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Abstract

Reconfigurable intelligent surface (RIS) assisted millimeter wave (mmWave) device to
device (D2D) communication has recently been proposed as a viable solution to support the
overwhelming data traffic in fifth-generation (5G) and beyond wireless networks. However,
due to the substantial propagation and penetration losses of mmWave, a direct line of sight
(LoS) link between a pair of proximity devices is required for effective communication.
Static obstacles like trees and buildings can easily obstruct the direct LoS connectivity
between a device pair. In such cases, RISs help to establish an indirect LoS link between an
obstructed device pair by reflecting the signals in the desired direction.

In Chapter 2, we propose a set cover-based RIS deployment strategy to serve the
maximum number of obstructed device pairs with the minimum number of RISs. In
particular, we have demonstrated that double reflections via two consecutive RISs can
greatly lower the RIS density in the environment, preventing resource waste and enabling the
service of more obstructed device pairs. After the RIS deployment, for information transfer,
we also propose an energy-efficient RIS group selection criteria. Moreover, we prove that
under some conditions, double reflections are more beneficial than single reflection, which
is counter-intuitive. Numerical results show that our approach outperforms a random and a
recent deployment strategy.

In Chapter 3, assuming that the RISs are already deployed and the positions of the
nearby users are known, we propose a double-RIS assisted multihop routing scheme for a
device pair. Besides the RISs, the emphasis of this work is to make more use of the existing
intermediate users (IUs), which can act as relays. Hence, the density of RIS deployment in
the surroundings can be reduced, which leads to the avoidance of resource wastage. However,
we cannot solely depend on the IUs because this implies complete dependence on their
availability for relaying and as a result, the aspect of reliability in terms of delay-constrained
information transfer may not be guaranteed. Moreover, the IUs are considered capable of
energy harvesting, and as a result, they do not waste their own energy in the process of
volunteering to act as a relay for other users. Numerical results demonstrate the advantage
of the proposed scheme over some existing approaches, and lastly, useful insights related to
the scheme design are also drawn, where we characterize the maximum acceptable delay at
each hop under different set-ups.



The previous chapter presented a routing scheme for a particular device pair. For multiple
device pairs, a single RIS may be simultaneously requested by several devices to act as
a relay for their seamless communications. To deal with such cases, in Chapter 4, we
propose a priority-aware, user traffic–dependent, grouping-based multihop user scheduling
scheme for RIS-assisted mmWave D2D communication under spatially correlated channels.
Specifically, the proposed scheme exploits the priority of the users (based on their respective
delay-constrained applications) and the aspect of spatial correlation in the narrowly spaced
reflecting elements of the RISs. Here, based on the other users in the neighborhood, their
respective traffic characteristics, and the already deployed RISs in the surroundings, we
establish a multihop connection for energy-efficient information transfer from one of the
users to its intended receiver. In this context, we take into account the impact of considering
practical discrete phase shifts at the RIS patches instead of its ideal continuous counterpart.
Moreover, we also claim and demonstrate that the existing classic least remaining distance
based approach is not always the optimal solution. Finally, the numerical results demonstrate
the advantages of the proposed strategy over the existing benchmark schemes in terms of
data throughput, energy consumption, and energy efficiency.

In the previous chapter, each device pair selects the best energy-efficient group, and in
case of multiple pairs selecting the same best group, they are scheduled as per their priorities.
However, the best group may lead to a large delay for some of the pairs. Moreover, the
energy harvesting aspect is not considered there. In Chapter 5, we investigate various group
selection strategies which select the k-th best group by considering self-sustainable RIS
with spatially correlated channels. Specifically, we consider both power splitting and time
switching configurations of the self-sustainable RIS to analyze the system performance
and propose appropriate bounds on the choice of system parameters. The analysis takes
into account both linear and non-linear energy harvesting models. Based on the application
requirements, we propose various group selection strategies, which schedule the k-th best
available group based on the end-to-end signal-to-noise ratio and also the energy harvested
at a particular group. Accordingly, by using tools from high-order statistics, we derive
analytical expressions for the outage probability of each selection strategy. Moreover, using
extreme value theory, we investigate an asymptotic scenario where the number of groups
available for selection at an RIS approaches infinity. The nontrivial insights obtained from
this approach are especially beneficial in applications like large intelligent surface-aided
wireless communication. Finally, the numerical results demonstrate the importance and
benefits of the proposed approaches in terms of throughput and outage performance.
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Chapter 1

Introduction
In recent years, most of the Internet of Things (IoT) devices are connected to the Internet,
and due to their smart applications, they need a high data rate. As a result, the wireless
traffic has been increasing at an explosive rate; it is expected to increase more than five times
in between 2023 and 2028 [1]. Even if two devices are within the communication range of
each other, all communications in a conventional cellular network must pass through the
base station (BS). This architecture works well with traditional low data rate mobile services
like text messaging and voice calls, where users are typically too far apart to communicate
directly. To support the overwhelming data rate and reduce the traffic of the BS, device
to device (D2D) communication has been introduced [2, 3]. In D2D communication, the
exchange of information between two proximity mobile users can take place directly without
going via the BS.

Furthermore, millimeter wave (mmWave) in D2D communication has emerged as the
main technology in 5th generation (5G) [4, 5] wireless communication networks to support
the increased data traffic [6, 7]. The mmWave bands roughly correspond to frequencies
from 30 GHz to 300 GHz [7], and the available spectrum at these higher frequencies
can be easily 200 times greater than all cellular allocations today. Note that, although
mmWaves solve the problem of enhanced data rate, it has its own set of shortcomings such
as significant propagation and high penetration losses. As a result, in order to achieve
successful communication in mmWave bands, a direct line-of-sight (LoS) link is required.
Furthermore, due to the unique propagation characteristics of mmWaves, it needs to transmit
in beams with much greater directionality than in cellular systems.

Additionally, to support the enhanced data traffic, technologies such as beamforming and
adaptive modulation have been developed over the last few decades. However, irrespective
of the technicalities, the unifying motivation behind all of them is to intelligently adapt to
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the randomly varying wireless channel instead of having a control over it. In this context, a
new technology that promises to address this issue is the so-called reconfigurable intelligent
surfaces (RISs) [8, 9, 10, 11]. RISs help to establish an indirect LoS link between an
obstructed device pair by reflecting the signals in the desired direction. A RIS consists of
an array of reconfigurable passive elements embedded on a flat metasurface and is able
to ‘control’ the wireless channel instead of adapting to it [12]. This is practically done by
tuning the parameters of its passive elements [13]. Furthermore, as a RIS simply reflects the
incident signal in a desired direction, it does not need any radio frequency (RF) chains. As a
result, this reduces the hardware cost, thereby enhancing the energy efficiency of the future
wireless networks. In 5G and beyond mmWave wireless networks, RIS helps to improve the
spectral efficiency as well as the coverage area.

We further note that the RIS is essentially a passive device that simply reflects the
incoming signal as well as the noise to its desired direction by tuning its parameters.
However, a few works also consider active RIS configurations in addition to the passive
types. As a result, in multi-RIS scenarios, secondary reflection can be used in addition to
single reflection to greatly enhance the communication range through appropriate RIS tuning.
For reliable signal reflection and propagation in mmWave communication, a LoS between
the devices and the RIS is essential. Optimal RIS placement can significantly extend the
coverage of such networks with a minimum number of RISs, which effectively reduces
both the hardware and installation expenditure. Furthermore, once RISs are deployed, they
don’t move with the mobile users; they stay fixed. Therefore, the strategic placement of
RISs employing both single and double reflections is one of the most significant operational
challenges to overcome the signal obstruction.

