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Abstract— Reconfigurable intelligent surface (RIS)-empowered
communication has emerged as a novel concept for customizing
future wireless environments in a cost- and energy-efficient way.
However, due to double path loss, existing fully passive RIS
systems that purely reflect the incident signals into preferred
directions attain an unsatisfactory performance improvement
over the traditional wireless networks in certain conditions.
To overcome this bottleneck, we propose a novel transmission
scheme, named hybrid reflection modulation (HRM), exploiting
both active and passive reflecting elements at the RIS and their
combinations, which enables to convey information without using
any radio frequency (RF) chains. In the HRM scheme, the active
reflecting elements using additional power amplifiers are able
to amplify and reflect the incoming signal, while the remaining
passive elements can simply reflect the signals with appropriate
phase shifts. Based on this novel transmission model, we obtain
an upper bound for the average bit error probability (ABEP), and
derive achievable rate of the system using an information theo-
retic approach. Moreover, comprehensive computer simulations
are performed to prove the superiority of the proposed HRM
scheme over existing fully passive, fully active and reflection
modulation (RM) systems.

Index Terms— Reconfigurable intelligent suraface (RIS), reflec-
tion modulation (RM), index modulation (IM), active RIS.

I. INTRODUCTION

RECONFIGURABLE intelligent surface (RIS)-
empowered communication technology which configures

electromagnetic waves over-the-air to improve the received
signal quality, appears to be a promising solution for
future wireless transmission networks [1]. Particularly, RISs
are planar metasurfaces that enable the modification of
propagation environments via integrated smart programmable
elements in favor of enhancing signal quality. By adjusting
impinging signals, these elements are able to perform
unique functions such as controlled reflection, amplification,
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absorption, etc. to boost the signal strength, alleviate the
inter-channel interference and thus enhance the channel
capacity gains [2].

The existing literature on RIS-aided systems is extensive
and focuses particularly on RISs with fully passive reflecting
elements that merely reflect the incident signal to desired
directions by employing low-power electronic components [3].
In early RIS-aided transmission schemes, multi-user systems
that optimize the transmit power [4], [5], [6], error perfor-
mance [7], [8], [9], and achievable rate [10], [11], [12], [13]
have been developed in order to achieve major performance
gains. Further, an RIS is deployed for improving the physical
layer security of target communication systems [14], [15], [16]
while in [17], [18], and [19], deep learning-based efficient
solutions have been developed for channel estimation and
reflection-based designs. Recently, leveraging RIS, realistic
sub-6 GHz [20] and millimeter wave (mmWave) channel
models [21], [22] are designed and implemented. Above all,
unlike the aforementioned systems that consider computer
simulations, in [23], [24], and [25], low-cost RIS prototypes
are constructed to obtain more accurate results about actual
performance of the RIS-aided systems through experimental
measurements.

Over the past decade, substantial research efforts have been
devoted to the index modulation (IM) technique, one of the
revolutionary transmission paradigms, which conveys extra
information bits employing the building blocks of typical
wireless communication systems, such as antennas, relays,
antenna patterns, time slots, etc. [26]. On the other hand, the
proliferation of literature on the RIS technology heightens the
need for increasing data rates using IM techniques. Therefore,
the combination of RISs with the traditional IM systems has
been aroused in [27], [28], and [20], where the information
is transmitted via indices of transmit/receive antennas, and an
RIS is adopted to further enhance transmission performance.
Moreover, the performance analysis of the RIS-aided IM
schemes has been investigated in [29], [30], and [31] and
novel closed form expressions are obtained in [32]. On the
other hand, in recent studies, a novel IM technique, reflection
modulation (RM), has been developed to utilize the reflecting
elements as information transmitting units [33]. In recent RM
systems, using ON/OFF keying mechanism of the passive
reflection elements, an RIS has been deployed to carry infor-
mation [34], [35], [36], [37].

Despite this extensive research, since RIS-aided systems
suffer from a multiplicative path attenuation [38], it is practi-
cally very challenging, in case of strong direct link, for fully
passive RISs to obtain a remarkable performance gain over a
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conventional wireless scenario, which is a major drawback to
overcome.

On the other hand, more recent attention has focused
on facilitating active reflecting elements at RISs to attain
significant performance gains, which lays the groundwork for
further research in RIS-aided transmission schemes [39], [40],
[41], [42], [43], [44]. In [39], achievable channel capacity
of a single-input single-output (SISO) system assisted by an
RIS, whose reflecting elements are equipped with additional
controllable power amplifiers to simultaneously amplify and
reflect signals, has been elaborately analyzed through exper-
imental measurements. Subsequently, in follow-up studies,
channel capacity and energy efficiency of fully active RIS [41]
and partially active RIS-aided systems [42] have been com-
pared to the earlier benchmark studies of conventional specu-
lar reflection and fully passive RIS-aided systems. Reported
results indicate a significant performance achievement for
RIS-aided systems with active reflecting elements, compared
to prior studies.

