift keying (SSK), generalized space shift
keying (GSSK), and so on. A larger number of prior works
consider not only the antenna or antenna combination but
also the active scatter [6] as index. With the popularity of
the RIS application, the index modulation can be further de-
veloped by assisting with it. The reconfigurable intelligent
surface-assisted space shift keying (RIS-SSK) is firstly pro-
posed in [7], where the SSK works at the transmitter and the
RIS is considered as a passive relay. In RIS-SSK scheme, the
transmitter requires multiple transmitted antennas but only
one can be used to transmit. Later, the intelligent reflect-
ing surface-aided received GSSK scheme (IRS-RGSSK) is
proposed in [8], where the received antenna combination is
considered as the index and the RIS, as a passive relay, is
divided into multiple parts to improve spectral efficiency.
However, the IRS-RGSSK cannot ideally achieve the mul-
tiplexing merit for the bit error rate (BER), which indicates
that the number of received antennas increase cannot bring
the improvement of BER performance. The scheme of RIS-
SSK modulation and reflection phase modulation (RPM) is
proposed in [9], where the reflected phase is considered as
the index and SSK is applied at transmitter. However, the
scheme of RIS-SSK modulation and RPM [9] requires a
greater number of transmitted antennas.

In order to improve the error performance and descend
the number of transmitted antennas, a novel RIS-assisted in-
dex modulation scheme named as the generalized reflected
phase modulation (GRPM) is proposed in this paper, where
the proposed scheme combines themerits of the IRS-RGSSK
[8] and reflection phase modulation (RPM) [9] schemes, i.e.,
the divided RIS reflected elements and the index of reflected
phase. Besides, the GRPM not only can improve the multi-
plexing gain by increasing number of received antennas, but
also achieve the same spectral efficiency with less number of
transmitted antennas compared with the RPM scheme. The
GRPM transmits unmodulated signal and the RIS adjusts the
phase according to the reflected phase combination mapping
table, which shows the corresponding relation between the
conveyed bits and different reflected phase combination. The
maximum likelihood (ML) detector is applied in the GRPM
scheme, which is also presented with the theoretical analysis
of pairwise error probability (PEP) in this paper. Eventually,
the results show the better BER performance of the GRPM
by comparing with the various RIS-assisted index modula-
tion schemes, e.g., the IRS-RGSSK, RPM, and RIS-SSK,
which demonstrates that the GRPM has more potential to be
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applied in real applications.
The rest of paper is organized as follows: In Sect. 2, the

system model of the GRPM with ML detector is presented.
The performance analysis of PEP inMLdetector is presented
in Sect. 3. The simulation results and conclusion of the
GRPM and other RIS-assisted index modulation schemes
are shown in Sect. 4. Finally, the paper conclusion is given
in Sect. 5.

2. System Model

As shown in Fig. 1, the proposed scheme has a transmitter
with one transmit antenna, a receiver with Nr receive an-
tennas, and a RIS with N reflected elements. Specifically,
the RIS is divided into z parts, where each part adjusts one
specific reflected phase in each time slot and has d = b Nz c re-
flected elements. The bit sequence is mapped into the index
of reflected phase through the RIS controller. Then, accord-
ing to the index, the RIS controller controls the reflected
elements to adjust the phase of the transmitted signal ϕi into
the mapped one, where i = 1,2, . . . ,N . Some assumptions
in the proposed scheme are given as follows:

• The channel fading hi from the transmitter to the RIS
and gi from the RIS to the receiver are assumed to be
Rayleigh flat fading [6]–[13].

• The direct link between the transmitter and the receiver
is obstructed by a barrier. Besides, due to the reason
that the power of received signal is proportional to the
square of the number of reflected elements, the signal
power from the direct link is much less than that from
the RIS when N increases [9].

• The receiver has the perfect knowledge of channel state
information (CSI) [7]–[13].

• The receiver is fixed in an appropriate place which is
known by the RIS controller.