Furthermore, any given user pair will communicate with one another for only a limited
period of time. Therefore, adding a lot of RISs to the environment could lead to the wastage
of resources. A cooperative multihop communication is one possible way to prevent this
waste [14, 15, 16]. In other words, in addition to using the RISs, other idle intermediate users
(IUs) in the vicinity can also be used as relays for a successful communication between a pair
of devices. Here, IUs can relay the signal by amplifying-and-forwarding (AF) or decoding-
and-forwarding (DF) [17, 18]. AF relays increase the effective noise at the intended
user while also enabling low-cost processing. However, because DF relays only send the
information that has been received and not the complete information-plus-noise mixture to
the subsequent hop, they ensure high reliability. Therefore, it would seem that choosing to
serve as a DF relay is a good option for the idle IUs. Note that we cannot totally rule out the
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use of RISs and rely solely on the IUs. Reliability in terms of delay-constrained information
transfer cannot be ensured if a pair of users’ communication is entirely dependent on
the availability of the idle IUs. In that scenario, the traffic characteristics of these IUs
will determine the duration of the entire communication process. Therefore, selection of
appropriate IUs and RISs for the communication between a pair of devices in a cooperative
framework is a challenging issue.

The conventional RIS fundamentally reflects the incident signal in a desired direction
by adjusting its phase shift parameters. It is evident that training time increases in direct
proportion to the number of elements in the RIS [19, 20, 21], which can result in a significant
feedback overhead and jeopardize anticipated performance improvements. Moreover, any
given D2D pair always communicates with each other for a limited period of time. As a
result, using the entire RIS is not energy efficient and may result in unnecessary resource
waste. Therefore, the works in [22, 19] suggest grouping strategies where the nearby RIS
elements are grouped together into smaller non-overlapping surfaces with identical phase
shifts in order to avoid the massive channel estimation overhead in RIS-based systems
[23]. Additionally, the arrays of the reconfigurable elements are very narrowly spaced.
Hence, we cannot overlook the impact of spatial correlation in RIS-assisted communication.
Furthermore, a lot of current research assumes that the phase shifts provided by a RIS are
continuous, but in real-world systems, they are actually discrete in nature [24]. Hence, these
limited phase shifts do have a significant impact on the system performance. Moreover, a
single RIS may be concurrently requested by multiple device pairs to serve as a relay for
their seamless communications in a multihop D2D communication scenario. Consequently,
designing a user-traffic-aware, grouping-based multihop scheduling scheme under spatially
correlated channels becomes particularly challenging.

Besides, an RIS is a ‘nearly’ passive device, meaning it reflects the incident sig-
nal through adjustable phase shifts without any amplification, relying solely on passive
meta-materials that consume minimal power. To support this energy requirement, a self-
sustainable RIS is required. Additionally, the aspect of choosing an appropriate group at
the RIS is important because there is always a chance that the best group, which serves our
objective, is preoccupied or currently serving another user pair. Moreover, as the arrays
of the reconfigurable elements are very narrowly spaced, we cannot ignore the impact of
spatial correlation. Therefore, the k-th best group selection strategies are more crucial in a
self-sustainable RIS-assisted communication.
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Figure 1.1: RIS-assisted communication environment.

This thesis deals with developing algorithms for 1) strategically positioning the RISs,
2) appropriately selecting the RISs and IUs for a multihop cooperative framework, 3)
scheduling multiple requests according to their traffic characteristics, and 4) selecting the
k-th best group in a self-sustainable RIS-assisted communication.

1.1 Background: RIS architecture and its key uses

A RIS is a flat metasurface made up of numerous inexpensive, quasi-passive reconfigurable
reflecting elements, each of which has the ability to reflect incoming electromagnetic signals
in a desired direction by controlling its phase shifts [25]. Every passive element contains
a series of embedded PIN diodes that may be switched between the ON and OFF states
by adjusting the biased voltage using a direct current (DC) input line. Therefore, RIS can
directly reshape the wireless propagation channel in favor of signal transmission, which
differs from traditional wireless communication techniques used in transceivers. Note that
this depends on the channel conditions and must be adjusted when the channel conditions
change. Moreover, there is a popular self-sustainable RIS architecture, where RIS elements
can perform both energy harvesting (EH) and information transfer (IT) simultaneously.
Note that the required phase shift and the circuit processing power are harvested from the
incoming signals, and the EH process is done according to the linear or nonlinear EH model
[26, 27]. Additionally, reflective components based on RF switches, varactor diodes, liquid
crystal (LC) metamaterials, and other technologies are used in some RISs. However, in our
work, we only look at the variation that is most frequently used in the literature, which is RIS
elements that are implemented using P-type/Intrinsic/N-type (PIN) diodes. Specifically, we
use self-sustainable RIS in RIS-assisted D2D communication scenarios. The performance
of D2D communication in a 5G network can be significantly enhanced by integrating RIS.
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Figure 1.2: Coverage enhancement by RIS.

1.1.1 Data rate enhancement

In a RIS-assisted mmWave wireless communication setup, due to the presence of obstacles,
a device cannot communicate to its desired counterpart when the direct LoS link between
them is blocked (as shown in Fig. 1.1). As a result, the achievable data rate at the receiver
end is not adequate to ensure successful communication. In this context, when a direct LoS
link is blocked, we use a RIS between the transceivers to improve the channel gain at the
receiver end. In order to increase the signal strength, the reflective components of RISs are
arranged so that the reflected signal constructively complements the direct signal, and this
process is called the phase shift optimization technique.

The reflective components of the RIS are set up to produce passive beamforming because
the RIS itself does not contain any active RF chains. The signal-to-interference-plus-noise
ratio (SINR) at the user equipments (UEs) can be significantly improved by simultaneously
optimizing the active beamforming at the transmitter and the passive beamforming at the
RIS [28, 29]. Consequently, the transmit power and RIS phase shifts can be optimized
together to maximize the total throughput of all UEs. An RIS can also be set up to maximize
the sum data rate while strictly adhering to the power budget of each transmitter and the
acceptable outage probability of each UE in order to guarantee equity among all UEs.

1.1.2 Coverage area enhancement

The mmWave suffers from high propagation and penetration losses from obstacles such
as trees and buildings and has a great impact on wireless communication scenarios. For
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example, the penetration loss due to concrete is more than 120 dB, while moving obstacles
such as cars cause a loss of more than 17 dB [30]. Specifically, for mmWave communication,
a LoS link is required between the transcievers to ensure successful data communication.
As shown in Fig. 1.2, due to the presence of obstacles, the direct LoS link is blocked. To
support the communication, a RIS is placed between them in order to provide a indirect LoS
link. Therefore, the coverage area in terms of the number of pairs of serving devices can be
significantly increased.

In addition to the RIS, an intermediate user (IU) can also act as relay to support seamless
connection when the direct LoS link is blocked. Thus a strategic cooperative communication
model that uses both the IUs and RISs can enhance system coverage by providing an indirect
LoS link between an obstructed device pair.

1.1.3 Performance Enhancement

The loss of spectral efficiency caused by severe interference in dense multi-user networks
with constantly expanding UE populations is one of the primary obstacles to achieving the
necessary data rate for mixed user traffic. The orthogonal frequency division multiplexing
(OFDM) [31] in combination with multiple input multiple output (MIMO) is a promising
technology to improve spectral efficiency for mmWave D2D communication. The entire
channel in OFDM is split up into numerous narrow-band subchannels, which are sent in
tandem to sustain high data rate transmission while simultaneously lengthening the symbol
duration to counteract inter-symbol interference. Note that OFDM allocates each frequency
to a particular user to avoid interference. Therefore, by appropriately grouping the RIS
configuration and using OFDM, it is possible to intelligently redesign the propagation
environment and control the UE’s channel conditions. Moreover, by tunning the phase shifts
of the elements of the RIS, we can reduce interference between the device pairs that share
the common RIS, which in turn enhances the SINR and throughput.

