
1
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Abstract—New reconfigurable intelligent surface (RIS) based ampli-
tude and phase modulation schemes are proposed as an evolution how the
phase-only modulation schemes available in the literature. Explicitly, both
the amplitude-phase shift keying (A-PSK) and quadrature amplitude-
phase shift keying (QA-PSK) are conceived, where the RIS is assumed to
be part of a transmitter to deliver information to the multi-antenna aided
downlink receiver. In the proposed design, the RIS is partitioned into
multiple blocks, and the information bits are conveyed by controlling both
the ON-OFF state and the phase shift of the RIS elements in each block.
Since the propagation paths spanning from each RIS block to the receiver
can be coherently combined as a benefit of appropriately configuring
the phase of the RIS elements, the received signal constellations can be
designed by controlling both the ON-OFF pattern of the RIS blocks as
well as the phase shift of the RIS elements. Both the theoretical analysis
and the simulation results show that our proposed RIS-aided modulation
schemes outperform the state-of-the-art RIS-based PSK modulation both
in terms of its discrete-input-continuous-output memoryless channel
(DCMC) capacity and its symbol error probability, especially in the
high signal-to-noise-ratio (SNR) region, when considering realistic finite
resolution RIS phase shifts.

Index Terms—Reconfigurable intelligent surfaces (RIS), amplitude-
phase modulation, channel capacity, symbol error probability.

I. INTRODUCTION

Reconfigurable intelligent surfaces (RIS) are capable of benefi-
cially reconfiguring the wireless environment by deploying a large
number of passive reflecting elements for suitably adjusting the phase
shift and even potentially the amplitude of the impinging signals [1]–
[3]. Furthermore, RISs may also act as a transmitter relying on a
single RF chain, where the information is conveyed by appropriately
configuring the reflection coefficients of the passive RIS elements.
This has promising applications in wireless communications as a
benefit of its extremely low hardware complexity compared to
conventional MIMO systems [4]–[10].

For the sake of reducing the RIS configuration complexity, most
published work considers the amplitudes of RIS elements to be
fixed and the signals are only manipulated by controlling the RIS
phase shifts [4]–[10]. Therefore, in this case, phase shift keying
(PSK) modulation can be readily realized using RISs, since the PSK
signals have a constant envelope. Specifically, the phase shift of each
RIS element is adjusted by taking into account the corresponding
channel phase of the link spanning from the RIS to the receiver
for maximizing the channel gain, where additionally an M -level
phase shift may be imposed on the signals reflected from all RIS
elements for creating a virtual M -ary PSK signal constellation [4].
In [5], Basar et al. proposed an amalgamated blind access point and
RIS modulation scheme capable of operating without channel state
information (CSI), where a binary phase shift of 0 and π is imposed
on all RIS elements to create a binary phase shift keying constellation.
However, this was attained at the cost of a certain performance loss. In
[6], the RIS was partitioned into two blocks, and the classic Alamouti
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scheme was employed based on configuring the phase shift of the
RIS elements, with the information mapped to the virtual M -PSK
symbols.

Further improvements can achieved by exploiting that in the
quadrature amplitude modulation (QAM), the amplitudes of the
signals convey extra information, but it is not intuitive at all how
we can intrinsically amalgamate QAM with a RIS-based transmitter
via the above methods relying on the constant envelope constraint. In
[7], Tang et al. conceived a high-order QAM constellation based on
independently controlling the amplitude and phase shift of each RIS
element by introducing a non-linear modulation technique under the
constraint of a constant envelope, which was however quite complex.

In [8], Basar constructed a RIS-based single-RF transmitter re-
lying either on space shift keying or on spatial modulation (SM).
Explicitly, the signals radiated from the RF-chain are unmodulated
and information is only conveyed to the specific receiver antenna
(RA). The phase shift of each RIS element is configured to design
the passive beamforming from the RIS to the selected RA. To
further increase the throughput, Yuan et al. [9] proposed a RIS-
aided receiver-side quadrature reflecting modulation scheme, where
the RIS is partitioned into two halves associated with the in-phase and
quadrature components. Then the information is conveyed via each
half of the RIS to form a beam focussed on a specific antenna at the
receiver. However, the spatial modulation philosophy was applied at
the user equipment side, which increased their receiver complexity.

