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Abstract— In this paper, we propose a transmission mechanism
for a reconfigurable intelligent surface (RIS)-assisted millimeter
wave (mmWave) system based on cluster index modulation
(CIM), named best-gain optimized cluster selection CIM (BGCS-
CIM). The proposed BGCS-CIM scheme considers effective
cluster power gain and spatial diversity gain obtained by the
additional paths within the indexed cluster to construct an
efficient codebook. We also integrate the proposed scheme into
a practical system model to create a virtual path between
transmitter and receiver where the direct link has been blocked.
Thanks to the designed whitening filter, a closed-form expression
for the upper bound on the average bit error rate (ABER)
is derived and used to validate the simulation results. It has
been shown that the proposed BGCS-CIM scheme outperforms
the existing benchmarks thanks to its higher effective cluster
gain, spatial diversity of indexed clusters, and lower inter-cluster
interference.

Index Terms— Millimeter wave, reconfigurable intelligence
surface, cluster index modulation, massive MIMO, average bit
error rate.

I. INTRODUCTION

THE intriguing applications of next-generation wireless
networks demand more bandwidth, which is already

scarce in the sub-6 GHz communication band [1]. A promising
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solution is adopting the millimeter wave (mmWave) band,
which spans from 30 GHz to 300 GHz [1], [2]. On the
other hand, mmWave signals suffer from high path loss and
attenuation. Thanks to the short wavelength of mmWave
signals, it is possible to pack a large antenna array and
form a high directivity beam to compensate for the severe
path loss [2], [3]. Nevertheless, high directivity beams are
vulnerable to blockage, especially in a dense urban area
or indoor environment. Reconfigurable intelligent surfaces
(RISs) can be installed in the environment to handle the
blockage problem and increase the coverage area by providing
additional transmission paths [2], [3], [4], [5], [6]. Another
problem encountered in mmWave transmission compared to
sub-6 GHz systems is its higher hardware cost and power
consumption [7], [8]. These drawbacks necessitate wireless
researchers to consider intelligent and efficient schemes that
decrease the cost and power consumption. Moreover, index
modulation (IM) is considered a promising solution to obtain a
lower hardware cost with a reduced number of radio-frequency
(RF) chains and enhanced spectral efficiency performance
by transmitting extra information bits [9], [10], [11]. In IM
systems, additional information bits can be transmitted by
indexing different building blocks such as antenna elements,
subcarriers, paths, and clusters [9], [12], [13], [14].

A. Related Works

RIS-empowered communication can be considered a
promising technology to extend the coverage area in mmWave
communication systems. The optimal placement for RIS
implementation in mmWave systems has been investigated
in [1] and [15]. It is shown that an increased achievable
rate is obtained when an RIS is located in the proximity
of the transmitter or receiver due to the multiplicative path
loss of the RIS-assisted path. The authors in [3] proposed a
framework to extend the coverage area by adopting several
RISs to assist communication from the base station to the
single antenna user. Specifically, they proposed a joint active
and passive precoding design to maximize the received signal
power. By introducing such a scheme, the proposed RIS-
assisted scheme in [3] can effectively increase the robustness
of the mmWave system against blockage. In [2], the authors
investigated a mmWave communication system that adopted
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large antenna arrays at both transmitter and receiver. An opti-
mization problem is formulated to jointly adjust reflection
coefficients at the RIS and the hybrid precoder/combiner at
the transmitter/receiver to maximize spectral efficiency. Guo
et al. study a power minimization problem in [7] by jointly
optimizing digital and analog beamforming matrices at the
transmitter and reflection coefficients at the RIS under a given
signal-to-interference-plus-noise-ratio (SINR) constraint.

Spatial scattering modulation (SSM) is introduced in [12]
by indexing a set of orthogonal paths in the mmWave envi-
ronment. However, the authors assume that there is only one
cluster in the environment in [12], this approach might be
impractical for most the mmWave transmission environment.
Another drawback of the SSM scheme is the orthogonality
assumption among paths. Generalized SSM (GSSM) is also
proposed in [16] by indexing a set of paths instead of a single
path. Both works of [12] and [16] adopt linear arrays at the
transmitter and receiver, which are not capable of resolving
scattering paths in both azimuth and elevation directions.
Moreover, in [9], the authors investigated a generalization
three dimensions (3D) SSM scheme to facilitate the problem
of path resolution in both azimuth and elevation dimensions.
They also proposed a whitening filter to deal with correlated
noises at the receiver. Against this background, the authors of
the current work recently introduced cluster index modulation
(CIM) in [13] in order to efficiently index the clusters in
the environment. The well-known Saleh-Valenzuela channel
model with multiple clusters is assumed in the CIM scheme,
and scattering clusters in the environment are indexed instead
of paths. It has been demonstrated in [13] that under non-
orthogonal path conditions, SSM could not perform well
because the paths are generally close to each other, which
results in interference on the other indexed paths. Since there is
a considerable physical distance between the clusters, indexing
clusters is a more reasonable idea, and the superiority of CIM
over SSM is shown in terms of bit error rate (BER) in [13].

More recently, [17] introduced a twin-RIS structure to
perform a beam-index modulation scheme using two RISs
between the terminals. The first RIS is located close to the
transmitter, while the second one is close to the receiver.
The reflecting elements on the second RIS are indexed for
the IM purpose and reflect the received beam to the receiver.
According to the IM symbol, the first RIS adjusts the phases
of the received beam from the transmitter to ensure that only
the target element on the second RIS receives the beam.