1.1.4 Improvement of reliability

Numerous low-latency services are anticipated by 5G and beyond wireless networks, in-
cluding industrial automation, remote surgery, virtual reality, tactile internet, and connected
and autonomous cars, among many others. According to the 3GPP standard for the 5G
new radio, a 32-byte URLLC packet must have a URLLC latency (delay tolerance time)
of less than 1 ms and a reliability of more than 0.99999. The authors [32, 33] have shown
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a significant rise in the bit error rate (BER), which reduces the transmission reliability, if
the direct link between the transceivers is blocked. When the direct link is blocked, we
can provide an indirect LoS link by integrating RIS into 5G and beyond networks. The
RIS-assisted cooperative D2D network maximizes the possible data rate by optimizing the
combined phase shift matrix and power allocation [34], which significantly improves the
reliability.

1.2 Challenges in RIS-assisted D2D Communication

RIS is a game-changing technology in mmWave D2D communication environments. Al-
though RIS helps to enhance data rate, coverage area, and improve reliability, there are
several challenges of using RISs. Due to the presence of obstacles, a direct LoS link between
transceivers may not be available. A proper placement of RISs can help to get indirect LoS
in such cases. Thus, RIS placement is a very challenging issue. Moreover, in a multi-hop
scenario, a source can send its data packets to its desired destination by using a cooperative
framework of IUs and RISs. The routing aspect of a cooperative framework is not well
investigated. Additionally, multiple sources may request a particular RIS to forward their
data packets to their intended destinations. In such a case, the users must be scheduled
appropriately to use the concerned RIS. Furthermore, at a particular moment in time, if
the best RIS for a given requesting pair is not available, the k-th best RIS may need to be
selected to facilitate communication. These motivations and challenges are discussed in
detail below.

1.2.1 Strategic RIS placement

In the mmWave D2D communication scenario, RIS plays a key role in 5G and beyond
to provide a high data rate. In this setup, a LoS link is essential for successful data
communication. However, in the urban and highly obstructed scenario, most of the direct
LoS links between a device pair are blocked. In this context, RISs are used to provide an
indirect LoS link between them. Note that the RIS is only usable if the LoS link between the
devices and the RIS is unobstructed and falls within the devices’ communication distance
threshold. It should be noted that although the RIS used less power than active antenna
arrays, power is still needed for it to function. Thus, reducing the number of RISs installed
in the network environment is also crucial for increasing energy efficiency. Furthermore,
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augmenting the environment with a large number of RISs may result in unnecessary wastage
of resources. Note that, in the RIS-aided D2D communication setup, the transceivers
are mobile while the RISs are static in nature. Therefore, optimal RIS placement can
significantly extend the coverage of such networks with a minimum number of RISs, which
effectively reduces both the hardware and installation expenditure.

1.2.2 Cooperative routing scheme

The optimal placement of RISs [35, 36, 37] can significantly extend the coverage with a
minimum number of RISs. However, augmenting the environment with a large number
of RISs may result in unnecessary wastage of resources. In addition to utilizing the RISs,
other nearby idle users could serve as a relay to help a particular pair of users for successful
communication. Note that we cannot totally rule out the use of RISs. On the other hand,
reliability in terms of delay-constrained information transfer cannot be ensured if the
communication between two users depends only on the IUs. This is because, only idle IUs
can act as a relay node. Therefore, a cooperative multi-hop routing scheme that uses both
the IUs and RISs can improve the system performance significantly.

1.2.3 User scheduling

In mmWave D2D communication scenarios, the RIS-assisted cooperative framework is
a potent technique that can increase D2D communication coverage. In a cooperative
framework, a source wants to send its data packets to its intended counterpart by using
idle IUs and RISs. However, in practice, multiple sources can request a particular RIS or
IU to forward their data packets to their desired counterpart. Note that a particular RIS
or IU can serve a single request at a time. Additionally, energy efficiency is also a very
important factor in low-power and low-complexity communication environments. There
should be an energy efficient user scheduling strategy to use a particular RIS or an IU to
execute hassle-free data communication.

1.2.4 RIS group selection

For using the entire RIS, pilot signals are to be sent from each element of the RIS to measure
the channel state information. This may result in a significant feedback overhead and
jeopardize the anticipated performance improvements. Because of this, utilizing the full RIS
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Figure 1.3: Group selection strategy.

might not be energy-efficient and could squander resources needlessly. To address this issue,
there are several works [19] that suggest grouping strategies where the nearby RIS elements
are grouped together into smaller non-overlapping surfaces with identical phase shifts in
order to avoid the massive channel estimation overhead in RIS-based systems. Therefore,
in a particular instance, more than one group may be available to facilitate the successful
information transfer. In this context, the aspect of choosing an appropriate group at the RIS
is important because there is always a chance that the best group, which serves our objective,
is preoccupied or committed to serving another requesting pair. This may lead to select the
k-th best group for a successful communication. Besides, an RIS is a ‘nearly’ passive device,
meaning it requires a small but nonzero amount of energy for its phase-shifting operations.
To support this energy requirement, a self-sustainable RIS configuration is developed, in
which the RIS can harvest the required energy from the incoming signals [38]. Therefore,
the k-th best group selection strategies must also consider the energy harvesting parameters
for a self-sustainable RIS-assisted D2D communication scenario.

1.3 Literature review and research gap

In this thesis, we first present a RIS placement strategy taking care of single as well as double
reflections. Next, considering the multi-hop cooperative framework, we select appropriate
RISs and IUs for successful data communication. Then, we develop a user scheduling
strategy when multiple requests arrive to a particular RIS or IU. Finally, we investigate the
k-th best group selection scheme when the best group is occupied by other user pair. In the
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following subsections, we emphasize the literature review related the works presented in the
thesis and identify the research gaps.

1.3.1 RIS deployment taking care of both single and double reflections

Nowadays, RIS-assisted D2D communication forms a new research direction [39, 40, 41],
and the majority of recent research focuses on RIS usage by assuming that RISs are already
setup and accessible. The aspect of RIS-assisted D2D communications [42, 43] form an
interesting direction of research. The work in [42] investigates the role of RISs for enhancing
the energy efficiency of a D2D communication network. The authors in [43] focus on the
uplink communication of a RIS assisted D2D enabled cellular networks. The objective of
obtaining high-speed data rates is efficiently fulfilled by the use of high-frequency signals,
such as the mmWaves [44], for short-distance communication. However, mmWaves suffer
from its own set of shortcomings like significantly high penetration and propagation losses.
Thus, RIS-assisted D2D network is the solution for such scenarios, where the direct LoS
is not of sufficient quality to support mmWave-based communication [45]. As a result,
RISs are strategically placed at locations where they have clear LoS links with both the
users intending to communicate with each other. In this context, a novel RIS deployment
strategy in the presence of phase errors is developed in [41] by keeping in mind the fair and
acceptable restriction of the total number of RIS elements. In order to improve the coverage
by optimizing the RIS orientation and horizontal distance, the authors in [37], develop an
optimization problem for RIS placement. In a recent study in [46], a large number of RISs
are strategically placed on the wall of the randomly located obstacles, like buildings, so that
the coverage area can be improved significantly. A graph-based RIS deployment strategy to
serve a maximum number of device pairs is discussed in [35]. The authors in [36], convert
the RIS placement problem to a set cover problem and provided a greedy algorithm to
enhance the system coverage area.

Most of the works on RIS deployment discussed above assumed single reflection only
[35, 36, 37, 46]. Note that a few device pairs may not be able to communicate with each
other via a single reflection, depending on the shape and position of the obstacles. In practice,
the secondary reflections are not insignificant, especially in metropolitan settings where
the RISs are not widely dispersed. Therefore, in a few cases, double reflections can be
impactful when a single reflection is insufficient for RIS-assisted communication. However,
the role of triple and higher-order reflections is usually ignored due to significant effective
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path loss [17, 47]. Accordingly, the work in [48, 47] demonstrates that by proper tuning of
the RISs, the multi-RIS secondary reflection can be leveraged to significantly enhance the
range of communication. Additionally, by allowing double reflections, we can serve more
obstructed device pairs without deploying more RIS. The work in [49], proposed a joint
passive beamforming design for two consecutive RIS-assisted communications. However,
all the above works assumed that the RISs were already deployed rather than developing
any deployment strategy for double reflection [48, 47, 49]. In this thesis, we developed a
RIS deployment strategy for an urban setup considering single as well as double reflections
and shown that sometimes double reflections may be more beneficial than single reflection.