In our context, the RIS is deployed as a transmitter, and we pro-
pose a pair of new RIS-based amplitude-phase modulation schemes,
namely the amplitude-phase shift keying (A-PSK) and quadrature
amplitude-phase shift keying (QA-PSK). Explicitly, our contributions
are as follows:
• We partition the RIS into multiple blocks, where the information

is conveyed based on both the ON-OFF state and on the
phase shift of each block, which is similar to the concept of
the SM for MIMO systems in [11]. Furthermore, since the
phase of the RIS elements in each block can be beneficially
configured for coherently combining the fading channels, the
received signal constellation can be conveniently controlled,
which is different from conventional SM, where the received
signal constellation cannot be controlled owing to the random
fast fading. Furthermore, the maximum likelihood (ML) detector
is derived for our proposed schemes.

• Both the discrete-input-continuous-output memoryless channel
(DCMC) capacity and the symbol error probability (SEP) of
our proposed schemes are derived. Our simulation results reveal
that our arrangement outperforms the state-of-the-art (SoA) RIS-
based PSK, especially in high rate transmission and for realistic
finite RIS phase shift resolution.

Notations: (·)T and (·)H represent the transpose and Hermitian
transpose operation, respectively, Cm×n denotes the space of m×n
complex-valued matrices, In represents the n × n identity matrix,
0n and 1n are the n × 1 vectors with all elements being 0 and 1,
respectively, R(a) and I(a) represent the real and imaginary parts of
the complex vector a, respectively, fX(x) is the probability density
function (PDF) of a random variables X , a complex Gaussian random
vector with mean a and covariance matrix Σ is denoted as CN (a,Σ),
E(X) represents the mean of the random variable X .

II. SYSTEM MODEL

As in [4]–[10], the RIS is configured as the low-complexity
transmitter shown in Fig. 1, where a single RF chain generates
the unmodulated carrier of wavelength λ impinging on the N -
element passive RIS. The RIS controller adjusts the phase shift of
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Fig. 1. System model of RIS-based single RF-chain transmitter.

the RIS elements according to the baseband information and the
CSI, where the information is conveyed by the specific RIS phase
pattern configuration. The carrier wave impinging on the RIS is then
reflected to the K-antenna single-user receiver. Since the transmitter
RF generator of Fig. 1 is close to the RIS, the RIS can be viewed
as part of the transmitter, and thus the fading effects between the
RF generator and the RIS can be ignored [4]–[10]. We denote the
channel between the RIS and the receiver as H ∈ CK×N , and
H = [hH

1 ,h
H
2 , · · · ,hH

K ]H, where hk ∈ C1×N represents the specific
link between the N -element RIS and the kth antenna at the receiver.
We assume that all the links are independent and experience flat
Rician fading [9]. Thus, hk can be expressed as

hk =

√
κ

1 + κ
hk +

√
1

1 + κ
h̃k, (1)

where κ is the Rician factor and hk denotes the line-of-sight (LoS)
component, satisfying |hk| = 1N , while h̃k denotes the non-line-
of-sight (NLoS) component obeying h̃k ∼ CN (0N , IN ). We also
assume that instantaneous CSI can be attained at the transmitter,
which may be estimated as in [12] for example. The receiver
combining vector w ∈ C1×K of the user relies on statistical CSI,
namely on the angle of arrival (AoA) φ at the receiver, as follows

w = [1, ej
2π
λ
d sinφ, · · · , ej

2π
λ
d(K−1) sinφ], (2)

where d is the distance between the adjacent RAs. Therefore, the
equivalent channel vector of the link is given by

g = wH =

√
κ

1 + κ
Kh1 +

√
1

1 + κ

K∑
k=1

h̃ke
j 2π
λ
d(k−1) sinφ. (3)

Since the links h̃k (k = 1, · · · ,K) in (3) are independently
and identically distributed obeying CN (0N , IN ), the distribution of∑K
k=1 h̃kej

2π
λ
d(k−1) sinφ is given by CN (0N ,KIN ). We denote the

LoS component of g as Kh1, and the NLoS component of g as∑K
k=1 h̃kej

2π
λ
d(k−1) sinφ, which follows CN (0N ,KIN ). Therefore,

the K-antenna receiver relying on the statistical CSI constituted by
the received SNR ρ and experiencing the Rician factor κ may be
declared equivalent to a single-antenna receiver having the received
SNR ρ′ = ( κ

1+κ
K + 1

1+κ
)ρ and the Rician factor κ′ = Kκ.