The reflected phases used for mapping the incoming
bits can be adjusted in a given range, where each phase can
be used for mapping the same bits. Among these avail-
able phases in the given range, the selection is dependent
on the position of the receiver antenna. When the re-
ceiver moves to the next position, another phase in the given
phase range will be selected to use for mapping the same
bits but different receiver position. In other words, inside
the phase range, all the phases can be used to express the

Fig. 1 System model of GRPM.

incoming bits, but the difference of these phase is that they
can be used to reflect the signal into different positions. Ac-
cording to the working principle of the proposed scheme,
u discrete reflected phases are selected and divided to form
the combinations to map into the incoming bits and adjusted
through the reflected elements. Specifically, the reflected
elements have z parts and each part has b uz c reflected phases
to adjust, where the RIS can reflect the signal with z reflected
phases to the receiver in each time slot. The multi-antenna
diversity techniques can be applied at receiver to process the
received signal [9]. This scheme can be applied in a practi-
cal scenario, where the receiver can be considered as a base
station lied in a far field of the RIS and the transmitter is con-
nected to the IRS controller [1]–[3]. Moreover, the whole
scheme can be applied in a city, where plenty of buildings
block the direct link between the transmitter and receiver,
so the link through the RIS is the only way to reach the re-
ceiver. Besides, the bits mapped to the reflected phases can
be generated based on the environment information which is
collected by the sensors on or near the RIS. It is worth noting
that the transmitted pure power signal can be extended to any
M order quadrature amplitude modulation (QAM) or phase
shift keying (PSK) modulated signal to further enhance the
spectral efficiency, but this extension is not considered in this
paper.

As for the reflected phases mapping, depending on the
number of divisions in the reflected elements, the receiver
can receive z reflected phases conveyed from the RIS. The z
reflected phases can be constituted into an index combination
L, which is corresponding for different bits as shown in the
mapping table in Fig. 1. Specifically, based on the example
shown in Fig. 1, the reflected elements are separated into two
parts, one of which has two different reflected phases, i.e.,
θ1 and θ2, or θ3 and θ4 to adjust. Thus, the reflected phases
selected from various reflected elements parts are constituted
an index combination, which is mapped into the bits. For
instance, θ1 and θ3 are selected to indicate the bits (00).

In this regard, the total number of reflected phase com-

bination is given by bt = b u2 c
(
du2 e
1

)
= b u2 c

2. Therefore,

only Cr = 2br combinations can be selected, where br de-
notes the number of bits mapped to the reflected phase com-
bination and is given by br = blog2 btc. Compared with the
b′r = blog2 zc in RPM, the transmitted number of phase-
mapping bits in the GRPM dramatically increase especially
when the u and z increase.

2.1 Transmission and Detection

The Rayleigh flat fading from the transmitter to the ith
reflected element and from the ith reflected element to
the receiver are respectively given as hi = αie−jωi and
gi = βie−jϕi following CN(0,1) with zero mean and unit
variance, where α and β represent the Rayleigh factors,
and ω and ϕ respectively represent the unadjusted phases
for the transmitted signal. For convenience, we define
Hi = αiβie−j(ωi+ϕi ). Thus, the received signal reflected
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by the ith reflected element can be given as:

y =
√

E
∑z

l=1

∑ld

i=(l−1)d+1
Hie jφ

L{l}
i + n, (1)

where E represents the unmodulated signal energy at re-
ceiver, n is the additive white Gaussian noise (AWGN) with
zero mean and variance N0, l represents the lth reflected
phase in index combination, and φL{l }i is the adjusted phase
selected in index combination L for the ith reflected element
of the RIS. Furthermore, the signal-to-noise ratio (SNR) can
be given as:

SNR =
E

���∑z
l=1

∑ld
i=(l−1)d+1 Hie jφ

L{l}
i

���2
N0

. (2)

Therefore, the maximum SNR can be given as:

max {SNR} =
E

���∑z
l=1

∑ld
i=(l−1)d+1 αiβi

���2
N0

. (3)

Assuming the CSI is perfectly known by the receiver, the
ML detector is applied to detect the received signal, which
can be given as:

P=argmin
L


������y−√E

z∑
q=1

∑qd

i=(q−1)d+1
αiβie jφ

L{q}
i }

������
2, (4)

where P represents estimated reflected phase combination.