1.3.2 Routing in mmWave D2D communication scenario

Note that D2D communication has a small effective coverage range, and it is a short-range
communication service. In particular, if two D2D users are located far apart or if the channel
conditions between them are significantly fading, the D2D communication between them
will be disrupted [50]. Therefore, the multi-hop D2D connection is an efficient way to further
enhance the coverage area of two device pairs where the IUs can be used as a relay node [51].
Therefore, D2D relay communication mode can improve network stability, increase network
deployment flexibility, and clearly lower communication strain and request latency [52].
The authors in [52], proposed a relay selection algorithm with low computational complexity
to obtain an appropriate relay node for D2D links by controlling the power. Based on the
anticipated data rate, a probabilistic approach for relay selection is investigated in [53]. Note
that we cannot totally depend on the IUs. This is because, if the communication between
two users depends only on the IUs, reliability in terms of delay-constrained information
transfer cannot be ensured due to the idle IU unavailability. In that case, the time for the
entire communication process will be entirely dependent on the traffic characteristics of
these IUs. That is, we cannot provide the aspect of guaranteed, reliable communication.

On the other hand, as discussed earlier, both primary and secondary reflections can
be used to greatly increase the communication range by appropriately adjusting the RISs
[47, 48]. In [48], the authors investigated a double RIS-assisted wireless communication
system in which two RISs facilitate communication via double-reflection links from a BS
to several users. The work in [14], proposes a practical hybrid beamforming architecture
for multi-hop RIS-empowered wireless communication networks. The author in [54],
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considered RISs as intermediate relay nodes that facilitate multi-flow multipath routing.
However, RIS may not be available at all for serving a particular device pair.

A possible solution to this problem is to adopt a cooperative multihop approach, where,
apart from the RISs, the other IUs present in the surroundings, depending on whether they
are busy or idle, can be used as relays, to facilitate the communication. IUs may decode
and forward or amplify and forward [17] the incoming signal. While AF relays have low
processing cost, DF relays have high reliability as they forward only the decoded information
portion to the next hop and not the entire received information-plus-noise mixture [18].
Thus, the option of having the idle IUs to act as DF relays seems beneficial. Thus, to
address applications with delay limitations such as URLLC [55], IUs must also be used
along with RISs. In this thesis, we developed a multihop routing scheme for cooperative
D2D communication using both IUs and single and double RIS as intermediate relay nodes.
To the best of our knowledge, this is the first study to provide a multihop routing method
that combines IUs with double RIS-assisted communication.

1.3.3 User scheduling at RIS and IU

Multiple device pairs may require the same RIS for their multihop routing. In that case, a
proper scheduling of the users must be done in order to effectively use the concerned RIS. In
this context, there exist some works that investigate various aspects of routing in RIS-aided
multihop networks. A feasible hybrid beamforming architecture for multi-hop RIS-powered
wireless communication networks is proposed in [14]. A graph convolutional network-based
method with user interference relationship as the main input is used in [56] to tackle the
link scheduling problem. Similarly, [57] solves the link scheduling problem using location
data and a deep learning-based graph embedding technique. Taking energy-efficiency (EE)
into account as one of the key difficulties, the author in [58] simultaneously optimizes the
beamforming vector, transmit power, and phase shifts for RIS-assisted multihop networks.
However, the aspect of user scheduling in RIS taking care of energy efficiency is not yet
investigated.

Moreover, as far as the structure of a RIS is concerned, certain aspects are critical to be
considered and analyzed in this multihop framework. Firstly, the arrays of the reconfigurable
elements are very narrowly spaced, which implies that the channels between the consecutive
reflecting elements and the source/destination are spatially correlated [59, 60]. Hence, to
avoid the huge channel estimation overhead in RIS-based systems, the works in [22, 19]
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propose grouping strategies where the nearby RIS elements are grouped together into
smaller non-overlapping surfaces with identical phase shifts. Secondly, most existing works
assume a continuous nature of the phase shifts that are offered by a RIS whereas in practical
systems, they are actually discrete in nature [61]. Hence, these limited phase shifts do
have a significant impact on the system performance. These aspects of a RIS cannot be
overlooked if we are interested in investigating the practically feasible cooperative multihop
framework. Furthermore, the least remaining distance (LRD)-based approach [62] is a
standard procedure in the literature to establish a multihop connection between two users,
whether the sole objective is to reduce the effective distance between the two in each hop
[63]. But, this LRD approach appears good if and only if we do not take the channel
conditions and the availability of the IUs into consideration. Therefore, in this thesis,
we develop a priority-aware multi-user scheduling in a multi-hop scenario to support a
hassle-free communication taking care of the channel correlations.

1.3.4 Generalized group selection

The traditional RIS reflects the incident signal in the desired direction by controlling the
phase of each element. Thus training overhead is in direct proportion to the size of the
RIS [19], which could lead to a large feedback overhead and compromise the expected
performance gains. Hence utilizing the full RIS may not be energy efficient and could lead
to needless resource waste. Therefore, the studies in [22, 19] offer grouping solutions where
the surrounding RIS elements are grouped together into smaller non-overlapping surfaces
with identical phase shifts in order to reduce the enormous channel estimation overhead in
RIS-based systems. The work in [23] proposes grouping-based RIS, but without considering
the impact of spatial correlation. Note that, as the inter-element spacing in an RIS decreases,
the aspect of spatial correlation becomes more and more crucial. By incorporating this
aspect, we can investigate a grouping-based RIS-aided multihop communication scenario.
Note that the aspect of choosing an appropriate group at the RIS is important because there is
always a chance that the best group, which serves our objective, is preoccupied or committed
to serving another requesting user pair. However, this aspect of looking at group selection
strategies in the RIS, by taking into account the aspect of spatial correlation, has not been
adequately explored for the D2D communication scenario.

Besides, an RIS is a ‘nearly’ passive device, meaning it requires a small but nonzero
amount of energy for its phase-shifting operations. In this direction, the work in [38]
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proposes a self-sustainable RIS configuration, where the RIS can harvest the required energy
from the incoming signals. Depending on the energy harvesting (EH) process, the authors
propose two separate architectures: power splitting (PS) and time switching (TS). In the
PS configuration, the signal power is divided into two streams: one is used for EH at the
RIS, and the other is used to reflect the signal in the desired direction. On the contrary, in
the TS configuration, the incident signal is solely used for EH during specific time intervals
and at other times, it reflects the incoming signal. The authors in [64] propose optimized
transmission strategies for self-sustainable RIS-aided simultaneous wireless information
and power transfer. As a result, this particular class of RISs is ideal for operation with
minimal or zero external energy supply. Hence, it is ideal for scenarios where autonomous
operation is beneficial, resulting in an efficient and sustainable wireless communication
network. However, different RIS groups may have different levels of harvested energy, as
they harvest their energy from the incoming signals. Thus, the best group for a particular
device pair depends on the level of energy harvested by different elements of the RIS. Note
that the same group may found to be the best for different device pairs. In that case, we must
rely on the k-th best group. However, these aspects have not been adequately addressed yet
for group selection. Accordingly, in this thesis, we develop various generalized k-th best
group selection strategies by considering the self-sustainable RIS-aided scenarios.

1.4 Scope of the thesis

In order to meet the necessary demand of various 5G and beyond services, it is imperative
to overcome the significant operational challenges associated with effectively utilizing RIS
in real-world 5G wireless systems. Some of the main difficulties have been noted in this
thesis, and algorithms to address them have been developed.