We denote the phase shift of the RIS elements as Θ =
[θ1, · · · , θN ]T, where we assume that the phase shift of each RIS
element has B-bit resolutions, i.e. the phase shift of each RIS element
belongs to the set {0, 2π

2B
, · · · , (2B − 1) · 2π

2B
} [7].

In the following, firstly the SoA RIS-based modulation is present-
ed, and then we propose a pair of new RIS-based amplitude-phase
modulation schemes.

A. State-of-the-art RIS-based Modulation

In the SoA RIS-based M -PSK modulation [4]–[6], the channel
fading experienced by all RIS elements is coherently combined for
detecting the transmitted information symbol m (m = 0, 1, · · · ,M−

1), where the phase shift of the RIS elements is designed as

Θ = ∠
B

(ej
2πm
M gH), (4)

with ∠
B

(·) representing the phase calculation using B-bit quantization.

Thus, the signal set of M -PSK modulation is given by:

SM -PSK = {g · ∠
B

(ej
2πm
M gH)|m = 0, 1, · · · ,M − 1}. (5)

From (5), we can find that when M ≤ 2B , the received signals have
a unique envelope, and SM -PSK can be simplified as {ej

2πm
M X|m =

0, · · · ,M − 1}, where X = g · ∠
B

(gH) is the constant envelope of

the received signals. However, when M > 2B , the envelope of the
received signals in SM -PSK is not necessarily unique due to the B-
bit phase-quantization. Fig. 2 (a) shows an example of the statistical
CSI-based received signal constellation of 128-PSK modulation.

B. Proposed RIS-based Modulation

The SoA RIS-based modulation relies on pure phase shift control,
while higher order modulation schemes can be realized by conveying
the information both on the amplitude and the phase shift of the
modulated signals. However, the RIS requires the employment of
active reflection type amplifiers in order to control the amplitude
of each RIS element [13], which requires high hardware cost and
complexity. In this section we present our proposed designs capable
of both amplitude and phase modulation based on controlling the
ON-OFF state and the phase shift of RIS elements without requiring
any additional hardware components.

1) RIS-based Amplitude-Phase Shift Keying Modulation: Inspired
by the conventional amplitude-phase shift keying (A-PSK), where
the information is conveyed both by the amplitude and the phase
shift of modulated signals, we propose a RIS-based A-PSK scheme.
Firstly, we partition the RIS into M

V
blocks B1, · · · ,BM

V
, each of

which contains NV
M

elements. We denote the channel spanning from
each block to the receiver as g1, · · · ,gM

V
, respectively. To realize

M -ary modulation by the N -element RIS, we partition the M -ary
information into two parts, i.e. M

V
-ary information, denoted as l (l =

1, · · · , M
V

), conveyed by the ON-OFF state of the RIS blocks and
V -ary information, denoted as v (v = 0, · · · , V − 1), and conveyed
by the phase shift of the ON-state RIS blocks. Specifically, in each
information transmission slot, the blocks B1, · · · ,Bl are turned on,
i.e. the amplitudes of the RIS elements in these blocks aer set to 1,
while the blocks Bl+1, · · · ,BM

V
are turned off with the amplitudes

of the RIS elements in these blocks set to 0. To avoid any RIS phase
matching problem, V is chosen as a divisor of 2B , hence log2 V
is an integer not larger than B. Furthermore, in all ON-state RIS
blocks, the V -PSK modulation scheme of (4) is employed. Therefore,
the RIS phase shift of the ON-state blocks B1, · · · ,Bl, denoted as
Θ1, · · · ,Θl, is given by

ΘT
(1:l) = ∠

B

(
ej

2πv
V gH

(1:l)

)
= ej

2πv
V ∠

B

(
gH
(1:l)

)
, (6)

where Θ(1:l) = [Θ1, · · · ,Θl], and g(1:l) = [g1, · · · ,gl]. Thus, an
M -ary information symbol can be transmitted per each channel use
upon appropriately controlling l and v in (6). Fig. 2 (b) shows an
example of the statistical CSI based constellation of the received
signals using this modulation scheme, where we have M = 128
and V = 8. Again, the information is jointly conveyed both by the
M
V