Against this background, this paper presents a novel IM
scheme called hybrid reflection modulation (HRM) that uti-
lizes a hybrid RIS which consists of both active and passive
elements to support the transmission of a SISO system. In
other words, the main motivation of this study is to combine
the attractive advantages of IM and active RIS systems in
a clever scheme in which the RIS operates as a part of the
transmitter and directly transmits information. This makes
the proposed scheme fundamentally different from the recent
hybrid RIS-aided designs that consider the classical SISO
signaling over a hybrid RIS architecture employing a certain
number of active reflecting elements [40], [43]. In the proposed
HRM scheme, we assume that the RIS elements are equipped
with electronically controllable phase shifters and reflection-
type amplifiers [39], which enable to simultaneously perform
reflection and amplification functions. While the integrated
phase shifters are dynamically adjusted to supply convenient
phase shifts, the available power amplifiers can be turned
ON and OFF according to incoming information bits to
avoid excessive power consumption. Therefore, in the HRM
scheme, in accordance with the incoming information bits,
an RIS element can plainly reflect the incident signal without
any amplification as a passive reflecting element or further
amplify the reflected signal at the expense of increasing power
consumption as an active reflecting element. On the other
hand, by adapting the IM principle, the RIS is split into sub-
groups, and the information is transmitted through different
channel realizations created by various combinations of active
and passive reflecting elements in these groups. Moreover, we
perform a detailed theoretical analysis to obtain achievable
rate expressions using an information theoretic approach, and
derive an upper bound for the analytical bit error probability
(ABEP) of the system. Furthermore, we carry out a com-
prehensive numerical analysis under spatially correlated and
uncorrelated channel conditions to illustrate the performance
improvement of the HRM scheme over the prior RIS-aided
benchmark schemes considering fully active [39] and fully
passive [1], [35] RISs.

The remaining of the paper proceeds as follows. The system
model of the proposed HRM scheme is given in Section II.
Section III provides theoretical performance analyses of the
HRM scheme including ABEP, achievable rate and energy
efficiency. In Section IV, computer simulation results are
presented, and the conclusions are given in Section V.

Notations: Throughout this paper, vectors and matrices are
denoted by bold lower and bold upper letters, respectively.
Absolute value of a scalar is denoted by |·| while ‖·‖ is used for
Euclidean/Frobenious norm. (·)H and (·)T stand for Hermitian
and transposition operators, respectively. CN (μ, σ2) denotes
distribution of a complex Gaussian random variable with
mean μ and variance σ2. diag(a1, a2, · · · , aN ) represents a
diagonal matrix with diagonal elements of a1, a2, · · · , aN , and
Ca×b denotes the set of a× b dimensional complex matrices.
Furthermore, Pr(·), Q(·) and E {·} represent probability of an
event, Q-function and expectation operator, respectively.

II. HYBRID REFLECTION MODULATION

In this section, after giving the review of the classical
passive and active RIS, we present the system model and the
detection algorithm of the proposed HRM scheme.

A. Passive and Active RIS

Most of the current literature on RIS-aided systems pays
particular attention on RIS with passive reflecting elements
in various research fields [1], [2], [3], [4], [5], [6], [7], [8],
[9], [10], [11], [12], [13]. By smartly inducing convenient
phase shifts without any transmit power consumption [4], the
passive RIS elements do not directly modify the magnitude
of the incident signal. On the other hand, the active reflecting
elements are capable of generating reflection gains of greater
than unity at the cost of additional power consumption [39],
[42]. This amplification functionality of a reflecting element
can be achieved by integrating additional power amplifier
circuitry such as tunnel diode [42] or low-noise amplifier
(LNA) [39]. Therefore, unlike a passive reflecting element,
each active element introduces a non-negligible thermal noise.
For instance, let ξp = |ξp|ejφp and ξa = |ξa|ejφa respectively
represent the reflection gains of a passive and an active element
whose magnitudes, (|ξp|, |ξa|) and phases (φp, φa) can be
defined as follows

φp ∈ [−π, π], |ξp| ≤ 1 (1)

φa ∈ [−π, π], |ξa| > 1. (2)

Nevertheless, although the active reflecting elements exploit
power supplies in order to amplify the reflected signal, their
hardware constructions are completely different from amplify-
and-forward (AF) relays that utilize high-cost signal process-
ing units.

B. HRM Scheme

Adopting the IM principle, in the HRM scheme, we aim
to modulate a single tone carrier signal through RIS with
reflective and power controllable elements. As illustrated in
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Fig. 1. System model of the HRM scheme.

Fig. 1, in the proposed HRM scheme, we consider a SISO
system that employs an RIS with N reflecting elements to
boost the communication link between the transmitter (T) and
the receiver (R) in an outdoor environment.1 In practical
conditions, since it is unlikely to maintain a constant direct
link between T-R link due to severe signal blockage in an
outdoor environment, we assume that the direct link is blocked
by the obstacles. Moreover, an RIS controller is incorporated
with the RIS to dynamically adjust the phase shifts and the
amplification gains of each reflecting element considering
the information provided from the transmitter via a wireless
control channel. For the sake of simplicity, we assume that
perfect channel state information (P-CSI) of the all nodes are
available at the transmitter [4], which are conveyed to the RIS
controller via the control link, and to the receiver through
pilot-based transmission [45]. However, since the reflection
amplitudes and phases are controlled separately, comparing to
fully passive RIS [37], the RIS controller requires additional
variable resistor loads [46]. Subsequently, unlike the conven-
tional passive elements that only utilize low-cost PIN diodes
or varactors [3] to simply reflect signals without any ampli-
fication, the HRM scheme additionally includes a reflection-
type power amplifier per RIS element to amplify the reflected
signals in order to attain further channel capacity gains [39].
In the HRM scheme, a phase shifter per each RIS element
is employed to generate optimum phase shift for maximizing
the signal-to-noise ratio (SNR), while reflection-type power
amplifiers are dynamically turned ON/OFF according to the
transmitted information bits. Therefore, similar to conventional
RIS architecture, when the power amplification option is
disabled, an RIS element can merely reflect the incident signal
without any amplification, or when enabled, it can further
amplify the signal with a convenient phase shift. Notably, the
RIS element corresponds to a conventional passive reflecting
element in the former case, while it is converted to an active
reflecting element in the latter case.

In the proposed HRM scheme, the RIS with N reflecting
elements is divided into G sub-groups, each having S = N/G

1Since the MIMO extension of the proposed HRM scheme requires the
development of a computationally intensive algorithm for optimization of
reflection coefficients of the RIS elements, this paper considers a SISO
transmission to avoid an additional computational burden at the RIS.