In Chapter 2, we first develop a set cover-based RIS deployment strategy that helps
to get an indirect LoS link between a transmitter and receiver pair in order to establish
communication when there is no direct LoS link between them by considering both single
and double reflection. After deploying the RISs, if a device pair wants to communicate with
each other, multiple RIS may be available to assist their communication. However, due to
the obstacles’ shape and density, a few device pairs may not get indirect LoS via a single
reflection. In such cases, double reflection can help them to get an indirect LoS. This, in
turn, increases the number of served blind pairs. Moreover, double reflection has also been
demonstrated to lower the number of RIS needed. Additionally, we have mathematically
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proved that under certain conditions, double reflections are more energy-efficient than
single reflections, which is quite counter-intuitive. Next, we have demonstrated that three
reflections may provide only a slightly higher throughput, but the corresponding power
consumption is reasonably high. As a result, triple or higher reflections may not be as good
as a double reflection in terms of energy efficiency. This further justifies the widespread
assumptions of ignoring the triple and higher-order reflections in the literature. Furthermore,
it is shown that the approximation ratio of our set cover-based RIS deployment algorithm
is O(log |B|), where |B| represents the total number of blind pairs. This ratio is the best
possible, as no polynomial-time algorithm for set cover can give a better approximation ratio
than O(log n) unless P = NP. Then, each RIS is divided into a number of non-overlapping
subgroups to reduce the channel estimation overhead. Subsequently, we propose an energy-
efficient algorithm to find the appropriate subgroups of an RIS to achieve higher sum
throughput. Finally, through the numerical results we show that our approach outperforms a
random and a recent deployment strategy.

Chapter 3 is based on the already deployed RISs and the users in the surroundings. It
describes the procedure by which information transfer takes place from a particular user
to its desired counterpart. Moreover, we assume that the RISs are strategically placed in
the environment and that idle IUs agree to act as a DF relay node. Our priority is to make
more use of the idle IUs over the RISs due to the following reasons. Firstly, the RISs
reflect the entire incoming signal including the noise in the desired direction, whereas a DF
relay separates the noise from the information to transmit only the latter to the next user.
Secondly, being a passive device, too many RISs installation in the surroundings leads to
unnecessary wastage of resources. Lastly, opting for RIS over an idle IU as a hop implies
frequent restart of the former, which creates problems for other users that are being served
by this particular RIS at that time. However, the importance of the RISs cannot be ruled out
completely. Being solely dependent on the IUs for information transfer may also hamper
the reliability of the entire process, as it will fully rely on the IU availability and traffic
characteristics. Moreover, the IUs are considered capable of energy harvesting and as a
result, they do not waste their own energy in the process of volunteering to act as a relay for
other users. Considering these insights, in this chapter, we propose a double-RIS assisted
multihop routing scheme (DRAMS) for a D2D communication network. Moreover, useful
information related to the proposed routing scheme is also obtained, where we characterize
the maximum acceptable delay under different scenarios. Finally, the numerical results
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demonstrate the benefit of DRAMS in terms of reduced RIS usage, enhanced data rate, and
energy efficiency, respectively, with respect to the existing benchmark scheme.

In Chapter 4, we consider the aspect of multihop routing in a grouping-based RIS-
assisted wireless network with spatially correlated channels. Effective grouping implies that
a single RIS can cater to multiple pairs of devices simultaneously. Between a given pair of
devices, our aim is to find a sequence of appropriate RIS group and IUs acting as relays
when a direct LoS does not exist between them. Moreover, it may so happen that multiple
relay requests arrive at a particular RIS or IU. In that case, IU must choose which request to
fulfill and which RIS group to use. In this context, based on the respective delay constraint
and the channel condition, we propose a metric that takes this decision. Here, instead of
choosing the LRD as the criteria for selecting the next hop, we choose that particular IU
as next hop, which provides the best data rate depending on the channel condition. In this
context, we have used adaptive modulation for calculating the data rate obtained among the
IUs. It is important to note that our priority is to make more use of the IUs over the RISs
as explained earlier for delay-sensitive scenarios. Accordingly, we propose an intelligent
scheduling strategy to handle multiple requests arriving at an IU by taking into account their
delay constraints, respective channel conditions, and also the activity status (idle/busy) of
the concerned IU. Finally, the numerical results demonstrate the benefits of the proposed
framework, which results in enhanced data rate, reduced energy consumption, and enhanced
energy efficiency, respectively, with respect to the existing benchmark schemes.

In Chapter 5, we consider a grouping-based self-sustainable RIS-aided single-hop
communication setup with a finite number of groups. By taking into account both the power
splitting (PS) and time splitting (TS) configurations of the RIS, we propose appropriate
bounds on the choice of system parameters. The analysis takes into account a simplified
linear EH model and also a practical non-linear EH model. Accordingly, a single group at
the RIS is selected for information transmission from the source to the destination. Next, by
considering the aspect of spatial correlation at the RIS, various group selection strategies are
proposed. Specifically, the proposed strategies depend on the end-to-end signal-to-noise ratio
(SNR) and the energy harvested at the groups. By employing tools from high-order statistics,
we propose generalized group selection strategies and also characterize the outage (both
information and energy) probability for each of these schemes. In particular, a complete
analytical framework for the performance of the k-th best group selection at the RIS is
presented. Finally, by using tools from the extreme value theory (EVT), we investigate
the asymptotic performance of the system, where the number of groups is significantly
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large. Extensive Monte Carlo simulations validate the proposed analytical framework. We
observe that the strategic group selection strategy outperforms its random selection-based
counterpart. Moreover, we compare our method with an existing framework that groups
the RISs without considering spatial correlation, and demonstrate how spatial correlation at
the RIS affects the outage performance of the proposed strategies in terms of inter-patch
spacing. Furthermore, the impact of the value of k in the proposed generalized k-th best
group selection strategy can also be seen. Finally, the results also depict the effect of having
a large number of groups available for grouping on the system outage performance.

Finally, Chapter 6 concludes our work, and here, we mention a few future research
directions of the investigated works.

1.5 Thesis organisation

In Chapter 2, a novel RIS placement strategy has been discussed by considering both single
and double reflections. Next, in Chapter 3, based on the already deployed RISs, novel double-
RIS assisted adaptive modulation-based multihop routing scheme for D2D wireless networks,
which takes into account the aspect of multi-RIS secondary reflection. Furthermore, to
handle multiple requests, a novel priority-aware channel-dependent scheduling strategy has
been investigated for RIS-assisted multihop D2D communication, which also takes into
account the aspect of element grouping at the RIS. A order statistics-based generalized
group selection strategies for a self-sustainable RIS-assisted D2D communication set-up in
a Rician fading scenario, which takes into account the aspect of correlated channels, has
been discussed in Chapter 5. Lastly, the thesis is concluded and future research directions
are discussed in Chapter 6.
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Chapter 2

Double Reflections Aided RIS
Deployment and Energy-efficient Group
Selection Strategy 1

2.1 Introduction

RIS-assisted mmWave D2D communication is a promising technique in 5G and beyond
wireless network systems. Since mmWave suffers from high propagation and penetration
loss, a LoS link is required in the aforementioned communication system. However, Static
obstacles like trees and buildings can easily obstruct the direct LoS connectivity between
a device pair. In this context, RIS placement plays a crucial role in improving the system
performance. More specifically, RIS deployment strategy for both single and double
reflection is a very challenging issue in D2D communication. Therefore, in this chapter, we
suggest a set cover-based RIS deployment approach for D2D communication with single
and double RIS assistance. We have specifically shown that allowing reflections through two
consecutive RISs can significantly reduce the environment’s RIS density, avoiding resource
waste and allowing more obstructed device pairs to be served. We also offer an energy-
efficient group selection criterion for information transfer following the RIS deployment.
Furthermore, we demonstrate that, contrary to popular belief, there are instances in which
double reflections are preferable to single reflections. Simulation results justified our claim.
The symbols used in this chapter and their respective meanings are given in Table 2.