-level amplitude and the V -level phase shift. Hence we term this
scheme as (M

V
,V ) A-PSK modulation, denoted asAVM

V
A-PSK, where
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Fig. 2. The statistical CSI-based received signal constellation in (a) the SoA RIS-based 128-PSK, (b) the proposed RIS-based A8
16 A-PSK and (c) Q8

16
QA-PSK.

the set of received signals is given by:

SAV
M
V

=
{

ej
2πv
V

l∑
l′=1

Xl′
∣∣∣v =0, · · · , V − 1; l = 1, · · · , M

V

}
, (7)

and Xl′ = gl′Θl′ is the channel gain of the block Bl′ .
2) RIS-based Quadrature Amplitude-Phase Shift Keying Modula-

tion: Inspired by the classic QAM scheme, we improve the above
RIS-based A-PSK modulation as follows. Firstly, we partition the
N -element RIS into two branches, namely the in-phase (I-) and
quadrature (Q-) branch, with each containing N

2
RIS elements.

Explicitly, in each branch, the RIS is divided into
√

M
V

blocks,

each of which contains N
2

√
V
M

elements, and we denote these

blocks as B(I)
1 , · · · ,B

(I)√
M
V

and B(Q)
1 , · · · ,B(Q)√

M
V

in the I-branch and

Q-branch, respectively. Furthermore, we denote these channels as
g(I)
1 , · · · ,g

(I)√
M
V

and g(Q)
1 , · · · ,g(Q)√

M
V

, in the I-branch and Q-branch,

respectively. To realize M -ary modulation, we partition the M -ary
information into two parts. In the first part, M

V
-ary information is

conveyed, denoted as the pair (l1, l2) (l1, l2 = 1, · · · ,
√

M
V

), which
is carried by the ON-OFF state of the RIS blocks. The second part
conveys V -ary information, denoted as v (v = 0, · · · , V −1), which
is represented by the phase shift of the ON-state RIS blocks. Specifi-
cally, in each information transmission slot, the blocks B(I)

1 , · · · ,B
(I)
l1

in the I-branch and the blocks B(Q)
1 , · · · ,B(Q)

l2
in the Q-branch are

turned on, while all other blocks are turned off. Again, to avoid
RIS phase matching problems, V is chosen as a divisor of 2B , with
log2 V being an integer not larger than B. Additionally, in the ON-
state blocks of each branch, V -PSK modulation is employed. Note
that, to form a two-dimensional amplitude, a phase shift of ej

2π
V

must be between the I-branch and the Q-branch. Therefore, the RIS
phase shift of blocks B(I)

1 , · · · ,B
(I)
l1

and B(Q)
1 , · · · ,B(Q)

l2
are denoted by

Θ(I)
1 , · · · ,Θ

(I)
l1

and Θ(Q)
1 , · · · ,Θ(Q)

l2
, and they are given by

Θ(I)T
(1:l1)

= ∠
B

(ej
2πv
V g(I)H

(1:l1)
) = ej

2πv
V ∠

B
(g(I)H

(1:l1)
), (8)

Θ(Q)T
(1:l2)

= ej
2π
V ∠
B

(ej
2πv
V g(Q)H

(1:l2)
) = ej

2π(v+1)
V ∠

B
(g(Q)H

(1:l2)
), (9)

where Θ(I)
(1:l1)

= [Θ(I)
1 , · · · ,Θ

(I)
l1

],Θ(Q)
(1:l2)

= [Θ(Q)
1 , · · · ,Θ(Q)

l2
],

g(I)
(1:l1)

= [g(I)
1 , · · · ,g

(I)
l1

], and g(Q)
(1:l2)

= [g(Q)
1 , · · · ,g(Q)

l2
]. Thus,

effectively an M -ary information symbol can be transmitted per each

channel use by appropriately controlling (l1, l2) and v in (8) and (9).
Fig. 2 (c) shows an example of the statistical CSI-based received
signal constellation for M = 128 and V = 8, relying on M

V
-level

two-dimensional amplitude and V -level phase shifts. Hence, we term
this scheme as (M

V
,V ) quadrature amplitude-phase shift keying (QA-

PSK), denoted as QVM
V

QA-PSK. Note that our QA-PSK modulation
requires B ≥ 2 bits, where the set of received signals is given by

SQV
M
V

=
{

ej
2πv
V
(∑l1

l′1=1
X (I)
l′1

+ ej
2π
V

∑l2

l′2=1
X (Q)
l′2

)
|v = 0,

· · · , V − 1; l1, l2 = 1, · · · ,
√
M

V

}
, (10)

with X (I)
l′1

= g(I)
l′1

Θ(I)
l′1

and X (Q)
l′2

= e−j
2π
V g(Q)

l′2
Θ(Q)
l′2

being the channel

gain of block B(I)
l′1

and block B(Q)
l′2

, respectively.