3. Performance Analysis

For the proposed scheme, the analytical BER performance
of the divided elements design is estimated using the union
bound technique. The average BER can be expressed as:

Pb ≤ EL

[∑
q

DH (L,P)P (L → P | H)
2br

]
, (5)

where EL[·] represents the expectation operation, DH (L,P)
represents the number of bits in error between L and P,
P (L → P | H) represents the corresponding pairwise error
probability (PEP). Thus, by defining λ = ω+ ϕ, the PEP can
be expressed as:

P (L → P | H)

= P
{(���y − √EHL

���2 − ���y − √EHP

���2) > 0
}

= P{−E |HL−HP |
2−2
√

ER {(HL−HP)n∗}>0},
= P {F > 0} (6)

where

HL =
∑z

l=1

∑ld

i=(l−1)d+1
αiβi, (7)

HP =
∑z

q=1

∑qd

i=(q−1)d+1
αiβie

j
(
φ
P{q}
i −λi

)
, (8)

with φ
P{q }
i representing the adjusted phase selected in

estimated index combination P for the ith reflected ele-
ment, R {·} represents the real parts of a complex vari-
able. Moreover, F is a complex Gaussian variable ac-
cording to the principle of Gaussian distribution, which
has the mean value µF = −

√
E |HL − HP |

2 and variance
σ2
F = 2

√
EN0 |HL − HP |

2. By applying the Q-function Q(·),
the P (L → P | H) can be extended as:

P (L → P | H) = Q
©­­«

E |HL − HP |
2√

2N0 |HL − HP |
2

ª®®¬ . (9)

Besides, by defining D = HL −HP and applying the Central
Limit Theorem when N � 1 [7], D follows the Gaussian
distribution with the mean value µD =

Nπ
4 and variance

σ2
D =

N(32−π2)
16 . It is worth noting that Var {αβ} = 16−π2

16 ,
E {αβ} = π

4 , Var {HP} = 1, and E {HP} = 0.
By defining v , |D |2, v is a non-central chi-square

distribution with one degree of freedom, and the PEP can be
extended as:

P (L → P | H) =
∫ ∞

0
Q

(√
Ev
2N0

)
f (v) dv

=
1
π

∫ π
2

0
Mv

(
−

E
4N0 sin2 η

)
dη, (10)

where we define t = − E
4N0 sin2 η

as the moment generating

function of v, with Mv (t) =
(

1√
1−σ2

D t

)
exp

(
µ2
D t

1−σ2
D t

)
[8].

Furthermore, the upper bound of Mv (t) can be obtained
when sin2 η is equal to the maximum value 1, which can be
expressed as:

Mv (t)≤

√
64N0

64N0+EsN
(
32 − π2) e

(
−N2π2E

64N0+NE(32−π2)

)
.

(11)

Thus, the upper bound of PEP can be expressed as:

P (L → P | H) (12)

≤
1
2

√
64N0

64N0 + EsN
(
32 − π2) e

(
−N2π2E

64N0+NE(32−π2)

)
. (13)

According to (12), since the variable N has square operation
in e(·), the PEP can be decreased by increasing N . Eventually,
substituting (12) in (5), we can obtain the upper bound of
average BER of the proposed scheme.

4. Simulation Results

In this section, the simulation results are shown and analyzed
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Fig. 2 Theoretical and simulation BER performance under various N of
the GRPM.

Fig. 3 Comparison of BER performance in various Nr and u conditions
with N = 32 under the GRPM scheme.

to evaluate the performance and provide some conclusions of
the proposed scheme. The comparisons among the different
index modulation schemes are done under the same spectral
efficiency (SE). The channel fading is assumed as Rayleigh
flat fading and CSI is assumed to be perfectly known at
receiver in all experimental results. To reduce the system
complexity, the number of reflected phases z transmitted in
each time slot is set to 2. Monte Carlo simulation is applied
in the experiments running for 6 × 104 channel realizations.