B. Motivations and Contributions
The state-of-the-art of IM schemes in mmWave communi-

cations assumed orthogonality among paths when the array
size is large [9], [12], [16], [18], [19]. Nonetheless, this
orthogonality assumption is unrealistic, and in practice, there
is a correlation among each couple of paths that is not
ignorable for indexing paths [13]. In the realistic channel
model, which includes correlation among paths, power leakage
into undesired paths can result in interference, making IM
detection more difficult. Hence, a practical IM scheme should
be appropriately designed to prevent interference between the
paths and even exploit this leakage to enhance the system

performance. Although [13] demonstrates the superiority of
the CIM scheme compared to traditional SSM, the perfor-
mance of the CIM scheme under the situation that clusters are
randomly distributed in both azimuth and elevation dimensions
has not been studied before.

As we mentioned earlier, the mmWave channel is vulner-
able to blockage due to the intrinsic characteristics of the
mmWave signals. Adopting an RIS to the transmission can
potentially combat this blockage problem [2], [3], [4], [5], [6].
Incorporating IM into RIS-assisted mmWave communications
systems is also interesting due to its potential to enhance the
coverage, energy efficiency, achievable rate performance, and
to decrease the overall cost. From this point of view, an RIS-
assisted mmWave communications system model should be
designed delicately to make the IM effective. Accordingly, the
location of terminals and the IM entities should be selected
precisely. In the existing literature, there is a need for a
comprehensive IM-based RIS-assisted scheme that considers
all of these concerns.

Based on the aforementioned gaps and main motivation, our
contributions in this paper are summarized as follows:
• This paper proposes an advanced CIM scheme by cre-

ating a synergy between the CIM scheme (introduced
in [13]) and the RIS technology. The proposed scheme
is investigated in a realistic propagation environment in
the presence of inter-cluster interference. At the same
time, the available clusters are distributed randomly in
both azimuth and elevation directions by adopting two-
dimensional (2D) antenna arrays at all terminals to
demonstrate the effectiveness of the proposed scheme
in real channel conditions. In the proposed beam-gain
optimized cluster selection CIM (BGCS-CIM) scheme,
instead of indexing paths, clusters are indexed; conse-
quently, by selecting the best effective path associated
with each cluster and by considering the spatial diversity
gain of other paths within the indexed cluster, the effect of
inter-cluster interference can be reduced to construct an
efficient CIM codebook. It is also shown that the entire
cascaded channel is effective in achieving the optimal
codebook even though one of the cascaded channels
is completely shared between all the indexed entities.
Extensive computer simulations reveal that the BGCS-
CIM scheme outperforms the existing benchmarks.

• We also integrate the CIM technique into an RIS-assisted
transmission in mmWave massive MIMO systems to
provide a virtual channel between the transmitter and
receiver when the direct channel between them is
blocked. For this purpose, we design a novel IM frame-
work in which the clusters between the RIS and Rx get
involved in the IM process. We also consider an outdoor
scenario to make our analyses more practical.

• We consider a practical system model in which the
channel between transmitter and RIS is line-of-sight
(LOS), and the channel between the RIS and receiver
is non-LOS (NLOS). In this proposed system model,
we index clusters in the NLOS channel between the RIS
and receiver to transmit extra information bits without
adopting an extra RF chain. To the best of our knowledge,
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Fig. 1. System Model.

this system model for the RIS-assisted mmWave commu-
nication systems has not been studied before.

• We adopt a whitening transformation to perform decorre-
lation among the effective noises. Thanks to the whitening
filter, the filtered noises corresponding to the different
indexed clusters are independent; thus, we can constitute
a joint probability density function (PDF) to calculate the
conditional pairwise error probability (CPEP) in the case
of erroneous cluster index detection. Therefore, we derive
a closed-form expression for the average bit error rate
(ABER) using the union upper bound. Our extensive
computer simulations demonstrate the validity of the
derived ABER expression by providing an upper bound
to the simulation results.

The remainder of this paper is organized as follows.
Section II describes the system and channel model of
a practical RIS-assisted mmWave massive MIMO. Then,
ABER performance analysis is discussed in Section III to
obtain a closed-form expression for the proposed scheme.
In Section IV, we provide computer simulation results to
validate the ABER performance of the proposed BGCS-CIM
scheme and compare it with the available benchmarks. Finally,
Section V concludes this work. For improving the clarity,
a list of frequently-used mathematical symbols and a list of
acronyms are provided in Tables I and II, respectively.

II. SYSTEM MODEL

Fig. 1 shows the proposed system model of the RIS-
assisted mmWave transmission. Here, the transmitter (Tx)
and receiver (Rx) are equipped with Nt and Nr antenna
elements, respectively. In the mmWave band, due to the
high penetration loss, blockages/outages occur frequently [20].
Besides, it is shown that some corners and holes are chal-
lenging to cover in outdoor environments [21]. Instead of
implementing extra base stations, an RIS would be a cost-
effective alternative to extend the communication range and

Notation: In this paper, bold lower-case and bold upper-case letters rep-
resent column vectors and matrices, respectively. (.)H , (.)T , |.|, ||.||, and
diag(.) represent Hermitian, transpose, absolute value, norm, and diagonal-
ization, respectively. E[.] and ℜ(.) denote expectation operator and real part of
a complex number, respectively. CN (µ, σ2) indicates complex Gaussian dis-
tribution with mean µ and variance σ2, while N (µ, σ2) expresses Gaussian
distribution with mean µ and variance σ2. U(a, b) depicts uniform distribution
with parameters a and b. Q(x) = 1√

2π

∫∞
x exp (−u2

2
)du is the Q-function,

and Γ(n) = (n − 1)! represents the gamma function. i is used as a local
variable; hereupon, the values are assigned to i in each equation are valid just
for that equation.