C. Receiver Design

The ML detection method is employed at the receiver to re-
cover the information. We denote the received signal as y. Based
on the ML criterion, the information recovered by the SoA RIS-
based M -PSK, as well as by our proposed AVM

V
A-PSK and

QVM
V

QA-PSK are ŝ = min
m̂∈{0,··· ,M−1}

‖y −
√
ρ′g∠

B
(ej

2πm̂
M gH)‖,

ŝ = min
l̂∈{1,··· ,M

V
},v̂∈{0,··· ,V−1}

‖y −
√
ρ′ej

2πv̂
V
∑l̂
l′=1Xl′‖, and

ŝ = min
l̂1,l̂2∈{1,··· ,

√
M
V
},v̂∈{0,··· ,V−1}

‖y −
√
ρ′ej

2πv̂
V [(

∑l̂1
l′1=1

X (I)
l′1

+

ej
2π
V
∑l̂2
l′2=1

X (Q)
l′2

)]‖, respectively.

III. THEORETICAL PERFORMANCE ANALYSIS

In this section, we derive the DCMC capacity and SEP expressions
of our proposed RIS-based A-PSK and QA-PSK modulation schemes.
We commence by first deriving the distribution of the channel gain
for each RIS block of the proposed A-PSK and QA-PSK schemes.

In AVM
V

A-PSK, the number of RIS elements in each block is

NA = NV
M

. The first moment of the channel gain Xl is given by

E[Xl] = E[gl∠
B

(gH
l )] = E

[∑NA

i=1
αie

jψi
]
, (11)

where ψi follows the uniform distribution within (− π
2B
, π
2B

), and αi
is the amplitude of the path spanning from the ith element in block Bl
to the receiver, which follows the Rician distribution with parameters
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of ν =
√

κ′
1+κ′ and σ =

√
1

2(1+κ′) , where the first moment and

second moment are E[αi] = σ
√

π
2
L 1

2
(− ν2

2σ2 ) and E[α2
i ] = 2σ2+ν2,

respectively. Therefore, (11) can be expressed as

E[Xl] =
2B

π
sin

π

2B

NA∑
i=1

E[αi] = NA
2B

π
sin

π

2B

√
π

2
L 1

2
(−κ′),

(12)

where L 1
2
(·) is the Laguerre polynomial [14]. Then, the second

moment of Xl is given by

E[X2
l ] =E

[(∑NA

i=1
αie

jψi
)2]

=2

NA−1∑
i1=1

NA∑
i2=i1+1

E[αi1 ]E[αi2 ]E[cos(ψi1)]E[cos(ψi2)]+

NA∑
i=1

E[α2
i ]E[(cosψi)

2]

=NA(NA − 1)
(2B

π
sin

π

2B

√
π

2
L 1

2
(−κ′)

)2
+NA ·

1 + 2B

2π
sin 2π

2B

2
. (13)

According to (12) and (13), the channel gain Xl can be approximated
by a Gamma distribution having the PDF of

fXl(x) =
1

Γ(kA)θkAA
xkA−1e

− x
θA , (14)

where the shape parameter kA and the scale parameter θA are

kA =
(E[Xl])

2

E[X2
l ]− (E[Xl])2

, θA =
E[X2

l ]− (E[Xl])
2

E[Xl]
. (15)

In the QVM
V

QA-PSK, the number of RIS elements in each block,

denoted as NQ, is NQ = N
2

√
V
M

. The first moment and second

moment of the channel gain X (I)
l and X (Q)

l can be similarly derived
as in the case of A-PSK, upon simply replacing NA by NQ in (12)
and (13). The channel gain X (I)

l and X (Q)
l can be approximated by a

Gamma distribution having the PDF of (14) upon simply replacing
kA and θA by kQ and θQ in (15), respectively, where the shape
parameter kQ and the scale parameter θQ are similarly given upon
replacing E[Xl] by E[X (I)

l ] and E[X (Q)
l ], as well as replacing E[(Xl)

2]
by E[(X (I)

l )2] and E[(X (Q)
l )2] in (15), respectively.