Fig. 2. An example of the proposed HRM scheme with an RIS of N =
16 elements and G = 4 sub-groups (active /passive ).

number of RIS elements. Then, applying the IM concept,
the HRM scheme transmitting a single tone carrier signal
requires log2(G) information bits to employ the elements
of lA out of G groups as active reflecting elements while the
remaining ones are used as passive reflecting elements, where
lA ∈ {0, 1, . . . , G − 1}. Therefore, the numbers of active
and passive reflecting elements become NA = lA × S and
NP = N − NA, respectively. In particular, for lA = 0, since
the power amplifiers of all reflecting elements are disabled, the
RIS elements simply reflect signals without any amplification.
In that case, the RIS serves as a conventional fully passive
RIS.

Indeed, since active RIS elements further amplify the inci-
dent signal compared to the conventional passive reflecting
elements, in the HRM scheme, exploiting a different number
of active RIS elements in each time instant generates multi-
level HRM symbols HlA , like a virtual amplitude shift keying
(ASK) modulator. Moreover, unlike the classical ASK modu-
lator that utilizes a fully digital RF chain with high hardware
complexity and implementation cost, in the proposed HRM
scheme, employing an unmodulated cosine carrier at the trans-
mitter, different combinations of active and passive reflecting
elements are used to create a virtual ASK constellation. This
also facilitates the HRM receiver to differentiate the perceived
signal with a high accuracy.

To better illustrate, the HRM transmission scheme is
explained with following example. In order to achieve a
spectral efficiency of m = 2 bits per second per Hertz
(bits/s/Hz), we assume that the proposed HRM transmission
scheme employs an RIS with N = 16 elements divided
into G = 2m = 4 sub-groups, each of which consisting
S = 4 RIS elements. While the active/passive RIS element
combinations for the corresponding HRM symbols HlA are
presented in Fig. 2, the considered bit mapping is listed in
Table I, where lA ∈ {0, 1, 2, 3}. As clearly seen from Fig. 2,
unlike the conventional fully passive [1] and fully active
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TABLE I

BIT MAPPING OF THE HRM SCHEME WITH AN RIS
OF N = 16 AND G = 4 GROUPS

RISs [39] whose elements continuously operate in the same
manner, in the proposed HRM scheme, via adjusting power
amplifiers, different RIS configurations consisting of active
and passive elements are formed in each time instant, which
creates distinct variations in the amplitude of the over-the-air
HRM symbols. Accordingly, for incoming {00} bits, since
the number of active RIS sub-groups is lA = 0, H0 symbol is
created by a fully passive RIS, while for the other incoming
bit streams of {01}, {10} and {11}, the HRM symbols are
generated from hybrid RIS configurations consisting of both
active and passive reflecting elements. Clearly, the larger
number of active sub-groups, the further RIS amplifies the
incident signal.

Let ξi = |ξi| ejφi be the reflection coefficient of the i-th
reflecting element of the HRM scheme with magnitude |ξi|
and phase shift φi ∈ [−π, π], where i ∈ {1, 2, · · · , N}. Then,
for active and passive elements, the reflection coefficient ξi

becomes

ξi =

{
pie

jφi i ∈ {1, 2, . . . , NA}
ejφi otherwise.

(3)

It is worth noting that for the passive reflecting elements, the
reflection gain is assumed to be |ξi| = 1 [1] while for the
active reflecting elements, it is |ξi| = pi > 1 [39], [40], [41],
[42], [43]. For simplicity, we assume that all active reflecting
elements have the same reflection gain, i.e., pi = p for ∀i ∈
{1, 2, . . . , NA}. Accordingly, the reflection matrices including
the phases of the active and passive elements can be respec-
tively given as Φ ∈ CNA×NA = diag

{
ejφ1 , ejφ2 , . . . , ejφNA

}
and Ψ ∈ CNP×NP = diag

{
ejφNA+1 , ejφNA+2 , . . . , ejφN

}
.

Let h ∈ C1×N =
√

Lth̃ and g ∈ C1×N =
√

Lrg̃
be the channel vectors between the T-RIS and RIS-R links,
respectively, where Lt and Lr are the path attenuation in the
corresponding links. Here, the path loss terms are obtained
for the T-RIS distance dt and the RIS-R distance dr as
Lt = β0d

−αt
t and Lr = β0d

−αr
r , where β0 is the path loss

at the reference distance of 1 meter (m), and αt and αr

are the path loss exponents at the T-RIS and RIS-R links,
respectively. Please note that T and R are located sufficiently
away and operate independently, thus, the T-RIS and RIS-R
links are statistically independent, where h̃ and g̃ are modeled
as independent Rician fading channels and generated as

h̃ =
√

Kt

Kt + 1
h̃LOS +

√
1

Kt + 1
h̃NLOS (4)

g̃ =
√

Kr

Kr + 1
g̃LOS +

√
1

Kr + 1
g̃NLOS (5)

where h̃LOS and g̃LOS are the line-of-sight (LOS) components
and h̃NLOS and g̃NLOS are non-LOS (NLOS) components of
their corresponding channel vectors, while Kt and Kr are
the Rician fading coefficients of the T-RIS and RIS-R links,
respectively. Here, both the LOS and NLOS components are
assumed to consist of complex Gaussian random variables,
whose each entry is independent and identically distributed
(i.i.d.) and follows CN (0, 1) distribution.