TABLE I
LIST OF FREQUENTLY-USED MATHEMATICAL SYMBOLS

TABLE II
LIST OF ACRONYMS

cover such areas. Hence, in this paper, it is assumed that
the direct channel between the Tx and Rx is completely
blocked [1], [2], [7], [8], [20], [21], [22], [23]. Thus, an RIS
with N reconfigurable reflecting elements is implemented
to assist the mmWave communication system. Due to the
rank-deficiency of the cascaded channels and inherent charac-
teristics of the mmWave signals [3], the Tx can only transmit
a single stream. Hence, only one RF chain is available at
the Tx, while Nr

RF ≪ Nr RF chains are available at the
Rx. Thanks to the IM technique applied through clusters, the
RIS can transmit an extra stream, i.e., the spatial domain
information represented by x0, without using an extra RF
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chain [24]1. Since the RF chain is a costly and energy-
consuming component in a communication system, decreasing
the number of RF chains saves tremendous cost and energy.
G ∈ CN×Nt is the channel between the Tx and RIS, and
R ∈ CNr×N is the channel between the RIS and Rx. In [1]
and [15], it is observed that the optimal placement for the
RIS is the proximity of the Tx or Rx. In this paper, it is
assumed that RIS is located close to the Tx. Since the Tx has
a fixed location, the RIS can be positioned in the sight of Tx;
accordingly, there is a robust LOS link between the Tx and
the RIS [3], [25]. On the other hand, the Rx is located far
from the Tx; hence, due to the vulnerability of mmWave to
blockage [3], we cannot guarantee a LOS link between the
RIS and Rx. Therefore, assuming a NLOS dominant channel
between the RIS and Rx is more reasonable2 [25].

A. Channel Model

In this paper, we adopt the well-known Saleh-Valenzuela
(S-V) channel model for mmWave communication systems as
follows [2], [3], [4], [7]:

G = α0ar,ris(ϕr0, θ
r
0)a

H
t (φt0, ϑ

t
0), (1)

R =
√

NNr
CRLR

CR∑
c=1

LR∑
l=1

βc,lar(φrc,l, ϑ
r
c,l)a

H
t,ris(ϕ

t
c,l, θ

t
c,l), (2)

where CR is the number of clusters, and LR is the number of
paths in each cluster in the channel R. The complex channel
gain for the lth path within the cth cluster of channel R is
represented by βc,l ∼ CN (0, 10−0.1 PL(d)), wherein PL(d) is
the corresponding path loss dependent to the distance between
two associated terminals, i.e., d, φtc,l(φ

r
c,l) and ϑtc,l(ϑ

r
c,l) are

the azimuth and elevation angles of departure (arrival) of the
Tx (Rx), and ϕtc,l(ϕ

r
c,l) and θtc,l(θ

r
c,l) are the azimuth and

elevation angles of departure (arrival) associated with the RIS.
α0 stands for the complex channel gain of the LOS path
of channel G. Moreover, at(.) and ar(.) represent the array
response vectors associated with the Tx and Rx, respectively;
at,ris(.) and ar,ris(.) show the transmit and receive array
response vector associated with the RIS, respectively. In this
paper, we adopt uniform planar array (UPA) at all terminals
(i.e., Tx, Rx, and RIS); therefore, the normalized antenna
array response in each terminal with azimuth angle ωaz and
elevation angle ωel is expressed as follows [14], [26]:

a(ωaz, ωel) =
1√
Na

[1, ejk
T p1 , ejk

T p2 . . . , ejk
T pNa−1 ]T ,

(3)

where Na = Nx × Ny is the total number of antenna
elements/reflectors; Nx is the number of antenna ele-
ments/reflectors in x-axis, and Ny is the number of antenna
elements/reflectors in y-axis; pn specifies the location of

1The proposed system model can be generalized for adopting K RISs;
consequently, the transmitter and the RIS can transmit 2K streams by adopting
only K RF chains.

2As illustrated in [25], in a dense urban area when the carrier frequency is
28 GHz, for distances less than 25 m, the channel is almost LOS-dominant,
while for distances more than 100 m, the channel is NLOS-dominant with
probability more than 80%.

nth antenna element/reflector, and k is the wave-number
defined as [14]:

k =
2π
λ

[sin(ωel) cos(ωaz), sin(ωel) sin(ωaz)]T , (4)

pnx,ny
= [nxdx, nydy]T , (5)

where λ is the wavelength, 0 ≤ nx ≤ Nx − 1, and 0 ≤ ny ≤
Ny − 1 denote the location of antenna elements/reflectors;
dx and dy are the separation between two adjacent antenna
elements/reflectors along x and y direction, respectively.

B. Signal Model

As illustrated in Fig. 1, the incoming bits constitute two
information streams; x0 is CIM symbol, while x1 is modulated
using M -ary constellation. Accordingly, the total spectral
efficiency is η = log2M+log2B bits per channel use (bpcu),
where B is the CIM codebook order. The M -ary constellation
symbol s is transmitted to the RIS through the wireless channel
G. Besides, the Tx maps each CIM symbol into a phase vector
from a pre-defined CIM codebook, i.e., B ∈ [b1, . . . ,bB ] ∈
CN×B , which is defined in Section II-C. Each phase vector bi
represents a specific direction associated with a specific cluster.
Afterward, based on the CIM bits and with the help of a smart
controller [2], [3], [4], the corresponding phase vector will be
sent to the RIS to adjust the phases of the received signal
at each element of the RIS [17]. In other words, the RIS is
exploited as a beamformer to reflect the signal passively over
a specific cluster in the mmWave channel [17]. Denoting ψi
as the phase shift associated with the ith passive element of
the RIS, the RIS phase shift matrix associated with vector b,
i.e., Ψb ∈ CN×N , is defined as:

Ψb ≜ diag(ejψ1 , . . . , ejψN ) = diag(b), (6)

where b ∈ B is the codeword corresponding to the trans-
mitted CIM symbol. For the notation simplicity, we represent
the effective channel associated with vector b as Hb

eff =
GtGrRΨbG, where Gt and Gr are the transmitter and
receiver antenna gains, respectively. The received signal at the
Rx can be expressed as:

y =
√
PHb

eff fts+ n, (7)

where n ∈ CNr×1 ∼ CN (0, σ2) is the additive noise
component at the Rx, ft ∈ CNt×1 is the analog beamformer
at the Tx, and P is the transmit power. The Tx transmits the
signal through the LOS path due to its dominance in channel
G; thus, we can consider ft = at(φt0, ϑ

t
0). In this paper,

we assume that the perfect channel state information (CSI) is
available [2], [3], [7]. More specifically, channel estimation for
the RIS-assisted mmWave systems is discussed in [20]3, [22],
and [23]. The received signal z ∈ CB×1 after applying analog
combiner is given as:

z =
√
PWHHb

eff fts+ WHn, (8)

3Authors in [20] proposed a low-complexity channel estimation using semi-
passive RIS. In this algorithm, few simplified receiver units with only 1-
bit quantization at the RIS are randomly connected to a small fraction of
reflectors; therefore, the RIS actively gets involved in the channel estimation
procedure.
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where W = [w1, . . . ,wB ] ∈ CNr×B is the analog combiner
matrix wherein wi ∈ CNr×1 is the analog combiner vector
associated with the ith indexed cluster. Section II-C discusses
the method to determine W.

It is important to note that even though n is a white noise
vector, the effective noise WHn is colored; consequently, the
effective noises of different clusters are correlated. To derive
a closed-form expression for CPEP in Section III, we need to
whiten the effective noise through a whitening filter4.

Lemma 1: The whitening filter for the proposed system can
be obtained as follows:

B = P−
1
2 V− 1

2 , (9)

where P and V are the correlation matrix and diagonal
variance matrix corresponding to the effective noise WHn,
respectively.

Proof: Please see Appendix A. □
Hence, by applying whitening filter to the received signal

z, the filtered signal zF ∈ CB×1 is as:

zF =
√
PFHr Hb

eff fts+ FHr n. (10)

where Fr = WBH = [fr,1, . . . , fr,B ]. We adopt maximum-
likelihood (ML) detector to resolve the transmitted symbols
from the received filtered signal as follows5:

[ĉ, ŝ] = arg min
c,s

∣∣zF(c)−
√
P fHr,cH

b
eff fts

∣∣2, (11)

where ĉ and ŝ are the estimated CIM and M -ary symbols,
respectively; and zF(c) is the cth element in zF.

C. Constructing CIM Codebook and Analog Combiner

This subsection presents a scheme for constructing CIM
codebook, i.e., B, and analog combiner, i.e., W, for the RIS-
assisted mmWave communication systems. Let us define the
effective path gain of the vth path in the uth cluster as follows:

Gu,v =
√
PGtGr√
N

aHr (φru,v, ϑ
r
u,v)Rdiag(at,ris(ϕtu,v, θ

t
u,v))

×Gft. (12)

We assume each cluster is represented by the best effective
path as follows:

pc = arg max
i=1,...,LR

|Gc,i|2, (13)

where pc, c = 1, . . . , CR, is the best path index in the cth
cluster. Henceforth, we show the set of all clusters with their
representative path as P = {p1, . . . , pCR

}.
Thereupon, the BGCS-CIM scheme constructs the CIM-

codebook consecutively by adopting the following criteria:

b = arg max
i=1,...,CR

|Gi,pi
|2. (14)

4It is worth mentioning that the designed pre-whitening filter whitens the
effective noises for theoretical derivations. Accordingly, the whitening process
does not get involved in the codebook construction procedure.

5It is worth mentioning that although the ML detector is the best option in
terms of BER-vs-transmitted power performance, it leads to a high-complexity
receiver. In order to decrease the detector’s complexity, sub-optimal detectors
should be designed by considering different use cases of the CIM scheme,
which is beyond the scope of this paper and is left for future works.

Notice that b gives the best choice among all possible options
of the corresponding scheme. To construct the CIM codebook,
we need to choose B out of CR clusters for indexing. It is
worth noting that the codewords carry the information to adjust
RIS phase shifts. The Tx should select a codeword according
to the CIM symbol and transfer it to the RIS through the
control link. Finally, analog combiner vector associated with
ith indexed cluster can be determined as wi = ar(φri,pi

, ϑri,pi
).

Algorithm 1 presents the CIM codebook and analog combiner
construction procedure according to the BGCS-CIM scheme6.

Algorithm 1 CIM Codebook and Analog Combiner
Construction Algorithm According to the BGCS-CIM
Scheme

Input: R,G, ft, ϕ, θ, φ, ϑ,a(.)
Output: B

1 Calculate the effective path gain for all paths
using (12).

2 Find the best effective path for each cluster using (13).
3 Construct CIM codeword index candidates:
P = {p1, . . . , pCR

}.
4 for k ← 1 to B do
5 Calculate the best cluster bk among P by adopting

BGCS-CIM scheme in (14).
6 calculate kth codeword using

bk = at,ris(ϕtbk,pbk
, θtbk,pbk

).
7 calculate kth combiner vector using

wk = ar(φrbk,pbk
, ϑrbk,pbk

).
8 Update P: P = P − {bk}.
9 end

10 Construct CIM codebook: B = {b1, . . . ,bB}.
11 Construct analog combiner: W = [w1, . . . ,wB ].

III. ABER PERFORMANCE ANALYSIS

In this section we derive a closed-form expression for
the upper bound on ABER to validate performance of the
proposed system. The upper bound on ABER can be stated as:

ABER ≤ 1
ηMB

∑
c∗,s∗

∑
ĉ,ŝ

Eb({c∗, s∗} → {ĉ, ŝ})UPEP,

(15)

where Eb({c∗, s∗} → {ĉ, ŝ}) is the total number of erroneous
bits of both M -ary and CIM symbols, and UPEP is the
unconditional pairwise error probability. To obtain the upper
bound, we first state the CPEP as follows:

P({c∗, s∗} → {ĉ, ŝ}|α0, β1,1, . . . , βCR,LR
) = P(|zF(c∗)

−
√
P fHr,c∗H

b∗

eff fts∗|2 > |zF(ĉ)−
√
P fHr,ĉH

b̂
eff ftŝ|2),

(16)

6The primary purpose of the BGCS-CIM algorithm is to index the clusters
in an RIS-assisted mmWave system and reduce the interference among the
indexed entities. The correlation among paths and clusters is an inseparable
characteristic of the mmWave channel. Nevertheless, the essential point
is exploiting them concurrently while decreasing the entailed interference.
BGCS-CIM proposes an algorithm to reduce this interference in the analog
stage without involving a baseband process.
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where (.)∗ and (̂.) depict the transmitted and detected sym-
bols, respectively. By substituting zF(c∗) from (10) into (16),
we can rewrite the CPEP expression as:

P({c∗, s∗} → {ĉ, ŝ}|α0, β1,1, . . . , βCR,LR
)

= P(|fHr,c∗n|2 > |zF(ĉ)−
√
P fHr,ĉH

b̂
eff ftŝ|2).

(17)

In the following, we consider two cases of correct cluster index
detection, i.e., ĉ = c∗, and erroneous cluster index detection,
i.e., ĉ ̸= c∗.

A. Correct Cluster Index Detection ĉ = c∗

In the case of correct cluster index detection, we assume
that the detector resolves the CIM symbol correctly; hence,
the error comes from the M -ary symbol. To obtain the CPEP
expression for this case, (17) can be updated as:

P({c∗, s∗} → {c∗, ŝ}|α0, β1,1, . . . , βCR,LR
)

= P(|fHr,c∗n|2 > |fHr,c∗n +
√
P fHr,c∗H

b∗

eff ft(s∗ − ŝ)|2). (18)

Lemma 2: In the case of correct cluster index detection, the
analytical expression for UPEP is as follows:

P({c∗,s∗} → {c∗, ŝ})

= E
[
Q

( |fHr,c∗Hb∗

eff ft(s∗ − ŝ)|2√
2σ||fr,c∗fHr,c∗Hb∗

eff ft(s∗ − ŝ)||

)]
. (19)

Proof: Please see Appendix B. □

B. Erroneous Cluster Index Detection ĉ ̸= c∗

When the detector resolves the CIM symbol erroneously,
error can propagate to the M -ary symbol. In this case, (17)
can be rewritten as follows:

P({c∗, s∗} → {ĉ, ŝ}|α0, β1,1, . . . , βCR,LR
) = P(|fHr,c∗n|2

− |fHr,ĉn +
√
P fHr,ĉ(H

b∗

effs
∗ −Hb̂

eff ŝ)ft|2 > 0).
(20)

Lemma 3: In the case of erroneous cluster index detection,
the analytical expression for UPEP can be obtained as:

P({c∗, s∗} → {ĉ, ŝ})

= E
[
1
2

exp
(
−
|
√
P fHr,ĉ(H

b∗

effs
∗ −Hb̂

eff ŝ)ft|2

2σ2

)]
. (21)

Proof: Please see Appendix C. □
Using (19) and (21), we can express UPEP as:

UPEP =

E
[
Q
( |fHr,c∗Hb∗

eff ft(s
∗ − ŝ)|2

√
2σ||fr,c∗ fHr,c∗Hb∗

eff ft(s∗ − ŝ)||

)]
,

if {c∗, s∗} → {c∗, ŝ},

E
[

1

2
exp

(
−
|
√

P fHr,ĉ(H
b∗

eff s∗ −Hb̂
eff ŝ)ft|2

2σ2

)]
,

if {c∗, s∗} → {ĉ, ŝ}.

(22)

IV. SIMULATION RESULTS

This section provides computer simulation results for the
proposed BGCS-CIM scheme for the RIS-assisted mmWave
system. We first describe the simulation setup for a practical
scenario in an outdoor environment. Then, we validate our
simulation results with the derived analytical upper bound.
We also compare the proposed scheme with the simple CIM
scheme introduced in [13], the SSM-based scheme proposed
in [9], the orthogonal match pursuit (OMP) method proposed
in [27], and the random cluster selection (RCS) scheme in
which a cluster is randomly selected for transmitting the
conventional M -ary signaling. Furthermore, we investigate
the proposed system performance for different antenna ele-
ments/reflectors and different channel sparsity. Ultimately,
we examine the robustness of the proposed scheme with
respect to the angular information change.

A. Simulation Setup

In this subsection, we investigate a communication scenario
between two BSs (back-haul scenario) in an urban area [25].
The coordinates of the Tx, RIS, and Rx are (3 m, 0, 12 m),
(0, 3 m, 15 m), and (3 m, 103 m, 6 m) in 3D Cartesian
coordinate system, respectively. It is worth emphasizing that
the channel between Tx and Rx is completely blocked and
communication is possible only through a cascaded channel
via an RIS. As depicted in [25], in a dense urban area and
for a carrier frequency of 28 GHz, the channel is almost
LOS-dominant when the distance is less than 25 m. On the
other hand, if the distance between transmit and receive
terminal is more than 100 m, it is shown that the channel is
NLOS-dominant. Therefore, in this paper, we assume that the
Tx-RIS channel, which is a short-range link, is LOS-dominant,
while the long-range link between the RIS and Rx is NLOS-
dominant. Fig. 2 depicts a scheme of considered scenario. The
path loss model is as follows [25]:

PL(d) [dB] = a+ 10 b log10(d) + ξ, (23)

where ξ ∼ N (0, σ2
ξ ), and d is the distance between the Tx and

RIS (or the RIS and Rx). The parameters a, b, and σξ are given
according to Table III which are collected from experimental
measurements at 28 GHz carrier frequency7 [25]. In this paper,
the noise power spectral density (PSD) is assumed to be
−174 dBm/Hz [28], and the bandwidth (BW ) is supposed
to be 100 MHz [29]; hence, the noise power can be calculated
as σ2 = PSD + 10 log10(BW ) = −94 dBm.