A. DCMC Capacity

The DCMC capacity is given by [15]

R =E

[
log2(M)− 1

Mπ

M∑
m1=1

∫ ∞
−∞

∫ ∞
−∞

exp(−t21 − t22)·

log2

( M∑
m2=1

exp
(
− 2[t1, t2]

[ √ρ′R(zm1 − zm2)√
ρ′I(zm1 − zm2)

]
−

∥∥∥[ √ρ′R(zm1 − zm2)√
ρ′I(zm1 − zm2)

]∥∥∥2))dt1dt2

]
, (16)

where z is an N×1 vector with its elements being the set of received
signals, which is given in (7) and (10) for AVM

V
A-PSK and QVM

V
QA-PSK, respectively. Then (16) can be expressed with the aid of
the Gauss-Hermite Quadrature as [16]

R =E

[
log2(M)− 1

Mπ

P∑
p1=1

wp1

P∑
p2=1

wp2f(tp1 , tp2)

M∑
m1=1

log2

( M∑
m2=1

exp
(
− 2[t1, t2]

[ √ρ′R(zm1 − zm2)√
ρ′I(zm1 − zm2)

]
−
∥∥∥[ √ρ′R(zm1 − zm2)√

ρ′I(zm1 − zm2)

]∥∥∥2))], (17)

where 2P − 1 is the degree of precision, while the table of points
tp1 , tp2 and the weights wp1 , wp2 are given in [16]. Furthermore,
f(tp1 , tp2) is given by

f(tp1 , tp2)

=

M∑
m1=1

log2

[
M∑

m2=1

exp
(
− 2[tp1 , tp2 ]

[ √ρ′R(zm1−zm2)√
ρ′I(zm1−zm2)

]
−
∥∥∥[ √ρ′R(zm1−zm2)√

ρ′I(zm1−zm2)

]∥∥∥2)]. (18)

Since f(tp1 , tp2) is a concave function, the upper bound (UB) of the
DCMC capacity, denoted as R(UB), is given by

R(UB) = log2(M)− 1

Mπ

P∑
p1=1

wp1

P∑
p2=1

wp2f(tp1 , tp2)

M∑
m1=1

log2

[
M∑

m2=1

exp
(
− 2[t1, t2]

[ √ρ′R(E(zm1)− E(zm2))√
ρ′I(E(zm1)− E(zm2))

]
−
∥∥∥[ √ρ′R(E(zm1)− E(zm2))√

ρ′I(E(zm1)− E(zm2))

]∥∥∥2)], (19)

where the elements in E(zm1) and E(zm2) are from the set of
{ej

2πv
V
∑l
l′=1 E[Xl′ ]|v = 0, · · · , V − 1; l = 1, · · · , M

V
} and

{ej
2πv
V (
∑l1
l′1=1

E[X (I)
l′1

] + ej
2π
V
∑l2
l′2=1

E[X (Q)
l′2

])|v = 0, · · · , V −

1; l1, l2 = 1, · · · ,
√

M
V
} for AVM

V
A-PSK and QVM

V
QA-PSK,

respectively.

B. Symbol Error Probability

1) Symbol Error Probability of A-PSK: In Fig. 2 (b), we can find
that when the ML detection method is employed, the symbol error
probability of SVM

V
A-PSK, denoted as P (A)

e , is given by

P (A)
e =

1
M
V

·
(
P

(A)
e,1 + P

(A)
e,2 + · · ·+ P

(A)

e,M
V

)
, (20)

where Pe,l represents the detection error probability, when the signal
in the lth layer is transmitted, with l = 1, 2, · · · , M

V
.
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Fig. 4. Comparison of DCMC capacity R versus receive SNR ρ for the
SoA RIS-based 128-PSK, the proposed A8

16 A-PSK and Q8
16 QA-PSK with

different number of RIS elements N , where the RIS phase shift resolution is
B = 3 bits.

Fig. 3 illustrates the decision regions of ML detection for A8
4 A-

PSK. For example, when the symbol s0 in the 1st layer is transmitted,
the receiver can correctly recover it, when the received signal is
located in the triangular region A0.