1This chapter is based on the following publication:
L. Sau and S. C. Ghosh, “RIS deployment and group selection strategy in double-RIS assisted mmWave D2D
communication”, IEEE Transactions on Green Communication and Networking, Vol. 10, pp. 723-736,
2026.
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2.2 Chapter Organization

This chapter is organized as follows. We have discussed the system model and preliminaries
in Section 2.3. Mathematically, the problem formulation is discussed in Section 2.4. The
strategic deployment of RISs, the group selection strategy, and their analysis are discussed
in Section 2.5. Thereafter in Section 2.6, we have discussed the simulation results and
compared this with the existing placement strategies. Finally, in Section 2.7, we give
concluding remarks and the future direction of the research.

2.3 System Model and Preliminaries

2.3.1 Network Topology

Consider a wireless communication system that operates in a rectangular area that is
partitioned into small squares or grids of unit size, which is shown in Fig. 2.1. The
area of the rectangle consists of Mr rows and Mc columns. We assume that each unit square
grid is identical with respect to their center and we also assume that the center of the leftmost
corner square is the origin. It is noted that the device that will operate in this setting will
have highly directed antennas. The position of a user is approximated to the center of the
grid within which it lies. We assume that a device can communicate with another directly
if there is a LoS link between them and they are within a threshold distance r. This is
because, as the signal gain diminishes with increasing distance, it will become insufficient
for communication beyond a certain range.

Now, we are presenting a few definitions below, which will be used throughout our
discussion.

Definition 1 (Direct LoS link). If there is no blockage between two users u and v and they

are within a distance r then the link between them is called a direct LoS link [46].

Definition 2 (Blind pair). A device pair (u, v) lies within a distance r is said to be a blind

pair if there is no direct LoS link between them.

Definition 3 (single reflection). A device pair (u, v) is said to be coverable via single

reflection if there is no direct LoS link between u and v but they are connected via an

intermediate RIS, i.e., there is a direct LoS link between u to an RIS and that RIS to v.
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Figure 2.1: Grid and obstacle model.

Definition 4 (Double reflections). The device pair (u, v) lie within a distance r is said to be

coverable via double reflections if u and v can communicate with each other in two-hop

using two consecutive RISs Ri and Rj, i.e., there is a direct LoS link between u to Ri, Ri to

Rj, and Rj to v, respectively.

Definition 5 (Coverable blind pairs). If a device pair (u, v) is coverable via single reflection

or double reflections, or both of them, then it is considered as a coverable blind pair, else it

is called a totally blind pair.

2.3.2 Characteristics of the Users and Environmental Obstacles

We consider all the devices in this communication scenario to be pseudo-stationary [53], i.e.,
during communication time, a device does not move outside the grid. We also assume that a
device follows any mobility model within a grid at any time instance. However, we presume
that a device’s location in a unit grid is roughly determined by the grid’s center. It is noted
that if we consider a device is within a grid that means it lies at the center of the grid.

Here, we position the obstacle inside the grids following the acquisition of the satellite
images. We assume that the satellite images give the proper position of the obstacles. In
Fig. 2.1, we consider that the black cells represent the location of the obstacles. We assume
that, if a grid/cell is blocked, it means the whole cell is blocked and there will not be any
partially blocked cells. Multiples of these blocked zones combine to build a polygon that
closely resembles the shape and size of the obstruction. Within a block cell, a device can not
lie, i.e., a device can lie only within the free cells. It is noted that an RIS can not be placed
within a block cell, it will be strategically placed on poles in the free zones. For simplicity
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and mathematical tractability, we discretize the service area into unit-size grids as in [36]
and thus approximate the real-life 3D environment to a 2D plane.

2.3.3 RIS Grouping

Obstacles prevent a device pair from directly communicating with one another. Therefore, to
provide an indirect LoS between them, we use single and double reflections via one and two
consecutive RISs. Let us assume that an RIS Ri consists of Nr rows and Nc columns, which
are effectively controlled to adjust both the amplitude and phase of the incident waveform.
However, only the phase is tuned or optimized, and the amplitude factor is fixed to unity for
the purposes of simplicity and mathematical tractability [22]. We use a grouping approach in
order to minimize the channel estimation overhead [65]. Furthermore, for a RIS that consists
of a large number of reflecting elements, the phase shift computation is very high, and a
minimum energy is required for each phase shift. Therefore, we divide Ri into Kg number of
non-overlapping subgroups Rt

i to minimize the energy consumption where 1 ≤ t ≤ Kg, and
each Rt

i consists of Ng × Ng number of patches, i.e, Kg × Ng × Ng = Nr × Nc. It is noted
that the number of partitions and the ensuing sub-surfaces are decided upon beforehand [22],
and each subgroup is capable of providing a desired throughput. In this scenario, Rt

i can
be in one of two states: ON or OFF. An incident signal’s phase can be altered to a desired
direction when an element is in the ON state; when it is in the OFF state, it cannot reflect
[22]. Here, we use one particular subgroup instead of using total RIS, and we also assume
that a subgroup can serve a single request at a particular instant [66]. Our objective is to
select the energy-efficient subgroups for information transfer.

2.3.4 Computation of Throughput and Energy-efficiency

In this communication scenario, let there be nd number of devices that lie within the free
zones. We assume that any two devices u and v want to communicate with each other and
they lie within the free zones z1 and z2, respectively. Now, depending on the position of the
obstacles, u and v can communicate in three different ways as follows: (i) directly, u and v
can communicate directly if there is no obstacle in between them, i.e., there is a LoS link
between them. (ii) via single reflection, and (iii) via double reflections. We suppose that
the wireless link experiences both small-scale block fading and large-scale path loss effects.
The direct channel from u to v exhibits small-scale fading and their corresponding path loss

factor is ρ
1
2
Ld−

α
2

uv , where ρL is the path loss at one meter distance, α is the path loss exponent
and duv denote the distance between u and v.
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We also assume that each group Rt
i of an RIS Ri consists of Ng × Ng number of elements.

Let huRt
i
∈ CNg×1, hRt

i Rs
j
∈ CNg×Ng and hRt

i /Rs
j v
∈ C1×Ng be the channel matrix from u

to Rt
i , Rt

i to Rs
j and, Rt

i /Rs
j to v, respectively. Note that, unlike the conventional RIS-based

approach, the grouping-based approach does not involve a diagonal phase shift matrix of
non-zero Ng × Ng elements [22]. A common phase shift is applied on the incoming signals,
and the product of each point-to-point link determines the total path loss for each of these
channel matrices [47]. As a result, the effective channel gain for single reflection and double
reflection is given by hRt

i v
huRt

i
× ejϕi,t and hRs

j
hRt

i Rs
j
huRt

i
× ej(ϕi,t+ϕj,s), where ejϕi,t and ejϕj,s

are the common phase shift of Rt
i and Rs

j , respectively.
Now, we define a metric, data rate that will be used to quantify the performance of our

proposed strategy. Here, we assume orthogonal frequency-division multiplexing (OFDM)
[31] is used in our communication scenario. Let Ptx be the transmitted power, then the
signal-to-noise-ratio (SNR) at the receiver for single RIS-assisted communication is

γsr =
Ptxρ2

Ld−α
Rt

i v
d−α

uRt
i

σ2
0

∣∣∣hRt
i v
× huRt

i
× ejϕi,t

∣∣∣2, (2.1)

and SNR for double RISs reflected communication is

γdr=
Ptxρ3

Ld−α
Rs

j v
d−α

uRt
i
d−α

Rt
i Rs

j

σ2
0

∣∣∣hRs
j
× hRt

i Rs
j
× huRt

i
× ej(ϕi,t+ϕj,s)

∣∣∣2, (2.2)

where σ2
0 is the variance of the circularly symmetric zero mean additive white Gaussian

noise. Note that, we adjust the common phase shift of (2.1) and (2.2) to attain the optimal
SNR. Therefore, from Shannon’s capacity formula, we can get the throughput T(γ) =

log(1 + γsr/dr). Hence, by calculating the throughput, we can compare the performances.
Now, we define the energy-efficiency metric (Eeff), which will be used to measure

how well our suggested approach performs in terms of energy utilization. Let T(γ) be the
throughput obtained at the receiver end. Additionally, it requires a total Ei

c amount of energy
for information transfer via a single RIS Ri, where

Ei
c = βk × αk ×

1
Ti(γ)

×
(

Ptx + Pph(Ri)
)

. (2.3)

For two consecutive RIS (Ri and Rj) assisted communication the total energy consumption
is denoted by Ei,j

c where

22



Ei,j
c =

βkαk
Ti,j(γ)

(
Ptx + Pph(Ri) + Pph(Rj)

)
, (2.4)

βk is the number of packets each with αk bits, Ptx is the transmitted power, and Pph(Ri) is
phase shift power for RIS Ri.