Regarding the channel R, we assume that there are CR = 8
clusters in the mmWave propagation environment; and in
each cluster, there exists LR = 10 paths [14], [27]. Each
cluster has departure/arrival azimuth and elevation mean
angles (ϕtm, θ

t
m, φ

r
m, ϑ

r
m), which are distributed uniformly

in an interval of [0, 2π) and [0, π), respectively; and the
angular spread (standard deviation) of departure/arrival of
both azimuth and elevation (σϕt

m
, σθt

m
, σφr

m
, σϑr

m
) domains are

supposed to be 7.5◦. Within each cluster, the azimuth and
elevation angles corresponding to each path follow Laplacian

7In (23), ξ is a random variable that describes large-scale shadow fading
with a zero mean Gaussian distribution and standard deviation σξ .
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Fig. 2. Considered outdoor scenario with RIS deployment on top of the roof
of a neighboring building.

TABLE III
SIMULATION PARAMETERS

distribution [14], [27]. The transmitter and receiver antenna
gains (Gt and Gr) are assumed to be 24.5 dBi [2], [30].
Table III shows a summary of the assumed values of the
system parameters.

B. Analytical Validation and Benchmark Comparison

In this subsection, we validate our simulations with the
derived analytical upper bound and compare the proposed
scheme with four benchmarks, i.e., simple CIM [13], SSM [9],
[12], OMP [27], and RCS, for the RIS-assisted mmWave
systems. It is worth noting that the simple CIM is designed
to index the clusters in a sparse channel between transmit and
receive terminals. Since we need to index the clusters in the
RIS-Rx channel, we apply the simple CIM in that channel.
However, BGCS-CIM creates a synergy between the CIM
scheme and the RIS technology. In the BGCS-CIM scheme,
we consider the entire cascaded channel in the construction
procedure of the codebook. Fig. 3 illustrates the ABER
performance versus the transmit power (P ) for four different
signaling schemes: (a) binary IM (B-IM) with binary phase-
shift keying (BPSK), (b) B-IM with quadrature PSK (QPSK),
(c) quadrature IM (Q-IM) with BPSK, and (d) Q-IM with
quadrature PSK (QPSK). It is worth mentioning that, spatial
information domain includes one bit and two bits for B-IM
and Q-IM, respectively. As shown in the Fig. 3, the analytical
expression is an upper bound on the BGCS-CIM scheme,

Fig. 3. ABER performance, analytical validation and benchmarks compar-
ison: (a) B-IM with BPSK, (b) B-IM with QPSK, (c) Q-IM with BPSK,
(d) Q-IM with QPSK.

which validates the simulation results8. The simulation results
reveal that BGCS-CIM scheme can outperform the benchmark
schemes. Regarding Benchmark 1, i.e., simple CIM, at first
glance, it seems that we should have a similar performance
because the Tx-RIS LOS channel is shared among all the
clusters in the RIS-Rx channel. However, simulation results
reveal that the BGCS-CIM scheme can boost ABER perfor-
mance significantly. These results prove the importance of
the entire cascaded channel in constructing an effective CIM
codebook. On the other hand, the superiority of CIM-based
schemes, i.e., simple CIM and BGCS-CIM, over SSM is due to
the inherent characteristic of CIM-based schemes in indexing
clusters instead of paths. In other words, in the SSM scheme,
under realistic circumstances of correlation among paths, two
indexing paths can be near to each other, which results in
power leakage in unfavorable paths; while by indexing clusters
instead of paths, we can reduce the possibility of indexing
highly correlated paths.

We also consider different CIM orders to investigate the
effect of Euclidean distance among the indexed clusters.

8The gap between the upper bound and simulation results increases with the
increasing spectral efficiency. Since the upper bound is an approximation, with
increasing the spectral efficiency, the accuracy of the approximation decreases.
Nonetheless, for higher transmit powers, we will see that the theoretical upper
bound approaches the simulation curve.

Authorized licensed use limited to: ULAKBIM UASL - KOC UNIVERSITY. Downloaded on February 14,2024 at 06:45:26 UTC from IEEE Xplore.  Restrictions apply. 



1588 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 23, NO. 2, FEBRUARY 2024

Fig. 4. ABER performance for different CIM orders.

Fig. 5. ABER for different numbers of antenna elments and RIS reflectors
for B-BGCS-CIM with QPSK signaling.

As illustrated in Fig. 4, the increasing number of CIM bits
results in degraded ABER performance. This performance
loss is due to the shorter Euclidean distance between CIM
symbols in Q-BGCS-CIM as compared with B-BGCS-CIM
and 8-BGCS-CIM as compared with Q-BGCS-CIM, for the
spectral efficiency of 3 and 4 bpcu, respectively. Besides, for
higher orders of CIM symbols, spreading error9 from the CIM
symbol to M -ary symbol is more likely, which also contributes
to the deteriorated ABER performance.

C. BGCS-CIM Performance in S-V Channel Model

This subsection studies the proposed scheme performance
for different numbers of antennas/reflectors and channel spar-
sity. Fig. 5 plots the ABER versus the numbers of antenna
elements and reflectors for B-BGCS-CIM with QPSK signal-
ing and transmit power P = 20 dBm. With the increasing

9When the CIM symbol is detected erroneously, the detector resolves the
signal received from the corresponding cluster; consequently, the detected
signal does not carry any information unless noise. In other words, in this
situation, the detector tries to resolve noise which leads to erroneous M -ary
symbol detection as well. This phenomenon is called spreading error from
the IM symbol to the M -ary symbol.