Therefore, P (A)
e,1 is given by

P
(A)
e,1 =

1

2π

2∑
k=0

∫ θk

0

exp
[
− ρ′b2k sin2 ψk

sin2
(
θ + ψk

)]dθ, (21)

where b0 = b2 =
√

(X1 + 1
2
X2)2 tan2 π

V
+ ( 1

2
X2)2, b1 = X1,

θ0 = θ2 = π − arctan[(1 + 2X1
X2

) tan π
V

], θ1 = 2 arctan[(1 +
2X1
X2

) tan π
V

], ψ0 = arctan[(1 + 2X1
X2

) tan π
V

] − π
V

, ψ1 = π
V

, and
ψ2 = π

2
− arctan[(1 + 2X1

X2
) tan π

V
].

When l = 2, 3, · · · , M
V
− 1, P (A)

e,l is given by

P
(A)
e,l =

1

2π

3∑
k=0

∫ θk

0

exp
[
− ρ′b2k sin2 ψk

sin2(θ + ψk)

]
dθ, (22)

where b0 = b3 =
√(
X1+· · ·+Xl+ 1

2
Xl+1

)2
tan2 π

V
+
(
1
2
Xl+1

)2,

b1 = b2 =
√

(X1 + · · ·+Xl−1 + 1
2
Xl)2 tan2 π

V
+ ( 1

2
Xl)2, θ0 =

θ2 = π − arctan[(1 +
2(X1+···+Xl−1)

Xl
) tan π

V
], θ1=2 arctan[(1 +

2(X1+···+Xl−1)

Xl
) tan π

V
], θ3 = 2 arctan[(1 + 2(X1+···+Xl)

Xl+1
) tan π

V
],

ψ0=arctan[(1 + 2(X1+···+Xl)
Xl+1

) tan π
V

] − π
V

, ψ1=π
2
− arctan[(1 +

2(X1+···+Xl−1)

Xl
) tan π

V
], ψ2=arctan[(1+

2(X1+···+Xl−1)

Xl
) tan π

V
]+

π
V

and ψ3=
π
2
− arctan[(1 + 2(X1+···+Xl)

Xl+1
) tan π

V
].

Furthermore, P (A)

e,M
V

is given by

P
(A)

e,M
V

=
1

2π

∫ θ0

0

exp
[
− ρ′b20 sin2 ψ0

sin2(θ + ψ0)

]
dθ+

1

π

1∑
k=0

∫ π−ψ1

0

exp
[
− ρ′b20 sin2 ψ1

sin2 θ

]
dθ, (23)

where b0 =
√

(X1+· · ·+XM
V
−1+ 1

2
XM

V
)2 tan2 π

V
+( 1

2
XM

V
)2,

θ0 = 2 arctan[(1 +
2(X1+···+XM

V
−1

)

XM
V

) tan π
V

], ψ0 = π
2
−

arctan[(1 +
2(X1+···+XM

V
−1

)

XM
V

) tan π
V

] and ψ1 = arctan[(1 +

2(X1+···+XM
V
−1

)

XM
V

) tan π
V

] + π
V

.

Then, upon substituting (21), (22) and (23) into (20), we arrive at
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Fig. 5. Comparison of symbol error probability Pe versus receive SNR ρ
for various modulation schemes: (a) with different number of RIS elements
N ; (b) with different transmission rate R; (c) with different RIS phase shift
resolution B.

the theoretical SEP of AVM
V

A-PSK. Since the final result includes
the values of X1, X2, · · · , XM

V
, it can be evaluated numerically.

2) Symbol Error Probability of QA-PSK: In the ML detection,
the SEP is determined by the Euclidean distance of the received
signal points from the respective decision boundaries, in which the
lowest distances play a dominant role. Thus, the SEP of QA-PSK
can be calculated by neglecting the effect of high-distance decision
boundary. Therefore, observe from Fig. 2 (c) that the SEP of QVM

V

QA-PSK, denoted as P (Q)
e , is given by

P (Q)
e =

2√
M
V

√
M
V∑

l=2

[
Q
(√ρ′X (I)

l

2

)
+Q

(√ρ′X (Q)
l

2

)]
+

q
M
V

·
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√
M
V∑

l=2

[
Q
(√ρ′((X (I)

l )2 + (X (Q)
l )2 − 2 cos 2π

V
X (I)
l X

(Q)
l )

2

)]
.