For a better illustration, the channel vectors between the
T-RIS and RIS-R links can be given as h = [ha,hp]T

and g = [ga,gp], respectively, where ha ∈ C1×NA and
ga ∈ C1×NA are the channel vectors corresponding to the
active elements, while the channel vectors hp ∈ C1×NP and
gp ∈ C1×NP correspond to the passive reflecting elements
at the RIS. Therefore, for Pt being the total transmit power,
the overall received complex baseband signal at the receiver
becomes [39]:

y =
√

Pt

(
pgaΦhT

a + gpΨhT
p

)
︸ ︷︷ ︸

reflected signal

+ pgaΦvT︸ ︷︷ ︸
dynamic noise

+ns. (6)

where ns ∼ CN (0, σ2
st) is the static noise term, while v ∈

C
1×NA ∼ CN (0, INAσ2

dy) is the additional noise vector com-
posing the thermal noise terms generated by power amplifiers
of active elements that cannot be neglected as in the passive
elements.

In the HRM scheme, the phase shifts of the all reflection
elements and the amplification gain of the active RIS elements
p can be optimized in order to achieve the maximum SNR.
Then, for PA being the maximum amplification power at
the RIS, which corresponds to the power budget of active
reflecting elements [40], the maximum instantaneous received
SNR can be formulated as

max
p,Φ,Ψ

γ =
Pt

∥∥∥pgaΦhT
a + gpΨhT

p

∥∥∥2
p2 ‖gaΦ‖2

σ2
dy + σ2

st

(7)

s.t. p2Pt

∥∥∥ΦhT
a

∥∥∥2 + p2 ‖Φ‖2
σ2

dy ≤ PA. (8)

Then, applying the triangle and Cauchy-Schwarz inequali-
ties [47], since p‖ga‖‖ha‖ + ‖gp‖‖hp‖ ≥ ‖pgaΦhT

a +
gpΨhT

p ‖, the optimum phase shift of the i-th reflecting
element, φi, which completely eliminates the phases of the
corresponding channel coefficients, and the reflection gain p
are simply obtained as

φi = −(ϕi + χi) ∀i ∈ {1, 2, . . . , N} (9)

p ≤
√

PA

Pt ‖ha‖2 + σ2
dy

. (10)

Therefore, for hi = |hi| ejϕi and gi = |gi| ejχi respectively
being the i-th component of the channel vectors h and g, for
the optimum phase shifts in (9) and an arbitrary amplification
gain p, the received signal (6) can be rewritten as

y =
√

Pt

(
p

NA∑
i=1

|hi| |gi| +
N∑

i=NA+1

|hi| |gi|
)

+ p

NA∑
i=1

|gi| ṽi + ns

(11)
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where ṽi = vie
−jϕi , and vi is the i-th complex element

of the dynamic noise vector v. Therefore, for HlA =
p
∑NA

i=1 |hi| |gi| +
∑N

i=NA+1 |hi| |gi| being the HRM symbol
for the corresponding lA, the received signal can be rewritten
as

y =
√

PtHlA + n (12)

where n = p
∑NA

i=1 |gi| ṽi + ns is the overall noise term. It is
worthy to note that applying the central limit theorem (CLT)
for increasing NA, n is approximated to a complex Gaussian
random variable with ∼ CN (0, N0) distribution, where N0 =
p2NALrσ

2
dy + σ2

st.
2

C. HRM Receiver

In the HRM scheme, since exploiting different number of
active reflecting elements creates virtual amplitude variations
in the received signal, different signal levels of the HRM sym-
bols can be easily distinguished at the receiver. Moreover, the
HRM receiver with perfect knowledge of the overall channel
considers maximum likelihood (ML) detection algorithm to
choose the most likely estimate of lA, as follows

l̂A = arg max
lA

p(y|HlA) (13)

where p(y|HlA) is the conditional probability density function
(pdf) of the received signal y given HlA , which can be given
as

p(y|HlA) =
1

πN0
e

−
∣∣
y−

√
PtHlA

∣∣2
N0 . (14)

Here, the overall noise power N0, where it is obtained as
N0 = p2NALrσ

2
dy + σ2

st in the previous subsection, and
the HRM symbol HlA vary with the number of active sub-
groups of RIS (lA) and the total number of active reflecting
elements NA. However, since the thermal noise of each active
element experiences the path attenuation of the RIS-R link
(Lr) while the RIS-R distance of dr is sufficiently large, the
varying NA hardly affects the decision of minimum metrics
in (14). Therefore, the HRM receiver can simply detect lA as
follows

l̂A = arg min
lA

∣∣∣y −
√

PtHlA

∣∣∣2 (15)

which gives as almost the same estimate as the ML algorithm
given in (13). Here, we consider all combinations of active
and passive elements and simply select the closest virtual
constellation point with respect to received signal.

D. Fully Hybrid Reflection Modulation (F-HRM)

In this subsection, a special case of the proposed HRM
scheme, fully hybrid reflection modulation (F-HRM), is intro-
duced. In the F-HRM scheme, the same RIS, transmitter
and receiver hardware architectures of the HRM scheme are
considered. However, unlike HRM, in the F-HRM scheme,

2For X and Y being independent random variables, the variance of the
product Z = XY is calculated as σ2

Z = σ2
Xσ2

Y + μ2
Xσ2

Y + μ2
Y σ2

X and the
mean of Z is μZ = μXμY . In addition, the mean and variance of the sum
W = X + Y are μW = μX + μY and σ2

W = σ2
X + σ2

Y , respectively.

whole RIS elements without grouping are assumed to manip-
ulate the incident signal in the same manner. Specifically,
in the F-HRM scheme, 1-bit information (m = 1 bits/s/Hz)
is transmitted over the RIS to control the amplification gains
of the RIS elements. In the F-HRM scheme, by properly
adjusting power amplifier of each reflecting element, for the
incoming {0} bit, all reflecting elements perform a plain
passive reflection with the optimum phase shifts of (9), while
for the incoming bit {1}, all elements function as active
reflecting elements that amplify and reflect the incident signal
with additional thermal noise. Please note that, in the F-HRM
scheme, since RIS elements operate in the same manner as
a whole, number of the overall active reflection elements is
NA = lA × N for A ∈ {0, 1}. Accordingly, in the F-HRM
scheme, for the corresponding lA and NA values, the received
signal, the optimum estimate of lA at the receiver and the
maximum received SNR can be obtained from (11), (15)
and (7)-(10), respectively.