TABLE IV
ARRAY CHARACTERISTICS FOR DIFFERENT ARRAY SIZES

AT 0◦ AZIMUTH AND 0◦ ELEVATION

number of antenna elements and reflectors, the ABER per-
formance improves due to narrower beams, higher array
directivity, and lower radiation sidelobes. These characteristics
of larger arrays decrease the power leakage into undesirable
indexed clusters, resulting in less inter-cluster interference.
Hence, the detector can resolve CIM symbols more accurately,
and the effect of spreading errors from CIM symbols into M -
ary symbols is limited. As we mentioned earlier, increasing
array size results in higher array directivity, narrower half-
power bandwidth (HPBW), and higher side lobe level (SLL).
The values for these parameters are summarized in Table IV.
Higher array directivity gain results in more SINR, while with
narrower HPBW (or beams), most of the transmitted signal
concentrates in the desired cluster, resulting in less interference
in the undesired clusters. On the other hand, higher SLL also
prohibits wasting signal power on the undesired directions.
All of these benefits from larger arrays result into ABER
performance improvement as illustrated in Fig. 5.

Fig. 6 illustrates the ABER performance of different IM
schemes under the effect of channel sparsity for one-bit IM
with QPSK signaling. Fig. 6(a) indicates that the proposed
BGCS-CIM scheme performs better with increasing paths and
clusters since the detector can resolve the received signal
more precisely in rich scattered channels. More specifically,
with the increasing number of paths in each cluster, BGCS-
CIM exploits this enriching in the channel as spatial diversity.
On the other hand, increasing the number of clusters gives
more opportunity to the BGCS-CIM scheme to index the
clusters with higher gains. Consequently, increasing channel
sparsity boosts ABER performance in the proposed BGCS-
CIM scheme. However, this performance improvement is not
observable in the simple CIM and SSM schemes. As explained
earlier, in the simple CIM scheme, G is not involved in the
indexing algorithm, while it is shared among all the indexed
clusters. Specifically, G is a LOS channel and does not play
any role in the illustrated channel sparsity. Nevertheless, the
comparison between Figs. 6(a) and 6(b) perfectly shows the
superiority of BGCS-CIM over simple CIM and indicates
that the BGCS-CIM scheme owes its superiority to counting
the entire cascaded channel in the codebook construction
procedure. On the other hand, Fig. 6(c) shows the worst ABER
performance of the SSM scheme among its counterparts.
Since the SSM scheme indexes the paths without considering
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Fig. 6. ABER performance for different IM schemes with respect to different channel sparsity: (a) B-BGCS-CIM with QPSK, (b) B-CIM with QPSK,
(c) B-SSM with QPSK.

Fig. 7. ABER performance degradation with respect to the angular infor-
mation change for B-BGCS-CIM with QPSK signaling.

the clusters, by increasing channel sparsity, i.e., the number of
paths and clusters, there is more potential correlation among
the indexed paths.

This paper assumes that the channel state information
remains the same during a coherent block10. Nonetheless,
in realistic conditions, the angular information slowly changes
in time. This change in angular information can cause perfor-
mance degradation in the proposed scheme. Fig. 7 depicts the
performance degradation with respect to the angular informa-
tion change for B-BGCS-CIM with QPSK signaling. As it is
illustrated in Fig. 7, for ∆ = 1◦ and ∆ = 2◦ changes in the
cluster position, the performance is almost the same, while
for ∆ = 5◦ changes in the cluster location, the performance
degrades by about 4 dB. It is worth mentioning that the angular

10In realistic channel conditions, CSI is divided into two parts, slow and
fast time-varying CSI [31]. While angular information is slow time-varying
information, path gains are fast time-varying CSI. In a realistic channel,
angular information changes after several time intervals while the path gains
change from one interval to another. However, in this paper, for the sake
of simplicity, we ignore this characteristic and assume that both angular
information and path gains change from one interval to another [2], [9].

spread of each cluster is assumed to be 7.5◦; hence, 2◦ change
in the cluster location is equivalent to more than 26% of the
angular spread, while 5◦ is equivalent to more than 66% of
the angular spread. In other words, the BGCS-CIM scheme
can withstand about 26% of the angular spread variation
in the cluster location without specific ABER performance
degradation.

Ultimately, we analyze the computational complexity of
our detector. First, the detector should calculate the effective
channel Heff = RΨG which requires ∼N2Nt + NNtNr
operations, where ∼N2Nt operations should be done to
calculate ΨG and ∼NNtNr operations requires to obtain
Heff completely. Next, the transmit beamformer should be
multiplied in the effective channel, i.e., Heff ft, which requires
∼NrNt operations. The whitening combiner fr should be
multiplied to build fHr Heff ft which needs ∼Nr operations.
This procedure should be repeated MB times where M
and B are the orders of M -ary and CIM constellations,
respectively. Hence, the detector has a complexity order of
O

(
MB(N2Nt + NNtNr + NtNr + Nr)

)
. By ignoring the

lower-order terms NtNr +Nr, the complexity expression can
be simplified as O

(
MBNNt(N +Nr)

)
.

V. CONCLUSION

This paper has proposed a novel transmission mecha-
nism for RIS-assisted mmWave systems named BGCS-CIM.
We have considered a practical RIS-assisted system model,
in which CIM has been delicately integrated to enhance
system performance. The simulation results have revealed
the superiority of the proposed scheme over the existing
benchmarks. We have also derived an analytical upper bound
for the proposed scheme, validating our simulations. Maximiz-
ing the Euclidean distance among indexed clusters can help
the system to further boost performance due to minimizing
inter-cluster interference, which we will investigate in our
future work.
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APPENDIX A
PROOF OF LEMMA 1

Different whitening procedures with benefits and detriments
are discussed in [32]. We prefer standardized zero-phase
components analysis (ZCA-cor) whitening transformation due
to its unique ability to keep the whitened noise Frn maximally
similar to the effective noise WHn [32]. As a result, while
we whiten the effective noise, we keep it as similar as possible
to its colored version.