Figure 2 shows the theoretical and simulation BER re-
sults of GRPM with N = 16, 32, and 64, where the SE is
2 bits/s/Hz by setting u = 4 and z = 2. In Fig. 2, the BER
of GRPM decreases with the increase of N , especially when
N � 32. Besides, the theoretical results get approached to
the simulation ones with the increase of SNR and N .

In Fig. 3, the BER performance of the GRPMwith N =
32, Nr = 8, and 16, as well as u = 4, 6, and 8 is shown. The
scheme with Nr = 8 and u = 4 outperforms the one with
Nr = 4 and u = 4, which concludes that BER performance
gets better with the increase of Nr . The comparison of the
scheme with Nr = 8, u = 6 under 3 bits/s/Hz and the scheme
with Nr = 4, u = 4 under 2 bits/s/Hz shows that the BER
performance of both almost coincide and the schemes with
Nr = 8 show that the BER performance deteriorates with the

Fig. 4 Comparison of BER performance under various RIS-assisted in-
dex modulation schemes with different SE and Nr conditions.

increase of u.
The comparisons between various RIS-assisted index

modulation schemes, i.e., GRPM, RPM, IRS-RGSSK, and
RIS-SSK†, are presented with various conditions in SE and
Nr in Fig. 4. Firstly, under the same SE condition, the
IRS-RGSSK has the worst BER performance compared with
otherRIS-assisted indexmodulation schemes due to the com-
plexity and its BER increases with the increase of number
of antennas at receiver [8]. On the contrary, the GRPM
shows the better BER performance when Nr increases. As
for the RIS-SSK, it shows better BER performance in low
SNR situation, but worse BER performance in high SNR
situation, i.e., SNR � −20 dB, compared with the GRPM
and RPM. Secondly, the comparison between the GRPM and
RPM shows that they have similar BER performance under
the same SE condition, i.e., SE=2 bits/s/Hz and 3 bits/s/Hz.
Specifically, by comparing with the BER performance of the
RPM, Fig. 4 shows the BER of the GRPM is better under
SE=3 bits/s/Hz when SNR � −18 dB and slightly better
under SE=2 bits/s/Hz when SNR � −20 dB, due to the rea-
son that the error performance of detection decreases with
the increase of u in the low SNR situation. Because of the
better BER performance in low SNR and high spectral effi-
ciency conditions, the GRPM is a great choice in practical
application.

5. Conclusion

By utilizing the characteristics of the RIS and index modula-
tion, a novel RIS-assisted index modulation scheme named
GRPM was proposed in this paper. Considering the con-
straint of the RIS hardware and better BER performance of
the reflected phase detection, multiple reflected phases can
be used as index and transmitted to the receiver in each time
†In the RPM, the elements are not divided into multiple parts,

where only one phase as index can be used to convey the information
to the receiver in each time slot [9]. For the RIS-SSK and IRS-
RGSSK, they both apply the RIS to reflect the transmitted energy
to the selected antenna or antennas at receiver [8], [10], where the
receiver can obtain the transmitted bits by detecting the selected
antenna or antennas.
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slot. By applying the ML detector, a closed form expres-
sion of PEP over the Rayleigh flat fading channel was also
presented in this paper to evaluate the upper bound expres-
sion of BER for the GRPM. Besides, the results show that
the GRPM outperformed the other proposed RIS-assisted
schemes, e.g., IRS-RGSSK and RIS-SSK, in the low SNR
situation, e.g., IRS-RGSSK and RIS-SSK. In B5G and 6G
wireless communication, high spectral efficiency and good
BER performance are required. Thus, the GRPM has poten-
tial to satisfy the requirements and become a candidate of
beyond 5G and 6G wireless commutations.
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