Therefore, the energy-efficiency for single reflection and double reflections are defined
by Ei

eff =
Ti(γ)

Ei
c

and Ei,j
eff =

Ti,j(γ)

Ei,j
c

, respectively. Moreover, we use this metric to select
an appropriate subgroup for the information transfer of each blind pair.

2.4 Problem Formulation

Our objective is to place the minimum number of RISs in strategic locations and for each
information transfer, we aim to find an energy-efficient subgroup for abstracted device pair.
Therefore, we formulate the problem and break it down into two separate parts: i) RIS
deployment and ii) Group selection. Now we are describing these two parts in detail below:

2.4.1 RIS Deployment

In the first part, we want to formulate an optimization problem to cover a maximum number
of blind pairs using the least number of RISs. It is noted that we do not consider those
device pairs that have direct LoS and are totally blind. Here, let B be the set of all coverable
blind pairs, i.e., no element of B remains uncovered after deploying the RISs. Moreover, to
formulate the optimization problem, we define a few notations below.

Let i and j be two locations and aij be an indicating variable that describes the status of
having LoS between them, where 1 ≤ i, j ≤ n2. That is,

aij =

1, dist (i, j) ≤ r & ∃ LoS between i and j

0, else
(2.5)

Additionally, let Si be the set of all blind pairs covered by an RIS at the i-th cell. That is,

Si =
{
(p, q) : api + aiq = 2

}
∀ i. (2.6)

Note that a blind pair of B may be visible via a single or double reflections. Therefore, we
also consider Dij as a set of all blind pairs that are coverable via double reflections using two
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RISs located at i-th and j-th cells, but not coverable by either i-th or j-th RIS via a single
reflection. Hence, Dij can be represented as

Dij =
{
(p, q) : (p, j) ∈ Si & (i, q) ∈ Sj, (p, q) /∈ Si,

(p, q) /∈ Sj

}
i < j.

However, we define Zij as a set of all blind pairs that are coverable via single as well as
double reflections using RIS placed at i-th and j-th locations. That is,

Zij = Si ∪ Sj ∪ Dij, i < j. (2.7)

We now introduce the following binary variable:

xi =

1, i-th cell is selected for RIS deployment,

0, else.

Hence, we formulate the optimization problem as follows:

Minimize
n2

∑
i=1

xi (2.8)

such that
⋃

i,j:i≤j

Zijxixj = B ∀ i < j. (8.a)

This integer program can be linearized by using an intermediate binary variable yij as
follows:

Minimize
n2

∑
i=1

xi (2.9)

such that
⋃

i,j:i≤j

Zijyij = B, (9.a)

yij ≤ xj ∀ i < j, (9.b)

yij ≤ xi ∀ i < j, (9.c)

yij ≥ xi + xj − 1 ∀ i < j. (9.d)

Note that the above integer linear program (ILP) is nothing but a classical set cover
problem which is a well-known NP-hard problem. Therefore, in Section 2.5.1, we present a
greedy solution for the RIS deployment problem.
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2.4.2 Group selection

In the second part, for group selection, we assume that RISs have already been deployed.
Moreover, we also know which blind pair will be covered by which RISs. Note that, a blind
pair may be covered by single as well as double reflections. Hence, for a blind pair, more
than one subgroup may be available to complete the information transfer. However, we allow
a single subgroup for information transfer because of the scenario of energy constraints.
Therefore, our primary objective is to identify a specific energy-efficient subgroup for each
blind pair. Let us assume that there are nb number of blind pairs, and R number of RISs are
deployed in the surroundings, and each of them is subdivided into l number of subgroups.
Let Gs

i be the set of all subgroups that can provide an indirect LoS link to the i-th blind pair
via single reflection. Hence, we can represent Gs

i as

Gs
i =
{

Rk
j : i-th pair is visible via k-th subgroup of RIS Rj

}
.

Similarly, let Gd
i be the set of all subgroups that can provide an indirect LoS link to the

i-th blind pair via double reflections. That is,

Gd
i =

{
Rp,q

l,m : i-th pair is visible via p-th subgroup of RIS

Rl & q-th subgroup of RIS Rm

}
.

Hence, if a blind pair is visible by single reflection, our problem is to find a more energy-
efficient subgroup Rk∗

j∗ from Gs
i such that

Ek∗
eff
(

j∗
)
= argmax

(
Ek

eff
(

j
))

.

If a blind pair is visible via double reflections, we select Rp∗,q∗

l∗,m∗ as energy-efficient
subgroups from Gd

i such that

Ep∗,q∗

eff

(
l∗, m∗) = argmax

(
Ep,q

eff

(
l, m
))

.

Note that if a blind pair is visible via single as well as double reflections, we will select
the more energy-efficient case for them. In Section. 2.5.2, we have discussed the group
selection strategy in detail.
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Algorithm 1: Visibility Algorithm
Input: L, zi ∈ Z, (u, v)
Output: Visible or not

1 Join uzi and ziv
2 if uzi∥ziv intersect at least one line segment of L then
3 not visible via zi
4 else
5 Visible via zi

2.5 Proposed Strategy

Here we discuss the RIS deployment and group selection strategy by considering both single
and double reflections. Accordingly, we divide this section into two parts: i) RIS deployment
strategy and ii) Group selection criteria. In the first part, we propose a greedy deployment
strategy, and in the second part, we investigate an energy-efficient group selection criteria.

2.5.1 Proposed RIS Deployment Strategy

In our proposed RIS deployment strategy, we first identify which blind pairs are present in
the surroundings. After identifying the blind pairs, we will find the candidate locations for
RIS deployment, and finally select the candidate locations for final deployment. All these
steps are now discussed in detail below.

2.5.1.1 Blind Pairs Identification

Let there be no obstacles and nd device pairs in a region, whose locations are known.
We assume that the sides of an obstacle are formed by line segments and L is the set of
all line segments of no obstacles. Additionally, we assume that a device pair (u, v) can
communicate with each other if they reside within r distance. Let Z be the set of all free
cells. Algorithm 1 finds whether a device pair (u, v) is visible via a free cell zi ∈ Z or not.
Here, we aim to find all the blind pairs in a region. To achieve this, we first find the set of all
device pairs that may be obstructed by a particular obstacle. Finally, continuing this process
for all obstacles, we get the set of all blind pairs, which is described below.