APPENDIX B
PROOF OF LEMMA 2

Assume that x1 and x2 are two complex vectors with
the same dimension. It is straightforward to prove that the
following equation is correct.

||x1 + x2||2 = ||x1||2 + ||x2||2 + 2ℜ{xH1 x2}. (24)

Using (24), we can update (18) as follows:

P({c∗, s∗} →{c∗, ŝ}|α0, β1,1, . . . , βCR,LR
)

= P(2ℜ{
√
PnHfr,c∗fHr,c∗H

b∗

eff ft(s∗ − ŝ)}
+ |
√
P fHr,c∗H

b∗

eff ft(s∗ − ŝ)|2 < 0).
(25)

Let us define ζ = 2ℜ{
√
PnHfr,c∗fHr,c∗H

b∗

eff ft(s∗ − ŝ)} +
|
√
P fHr,c∗H

b∗

eff ft(s∗− ŝ)|2. Since nH has complex normal dis-
tribution with variance σ2, its real part has normal distribution
with variance σ2

2 , i.e., ℜ{nH} ∼ N (0, σ
2

2 ). Hence, it is easy to
see that ζ has normal distribution with mean µζ and variance
σζ , i.e., ζ ∼ N (µζ , σ2

ζ ), wherein

µζ = |
√
P fHr,c∗H

b∗

eff ft(s∗ − ŝ)|2,
σ2
ζ = 2σ2||

√
P fr,c∗fHr,c∗H

b∗

eff ft(s∗ − ŝ)||2.

Subsequently, we can derive the CPEP as

P({c∗, s∗} →{c∗, ŝ}|α0, β1,1, . . . , βCR,LR
)

= Q
( |fHr,c∗Hb∗

eff ft(s∗ − ŝ)|2√
2σ||fr,c∗fHr,c∗Hb∗

eff ft(s∗ − ŝ)||

)
. (26)

Finally, by taking expectation over enough number of channel
realizations, the UPEP expression can be obtained as in (19).

APPENDIX C
PROOF OF LEMMA 3

Let us define

χ1 =
|fHr,c∗n|2

σ2/2
, (28)

χ2 =
|fHr,ĉn +

√
P fHr,ĉ(H

b∗

effs
∗ −Hb̂

eff ŝ)ft|2

σ2/2
, (29)

where χ1 and χ2 are central and non-central chi-squared
random variables with two degrees of freedom, respectively.
Notice that, χ2 has a non-centrality parameter as:

Λ =
2|
√
P fHr,ĉ(H

b∗

effs
∗ −Hb̂

eff ŝ)ft|2

σ2
. (30)

The PDF of central and non-central random variable with i
degrees of freedom and non-centrality parameter of Λ is as
follows, respectively:

fχ1(x1) =
1

2
i
2 Γ( i2 )

x
i
2−1
1 exp (−x1

2
), (31)

fχ2(x2) =
1
2

exp (−x2 + Λ
2

)(
x2

Λ
)

k
4−

1
2 I k

2−1(
√

Λx2), (32)

where Iν(y) is the Bessel function of the first kind and it is
defined as:

Iν(y) = (
y

2
)ν

∞∑
i=0

(y2/4)i

i!Γ(ν + i+ 1)
. (33)

Accordingly, for two degrees of freedom, the PDF of χ1 and
χ2 can be obtained as follows, respectively:

fχ1(x1) =
1
2

exp (−x1

2
). (34)

fχ2(x2) =
1
2

exp (−x2 + Λ
2

)
∞∑
i=0

(Λx2
4 )i

(i!)2
. (35)

Thanks to the whitening filter, χ1 and χ2 are independent;
therefore, we can constitute their joint PDF as follows:

fχ1,χ2(x1, x2) = fχ1(x1)fχ2(x2)

=
1
4

exp (−x1 + x2 + Λ
2

)
∞∑
i=0

(Λx2
4 )i

(i!)2
. (36)

Subsequently, we can derive the CPEP expression for the
case of erroneous cluster index detection as (27), shown at
the bottom of the page. It is worth mentioning that during
solving process of (27), we used Maclaurin series for ex,
i.e.,

∑∞
i=0

xi

i! = ex, and
∫∞
0
xie−xdx = i!; the latter can be

obtained by extending the factorial to a continuous function

P({c∗,s∗} → {ĉ, ŝ}|α0, β1,1, . . . , βCR,LR
) = P(χ1 > χ2) =

∫ ∞

0

∫ ∞

x2

fχ1,χ2(x1, x2)dx1dx2 =
1
4

∫ ∞

0

exp (−x2 + Λ
2

)

×
∞∑
i=0

(Λx2
4 )i

(i!)2

{ ∫ ∞

x2

exp (−x1

2
)dx1

}
dx2 =

exp (−Λ
2 )

2

∫ ∞

0

exp (−x2)
∞∑
i=0

(Λx2
4 )i

(i!)2
dx2 =

exp (−Λ
2 )

2

∞∑
i=0

{
(Λ

4 )i

(i!)2

×
∫ ∞

0

xi2 exp (−x2)dx2

}
=

exp (−Λ
2 )

2

∞∑
i=0

(Λ
4 )i

i!
=

exp (−Λ
4 )

2
=

1
2

exp
(
−
|P fHr,ĉ(H

b∗

effs
∗ −Hb̂

eff ŝ)ft|2

2σ2

)
. (27)
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using definition of Gamma function. Ultimately, by taking
expectation over enough channel realizations, we can obtain
the UPEP as (21).
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