III. PERFORMANCE ANALYSES

In this section, we investigate the performance of the pro-
posed HRM in terms of average bit error probability (ABEP),
achievable rate and energy efficiency.

A. ABEP Analysis

In this subsection, the ABEP of the proposed HRM scheme
is analyzed. Since the simple HRM detection algorithm in (15)
gives exactly the same error performance as the true ML
detector in (13), we build our theoretical analysis based on
it in the following way.

After the pairwise error probability (PEP) of the HRM
scheme is obtained, we derive the ABEP of the system using a
moment generating function (MGF)-based approach [48]. For
this purpose, first of all, in order to determine the conditional
PEP (CPEP) of the HRM scheme, we assume that the number
of sub-groups of active elements lA and its corresponding total
number of active elements NA = A × S are erroneously
detected as l̂A and N̂A = l̂A × S, respectively. Therefore,
considering the detection rule in (15), the CPEP of the HRM
scheme can be given as

Pr

(
lA → l̂A|h,g,Φ,Ψ

)
= Pr

(∣∣∣y −
√

Pt

(HlA

)∣∣∣2 − ∣∣∣y −
√

Pt

(Hl̂A

)∣∣∣2 > 0
)

(16)

where Hl̂A
= p

∑N̂A

j=1 |hj | |gj| +
∑N

j=N̂A+1 |hj | |gj| is the

HRM symbol for the corresponding l̂A. Therefore, the CPEP
in (16) can be simplified to:

Pr

(
lA → l̂A|h,g,Φ,Ψ

)
= Pr

(
Pt |HlA |2 − 2

√
Pt


{(√
PtHlA + n

)HHlA

}
> Pt

∣∣∣Hl̂A

∣∣∣2 − 2
√

Pt

{(√

PtHlA + n
)HHl̂A

})
. (17)
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After some mathematical manipulations, the CPEP expression
in (17) can be rewritten as

Pr

(
lA → l̂A|h,g,Φ,Ψ

)
= Pr

(
− Pt

∣∣∣HlA −Hl̂A

∣∣∣2
−2


{√
Ptn

H
∣∣∣HlA −Hl̂A

∣∣∣} > 0
)
. (18)

Therefore, for D being a Gaussian random variable

with D = −Pt

∣∣∣HlA −Hl̂A

∣∣∣2 − 2

{√

Ptn
H
∣∣∣HlA −Hl̂A

∣∣∣},

the CPEP expression yields in

Pr

(
lA → l̂A|h,g,Φ,Ψ

)
= Pr(D > 0) (19)

where the mean and the variance of D are calculated as

μD = −Pt

∣∣∣HlA −Hl̂A

∣∣∣2 and σ2
D = 2PtN0

∣∣∣HlA −Hl̂A

∣∣∣2.

After deriving the statistical distributions, the CPEP expression
can be given, using Q-function, as

Pr

(
lA → l̂A|h,g,Φ,Ψ

)
= Q

⎛
⎜⎜⎝
√√√√Pt

∣∣∣HlA −Hl̂A

∣∣∣2
2N0

⎞
⎟⎟⎠ .

(20)

In the HRM scheme, the channel magnitudes of |hi| and
|gi| are independent Rician distributed random variables with

the means of μ|hi| = 1
2

√
Ltπ

Kt+1L1/2(−Kt) and μ|gi| =
1
2

√
Lrπ

Kr+1L1/2(−Kr), and the variances of σ2
|hi| = Lt −

Ltπ
4(Kt+1)L

2
1/2(−Kt) and σ2

|gi| = Lr − Lrπ
4(Kr+1)L

2
1/2(−Kr),

where L1/2(·) is the Laguerre polynomial [49]. Then, defining
Σ = HlA −Hl̂A

, which is another Gaussian random variable
with the following statistics

μΣ =
√

LtLr
π

4

√
1

(Kt + 1)(Kr + 1)

×L1/2(−Kt)L1/2(−Kr) × (pδ − δ)
σ2

Σ =
(
LtLr − μ2

Σ

)× (p2δ − δ
)

(21)

for δ = (NA−N̂A) the average error probability of the system
is calculated in the following way. Considering the following
alternative representation of Q-function

Q(t) =
1
π

∫ π/2

0

exp

(
−t2

sin2(θ)

)
dθ (22)

and using the MGF of Π = |Σ|2, which follows non-central
chi-square distribution, the average PEP can be calculated as
follows

Pr

(
lA → l̂A

)
=

1
π

∫ π/2

0

MΠ

(
− Pt

2N0 sin2(θ)

)
dθ. (23)

Here, the MGF of non-central chi-square distribution is given
as [50]

MΠ(s) =
1√

1 − σ2
Σs

exp
(

μ2
Σs

1 − σ2
Σs

)
. (24)

Therefore, substituting the MGF expression (24) into (25), the
PEP is obtained as

Pr

(
lA → l̂A

)

=
1
π

∫ π/2

0

1√
1 + σ2

ΣPt

4N0 sin2(θ)

exp

⎛
⎝ − μ2

ΣPt

4N0 sin2(θ)

1 + σ2
ΣPt

4N0 sin2(θ)

⎞
⎠ dθ.

(25)

To gain further insights, since a function of z(θ) = 1/ sin2(θ)
has a single minimum at θ = π/2, where z(π/2) = 1, by
letting θ = π/2, (25) can be upper bounded as follows [48]

Pr

(
lA → l̂A

)
≤ 1

2
1√

1 + σ2
ΣPt

4N0

exp

⎛
⎝ −μ2

ΣPt

4N0

1 + σ2
ΣPt

4N0

⎞
⎠ . (26)

Moreover, for high Pt/N0 regime, an asymptotic PEP expres-
sion can be approximated in (27), as shown at the bottom of
the next page.