(24)

where Q(·) represents the Gaussian Q-function [14], and the constant
q = 4 when log2 V = 2 and q = 2 when log2 V ≥ 3. Since
the final result includes the values of X (I)

2 , X
(I)
3 , · · · , X

(I)√
M
V

and

X (Q)
2 , X (Q)

3 , · · · , X (Q)√
M
V

, it can be evaluated numerically.

IV. SIMULATION RESULTS

In this section, we analyze the performance of the proposed
schemes in terms of their DCMC capacity and SEP, against the SoA
RIS-based PSK modulation, where the distance between adjacent RIS
elements is λ

2
, and the Rician factor is κ = 0dB. For fairness of

comparison with the SoA RIS-based PSK scheme, we assume the
number of RAs at the user is K = 1.

Fig. 4 compares the DCMC capacity R versus the received SNR
ρ for the SoA RIS-based 128-PSK, as well as the proposed A8

16 A-
PSK and the Q8

16 QA-PSK for different number of RIS elements N ,
where the RIS phase shift resolution is B = 3 bits. The theoretical
(theo.) UB is very tight compared to the simulation results (simu.)
for our proposed schemes. It is shown in Fig. 4 that the DCMC
capacity reaches a maximum of 7 bit/s/Hz since the modulation order
is M = 128. In the low-SNR region, the DCMC capacity of the SoA
RIS-based PSK modulation is higher than that of our proposed A-
PSK and QA-PSK scheme. However, the DCMC capacity of our
proposed A-PSK and QA-PSK is better than that of the SoA RIS-
based PSK scheme, when the receive SNR is higher than −35dB,
−40dB and −45dB for N = 512, N = 1024 and N = 2048,
respectively.

Fig. 5 (a) compares the SEP Pe versus receive SNR ρ for the
SoA RIS-based 128-PSK modulation, the proposed A8

16 A-PSK
and Q8

16 QA-PSK, with the parameters being the same as in Fig.
4. This shows that doubling the number of RIS elements yields
approximately 6dB gain, since it is proportional to the square of
the number of RIS elements N . Furthermore, this shows that under
the same transmission rate of 7 bit/s/Hz, the A8

16 A-PSK and Q8
16

QA-PSK have better SEP than the RIS-based 128-PSK. Furthermore,
QA-PSK outperforms A-PSK, since the transmit signals of QA-
PSK are distributed more uniformly than those of A-PSK, which
results in higher minimum Euclidean distance in the received signal
constellation. It also shows that the theoretical analysis and the
simulation results of the QA-PSK scheme match tightly in the high-
SNR region. This is due to the fact that in our theoretical analysis,
the SEP is derived based on the lowest distances from the received
signal points to the respective decision boundaries, which results in
tight approximation in the high-SNR region.

Fig. 5 (b) compares the SEP Pe versus the receive SNR ρ of
the SoA RIS-based 128-PSK modulation, of the proposed A-PSK
and QA-PSK at different transmission rates R, for N = 1024 RIS
elements, and for B = 3 bits. In the SoA RIS-based scheme, 32-
PSK, 128-PSK and 512-PSK are employed at the transmission rates
of R = 5, 7, 9 bit/s/Hz, respectively. By contrast, in our proposed
methods, the A8

4, A8
16, A8

64 A-PSK schemes and Q8
4, Q8

16, Q8
64 QA-

PSK schemes are employed correspondingly. Observe that at low
rates of say R = 5 bit/s/Hz, the advantage of QA-PSK is not obvious,
but at high rates of say R = 9 bit/s/Hz, QA-PSK considerably
outperforms both the SoA RIS-based PSK and A-PSK. Explicitly,
our proposed QA-PSK scheme has improved the SEP, especially at
high transmission rates.

Fig. 5 (c) compares the SEP Pe versus received SNR ρ of the
SoA RIS-based 128-PSK, of the proposed A8

16 A-PSK and Q8
16 QA-

PSK at different values of B, where the number of RIS elements
is N = 64. As expected, the finite phase shift resolution degrades
the SEP of the SoA RIS-based PSK, but it has little effect on our
proposed schemes.

V. CONCLUSIONS

The novel A-PSK and QA-PSK schemes are proposed for RIS-
based transmitters, where the signals of the multi-RA receiver were
coherently combined based on the statistical CSI, when using the ML
detection method. Both our theoretical analysis and simulation results
show that the proposed schemes outperform the SoA RIS-based PSK
modulation in terms of both the DCMC capacity and SEP, especially
for high rate transmission and finite RIS phase shift resolution.
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