It is worth noting that for G = 2, the PEP results the
ABEP of the HRM scheme, while for G ≥ 2 the following
well-known upper bound is considered [48]:

Pb ≤ 1
m

∑
lA

1
2m

[∑
l̂A

Pr

(
lA → l̂A

)
e(lA, l̂A)

]
(28)

where e(lA, l̂A) is the number of bit errors in each PEP event.

B. Achievable Rate Analysis

In this subsection, considering an information theoretic
approach, we perform achievable rate analysis of the HRM
scheme by deriving the mutual information (MI) between its
transmit and received signals.

In the HRM scheme, since the an unmodulated carrier
signal is transmitted and the information bits are modulated
to generate a spatial constellation symbol HlA , the MI of
the HRM scheme corresponds to the information conveyed
between the received signal vector space Y and spatial constel-
lation space H. Therefore, the achievable rate of the proposed
HRM scheme becomes [50]

I(H;Y)

=
∫ ∞

−∞
p(y|HlA)p(HlA)×log2

(
p(y|HlA)∑

l̂A
p(y|Hl̂A

)p(HlA)

)
dy.

(29)

Here, since each HRM symbol HlA is equiprobable, i.e.,
p(HlA) = 1/G, substituting the conditional pdf of p(y|HlA)
given in (14) into (29), the achievable rate of the HRM scheme
is rewritten as

I(H;Y) = log2(G) − 1
G

{
1

πN0

∑
lA

∫
e

−
∣∣
y−

√
PtHlA

∣∣2
N0

× log2

(∑
l̂A

e

∣∣y−
√

PtHlA

∣∣2−
∣∣y−

√
PtHl̂A

∣∣2
N0

)
dy

}
.

(30)
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Fig. 3. Analytical and simulation results of the HRM scheme for different
N values.

Therefore, after some algebraic manipulations, (30) can be
simplified to [51]

I(H;Y) = log2(G) − log2(e)

− 1
G

∑
lA

E

{
log2

(∑
l̂A

e
−

�
�
�
�

√
Pt(HlA

−H
l̂A

)+n

�
�
�
�

2

N0

)}
.

(31)

C. Energy Efficiency

In this subsection, the power consumption model and energy
efficiency of the proposed HRM scheme are evaluated. In the
HRM scheme, for τt being the transmit power efficiency, its
average power consumption can be calculated as

Ptot =
Pt

τt
+ PRIS + Pc (32)

where Pc represents the overall power dissipated in transmit-
ter and receiver circuit blocks while PRIS denotes the total
power consumption of the RIS that can be given, for ε1 and
ε2 respectively denoting the average number of active and
passive reflecting elements, as follows:

PRIS =
PA

τa
+ ε1Pdy + ε2Pp + Pst (33)

In (33), Pdy and Pst correspond to dynamic and static
power consumption of the active reflecting elements, respec-
tively, while Pp is the required power per passive reflecting

element [40], and τa is amplifier efficiency of the active
reflecting elements for τa, τt ∈ (0, 1] [40]. On the other hand,
when a conventional RIS of N passive reflecting elements
is considered, PRIS corresponds to the power consumed by
the adaptive phase shifters, i.e. PRIS = NPp [6], while for
fully active RIS, whose elements include both reflection and
amplification circuitry, the overall power consumed by the RIS
becomes PRIS = PA

τa
+NPdy +Pst [40]. Comparing the power

consumption of the proposed hybrid, fully active and fully
passive RIS configurations, with the note that Pp � Pdy ,
it is obvious that fully passive RIS architectures with only
reflection capabilities are the most power-efficient construc-
tions. On the other hand, in the proposed HRM scheme, the
hybrid RIS architectures save a significant amount of power
compared to the fully active RIS designs.

Further, the energy efficiency in bits per Joule (bits/J) of the
HRM system results, in terms of instantaneous received SNR
γ given in (7), can be obtained as

ηEE =
BW

Ptot
log2(1 + γ) (34)

where BW represents the system bandwidth.

IV. NUMERICAL RESULTS

In this section, the BER, achievable rate and energy
efficiency performance of the proposed HRM scheme is inves-
tigated through extensive computer simulations. For differ-
ent number of RIS sub-groups and reflecting elements, the
superior performance of the proposed HRM scheme over the
existing fully active [39], fully passive [1] and RM [35]
schemes is demonstrated. Unless otherwise indicated, in all
simulations, the following system parameters are assumed: the
distances dt = 20 m and dr = 50 m, the scale parameters
Ωt = Ωr = 1 the path loss exponents αt = 2.2 and αr = 2.8,
the Rician shape parameters Kt = Kr = 0, the noise variances
σ2

dy = σ2
st = −90 dBm, and the reference path loss value of

β0 = −30 dB.

A. BER Performance in Ideal Channel Conditions

In this subsection, the BER performance of the proposed
HRM scheme under the ideal channel conditions is carried
out.

In Fig. 3, the analytical and numerical results of the BER
performance of the HRM scheme with p = 10, which achieves
a spectral efficiency of m = 1 bits/s/Hz for G = 2 and
Rician scale factors of Kt = Kr ∈ {0, 10}, is demonstrated.
As it can be clearly seen from Fig. 3, the analytical results

Pr

(
lA → l̂A

)
≈ Pt

4N0
LrLt(p2δ − δ)

×
[
1 −
( π2/16

(Kt + 1)(Kr + 1)
L2

1/2(−Kt)L2
1/2(−Kr)

)]− 1
2

× exp

( −π2L2
1/2(−Kt)L2

1/2(−Kr)(p − 1)2δ

16(Kt + 1)(Kr + 1) − π2L2
1/2(−Kt)L2

1/2(−Kr)(p2 − 1)

)
. (27)
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Fig. 4. BER results of the HRM scheme with N = 256 divided into G
sub-groups.

applying the CLT for N ∈ {32, 64, 128, 256, 512} perfectly
match to computer simulations. Moreover, it is observed that
for each Kt = Kr, doubling the reflection elements provides
approximately 7.5 dBm improvement in the required transmit
power Pt at the BER value of 10−6.

In Fig. 4, the BER performance of the HRM scheme,
is given for N = 256 reflecting elements divided into G =
2, 4, 8, 16 and 32 sub-groups. It is observed that like the
ordinary multi-level digital modulation techniques, as the num-
ber of sub-groups is increased the signal levels of the HRM
symbols get closer, and this deteriorates the BER performance
of the HRM scheme. In particular, it is apparent that the HRM
scheme achieving m = 5 bits/s/Hz (m = log2(G)) with an
RIS of G = 32 sub-groups exhibits remarkably worse error
performance compared to the lower G cases, which shows
an interesting trade-off between the error performance and
the spectral efficiency. Moreover, as in the classical ASK
modulation, considering the reflection power constraint in (8),
since the same p and N values are considered in Fig. 4, the
systems with larger G necessitate a higher power consumption.
Therefore, it can be concluded that besides their superior error
performance, the HRM systems with a smaller G save more
energy than the systems with a larger G.

In Fig. 5, the BER performance comparison of HRM,
RM [35] and conventional fully passive RIS-aided systems is
investigated for N = 256. In the reference RM scheme [35],
similar to HRM, an RIS with fully passive reflecting elements,
is split into G sub-groups whose indices are used to con-
vey additional information bits. However, contrary to HRM
and conventional fully passive RIS-aided systems, adjusting
ON/OFF keying states of each group, the whole RIS elements
are not utilized in the reference RM transmission scheme [35].
Moreover, in the reference RM scheme [35], an RF source
is used to transmit an optimized M -ary phase shift keying
(M -PSK) constellation per each RIS configuration to achieve
a spectral efficiency of m = log2(G) + log2(M). Then,
in Fig. 5, to attain m = 4 bits/s/Hz, considering the optimum
phase shifts in (9), the HRM scheme with G = 16 sub-
groups and the amplification gain of p = 10 is compared
to the reference fully passive RIS-aided system with 16-PSK,

Fig. 5. BER performance comparison of the HRM, RM [35] and conventional
fully passive RIS-aided schemes [1] for optimum phase shifts.

and the RM scheme with G = 4 sub-groups employing the
rotated quadrature PSK (QPSK) [35]. The results show that
although the HRM scheme with G = 16 enlarges the HRM
signal constellation considerably, it still achieves significant
performance over the RM [35] and conventional fully passive
RIS-aided system. Furthermore, in Fig. 5, at m = 4 bits/s/Hz,
as an extension of the HRM scheme, the BER performance of
HRM that jointly encodes information in the transmit signal
and RIS sub-groups is also evaluated. In this case, while
preserving the RIS and receiver architecture of the proposed
HRM, instead of an unmodulated signal, a QPSK modulated
signal is employed at the transmitter of the HRM scheme.
For the case of the HRM scheme with M -PSK modulation,
the spectral efficiency becomes m = log2(M) + log2(G)
bits/s/Hz. Therefore, in order to achieve a spectral efficiency
of m = 4 bits/s/Hz, for p = 10 and QPSK signaling, the RIS
is clustered into G = 4 sub-groups. The results exhibit that
the HRM scheme with G = 4 and QPSK signal transmission
achieves 16 dB Pt gain at the BER value of 10−5 over the
reference RM scheme [35]. It is clear from the Fig. 5 that using
an additional RF chain at the transmitter alleviates the burden
of RIS transmission by reducing the required number of RIS
sub-groups. In that case, since the benefits of a lower HRM
signal level are retained, the BER performance improves, but
it brings an additional hardware cost.

B. BER Performance in Non-Ideal Channel Conditions

In this subsection, the BER performance of the ideal and
non-ideal channel conditions is compared for different RIS
configurations.

Further, for more realistic settings, we investigate the perfor-
mance of the HRM scheme under the spatially correlated RIS
elements whose impact on the BER performance is given in
Fig. 6. For this aim, we consider a square RIS and assume
that the channel vectors h and g, representing T-RIS and
RIS-R links, respectively, are modeled as spatially correlated
Rayleigh fading channels, i.e., Kt = Kr = 0 in (4) and (5),
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Fig. 6. BER results of the HRM scheme for correlated channel conditions.

and generated as

h =
√

Lth̃NLOSR1/2 (35)

g =
√

Lrg̃NLOSR1/2 (36)

where R ∈ CN×N is the correlation matrix due to spa-
tially correlated RIS elements, whose (k, l)-th component
is [R]k,l = sinc(2 ‖wk − wl‖ /λ) [52], [53], for k, l ∈
{1, 2, · · · , N} and λ being the wavelength at 2.4 GHz
operating frequency. Here, the horizontal width and verti-
cal height of a single reflecting element are represented by
dh and dv , respectively, and for i ∈ {k, l}, the vector
wi = [0, mod (i − 1, Nh)dh, (i − 1)/Nh�dv]T, where Nh

is the number of reflecting elements in each row or column
of the square RIS, i.e., N = Nh × Nh.

In Fig. 6, the BER performance of HRM scheme under
spatially correlated and spatially independent channel condi-
tions is given for the squared RIS elements with different
dimensions of dh = dv ∈ {λ/2, λ/4, λ/8} at the spectral
efficiency of m = 1 bits/s/Hz. The results show that the
configuration of the RIS has a great impact on the degree
of correlation. Therefore, as the horizontal and vertical sizes
of the RIS elements enlarge, the HRM system becomes more
robust to the bit errors. Moreover, it can also be deduced that
increasing number of reflecting elements significantly facili-
tates the BER performance degradation of channel correlation.
As it can be clearly seen from the Fig. 6, the HRM scheme
with N = 256 exhibits almost the same BER performance
in both spatially correlated RIS with dh = dv = λ/2 and
spatially independent RIS cases. However, for the lower N
values, i.e., N = 16 and N = 64, the spatial correlation
causes a considerable deterioration in the BER performance.

C. Achievable Rate and Energy Efficiency Performance

In this subsection, the achievable rate and the energy effi-
ciency performances of the proposed HRM scheme and the
fully passive and fully active RIS-aided systems are compared
through extensive computer simulations.

Fig. 7 provides the achievable rate of the HRM scheme with
the amplification gain of the active elements being p = 10.

Fig. 7. Achievable rate of the HRM scheme for different N and G values.

In this figure, the RIS with N = 64, 256 and 512 reflecting
elements are divided into G = 2, 4 and 8 sub-groups that
achieve the spectral efficiency values of m = 1, 2 and
3 bits/s/Hz, respectively. These information theoretic results
illustrate that increasing number of reflecting elements, N ,
enables a more rapid convergence to the target data rate.

Furthermore, in Fig. 8, we investigate the energy efficiency
and power consumption of F-HRM, fully active [39] and fully
passive RIS-aided schemes [1] at the spectral efficiency of
1 bits/s/Hz. At the transmitter, while in the F-HRM scheme,
an unmodulated carrier signal is considered, binary PSK
(BPSK) modulation is employed in the fully passive and fully
active RIS-aided systems. Notably, in the F-HRM scheme,
the average number of active and passive elements are equal
as ε1 = ε2 = N/2. Therefore, to evaluate the total power
consumption in (33), we set Pc = 75 dBm, Pp = 5 mW,
Pst = 35 dBm, Pdy = 30 dBm, and τa = τt = 0.5 [40], and
assume BW = 10 MHz [6] to determine the energy efficiency
of (34) by 106 number of iterations.

In Fig. 8(a), the energy efficiency of F-HRM and active RIS-
aided transmission schemes, all employing N = 512 reflecting
elements at the RIS, is measured as a function of Pt. The
results indicate a considerable energy efficiency improvement
for the F-HRM scheme over the active RIS-aided system for
PA = 10, 20 and 30 dBm. These results can be explained by
the fact that although a fully active RIS-aided system achieves
substantial capacity gains [39], [41], it requires larger amount
of power compared to the more environment-friendly F-HRM
scheme.

In addition, in Fig. 8(b), the energy efficiency of the
F-HRM and active and passive RIS-aided systems are further
investigated for varying N values and the amplification power
of PA = 0 and 10 dBm, as well as for the transmit power
Pt = 30 dBm. Consistent with the results in Fig. 8(a), the
F-HRM scheme achieves a noticeable improvement in the
energy efficiency compared to fully active RIS-aided system,
and exceeds the conventional passive RIS-aided system with
a substantial margin. To support these results, in Fig. 8(c), the
power consumption of the proposed F-HRM scheme and the
reference RIS-aided systems are depicted as a function of N
for PA = 10 dBm and Pt = 30 dBm. Obviously, increasing
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Fig. 8. Comparison of the HRM, active and passive RIS schemes in terms of (a)-(b) energy efficiency and (c) power consumption.

N hardly changes the power consumption of the passive RIS-
aided systems, while further opens the power consumption gap
between the F-HRM and active RIS-aided systems.

The results presented in Fig. 8 are in accordance with the
earlier studies [39], [40], [41] that an interesting trade-off
exists between the achievable rate and power consumption.
Therefore, the RIS-aided systems with partially or fully active
reflecting elements are capable to achieve ultimate capacity
gains compared to the conventional reflection-based transmis-
sion schemes such as fully passive RIS-aided systems. On the
other hand, although the HRM and fully active RIS-aided
systems have the same hardware capabilities, i.e., the all
reflecting elements are integrated with additional power ampli-
fiers, since constantly driving active RIS elements requires a
tremendous power consumption, more energy-efficient com-
munication systems with high data rate can be constructed
using HRM transmission concepts that limit the overall power
consumption. In summary, it can be deduced from the results
that the HRM scheme offers an intermediate solution between
a fully passive and fully active RIS-aided transmission scheme,
and achieves noticeable performance gains with a high data
rate in a more energy-efficient manner.

V. CONCLUSION

In this paper, we have introduced the novel scheme of
HRM which offers a promising solution for the RIS-aided
transmission systems that experience high path attenuation.
In the proposed HRM scheme, the target RIS has been
split into sub-groups through which the conventional IM
technique has been applied to transmit information. While
the active/passive combinations of the reflecting elements in
those sub-groups have been determined according to incoming
information bits, the phases have been optimally adjusted for
achieving maximum SNR gains. Therefore, the RIS has been
configured to perform amplification and reflection functions at
the same time. Besides, the analytical BER performance and

the achievable rate of the HRM scheme have been derived.
Furthermore, comprehensive computer simulations have been
conducted to illustrate the performance achievement of the
HRM scheme over the existing fully active, fully passive
and RM systems. Moreover, the effect of hardware impair-
ments and channel estimation errors on the BER performance
of the proposed scheme, the generalization of HRM for
non-uniform power distributions, new I/Q modulator designs
and the MIMO/multi-user extension of the proposed scheme
to increase its data rate, which requires the development of a
sub-optimal detector to optimize the reflection coefficients of
RIS elements, are interesting directions for future research.
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