Let Oi be the i-th obstacle, Li be the set of all line segments that constitute Oi, and

Ci =
{
(xt, yt) : t = 1, · · · ni

}
(2.10)
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Algorithm 2: Blind Pairs Identification Algorithm
Input: Li, D
Output: B

1 Initialize: B = ϕ;
2 for i ∈ {1, · · · , no} do
3 Bi = ϕ, Di = ϕ;
4 for (ut, vt) in D do
5 if xmin

i − r ≤ ut
x, vt

x ≤ xmax
i + r and ymin

i − r ≤ ut
y, vt

y ≤ ymax
i + r then

6 Di = Di ∪ {(ut, vt)}

7 for (ut, vt) in Di do
8 for l ∈ Li do
9 if l intersect utvt then

10 Bi = Bi ∪ {(ut, vt)}
11 Break;

12 B = B ∪ Bi

13 Return B

be the set of all ni vertices of Oi. Therefore, let

xmax
i = max

{
xt : t = 1, · · · ni

}
,

xmin
i = min

{
xt : t = 1, · · · ni

}
and

ymax
i = max

{
yt : t = 1, · · · ni

}
,

ymin
i = min

{
yt : t = 1, · · · ni

}
be the maximum and minimum x-coordinate and y-coordinate of the vertices of Oi, respec-
tively. Let

D =
{
(ut, vt) : t = 1, · · · , nd

}
=
{
((ut

x, ut
y), (v

t
x, vt

y)) : t = 1, · · · , nd

}
be the set of x and y coordinates of all the device pairs. Let Di be the set of device pairs that
could potentially be obstructed by Oi. That is,

Di =
{
(ut, vt) ∈ D : xmin

i − r ≤ ut
x, vt

x ≤ xmax
i + r,
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ymin
i − r ≤ ut

y, vt
y ≤ ymax

i + r
}

. (2.11)

Let Bi be a set of all blind pairs that could potentially be obstructed by Oi. That is,

Bi =
{
(ut, vt) ∈ Di : utvt intersect at least

one line segment of Li} . (2.12)

Continuing this process, for each obstacle, we can compute the set B of all blind pairs as
follows:

B = B1 ∪ B2 ∪ · · · ∪ Bno =
no⋃

i=1

Bi. (2.13)

The complete process of blind pair identification is shown in Algorithm 2. Note that our
main motivation is to serve a maximum number of blind pairs using indirect LoS via single
or double reflections. In this context, we use a novel technique to find out the candidate
zones for RIS deployment below.

2.5.1.2 Finding Candidate Locations for RIS Deployment

Our goal is to find the candidate locations for RIS deployment such that we can serve a
maximum number of blind pairs with fewer RISs. Since the grid consists of Nr rows and
Nc columns, there are Nr × Nr zones in the grid. Out of NrNc zones, few are covered
by obstacles, and the remaining are obstacle-free zones. Let there be p free zones where
p < NrNc and Z be the set of all free zones. That is,

Z =
{

zi : i = 1, 2, · · · , p
}

, (2.14)

where zi denotes the i-th free zone.
Let Ai be the set of all blind pairs that are visible via zi, i.e., for blind pair (u, v) ∈ Ai

there is a direct LoS between u to zi and zi to v. Additionally, we denote the cardinality
of Ai as card(Ai). Let A be an array of p elements whose i-th element represents the
cardinality of Ai, i.e., card(Ai). Let max(A) be the maximum element of A, and t be the
corresponding index of max(A) in the array A. Therefore, zt is the corresponding zone
from where the maximum number of blind pairs can be served. Hence, we select zt as
the first candidate location for RIS deployment and At be the set of all blind pairs that are
visible via zt. Here we rename the set At as Am

1 and zt as z1
c . Therefore, after finding the

initial RIS location, let B1
rem represent the set of all the remaining blind pairs, i.e.,

B1
rem = B \ Am

1 =
(

Am
1
)c, (2.15)

28



where Xc denotes the complement of the set X.
After fixing the first candidate location z1

c , the remaining blind pairs may be visible
via i) single reflection or ii) double reflections. In particular, the remaining blind pairs in
B1

rem may be visible via single reflection using any free cell other than z1
c , or via double

reflections using z1
c plus one of the remaining free cells. Therefore, we select that free cell

as a second candidate location for RIS deployment from where the maximum number of
elements of B1

rem will be served using single or double reflections. Let us denote z2
c as the

second candidate zone for RIS deployment, and B2
rem as the set of remaining blind pairs. In

a similar way, we can find out the other candidate locations. Therefore, after finding the k-th
candidate location, the remaining set of blind pairs is given by

Bk
rem =

(
Am

1 ∪ Am
2 · · · ∪ Am

k−1 ∪ Am
k

)c
= Bk−1

rem \ Am
k (2.16)

where Am
k is the set of all blind pairs that are served by the k-th candidate location, and

Bk−1
rem is the set of all remaining blind pairs before finding the k-th candidate location and

the process will stop if Bk
rem = Bk−1

rem or Bk
rem = ϕ. Finally, we receive the set Zc of all

candidate zones from where we can cover the greatest number of blind pairs. The RISs
will actually be placed at the center of each free zone zi ∈ Zc. The proposed strategy is
described in Fig. 2.2.

Complexity and approximation ratio of the proposed algorithm

Let there be p free cells and |B| many blind pairs. According to our proposed strategy, for
selecting the first RIS location, we consider each free cell and compute the number of blind
pairs that can be served by it using single reflection only. This requires p|B| complexity.
Next, for finding the k-th RIS location (k ≥ 2), we consider each of the remaining (p − k +
1) free cells and compute how many blind pairs can be covered by it using single as well
as double reflections. This requires (p − k + 1)|B|+ (k − 1)(p − k + 1)|B|+ (k−1

2 )|B|
complexity. Hence, the worst-case complexity of the proposed algorithm is O(p2|B|).
This greedy algorithm is indeed the classic set cover greedy algorithm, which has a well-
known approximate ratio of O(log n) [67]. The approximation ratio of our suggested RIS
deployment algorithm is therefore O(log |B|), where |B| represents the total number of
blind pairs. In fact, it is also well-known that no polynomial-time algorithm for set cover
can give a better approximation ratio than O(log n) unless P = NP [67].

From the above discussion and observation, we get the following remarks.
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Start

B = blind pairs, Zc = φ,
zi, i = 1 · · · p

Ai = Blind pairs visible

t = argmax(A),
Am

k
= blind pairs covered by zt,

Bk
rem = B −Am

k

Is
Bk

rem == φ or

Bk
rem == B

?

Zc = Zc ∪ zt

Return Zc

via zi (single reflection) or via

B = Bk
rem

YesNo

zi and zr ∈ Zc(double reflections)

A=array[card(Ai)],

Figure 2.2: Proposed strategy for finding candidate locations.
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1 2 4

5 6 7 8

9 11 12

13 15 16

Figure 2.3: Example of a communication environment

Remark 1. If Bk
rem ̸= ϕ and Bk

rem = Bk−1
rem holds then Bun = Bk

rem is the total number of

uncovered blind pairs. That is, Bun =
(

Am
1 ∪ Am

2 · · · ∪ Am
k−1 ∪ Am

k

)c
.

Remark 2. If only k number of RISs are allowed to deploy, then the total number of blind

pairs that can be served is given by
(

B1
rem ∩ B2

rem ∩ · · · ∩ Bk
rem

)c
= B \ Bk

rem.

Remark 3. In a particular scenario, if no blind pair is visible via double reflections, then our

proposed strategy will be converted into the RIS deployment strategy for single reflection.

Below, we have illustrated the proposed RIS deployment strategy using an example.

2.5.1.3 Illustrative Example of the Proposed Deployment Strategy

A specific scenario of our proposed strategy is demonstrated in Fig. 2.3. Here we consider a
grid that consists of four rows and four columns. As this grid consists of sixteen cells, we
label these cells from 1 to 16. Moreover, we assume that the obstacles are located in the
black cells, which correspond to the cell numbers 3, 10, and 14. We also consider that a
device can lie only within a free cell. Here, {1, 2, 4, 5, 6, 7, 8, 9, 11, 12, 13, 15, 16} is the set
of all free cells. Here, we assume that each pair of cells is within r distance apart from each
other. Therefore, in this communication environment,

B={(1, 4), (1, 8), (1, 11), (1, 15), (1, 16), (2, 4), (2, 7), (2, 8),

(2, 13), (2, 12), (2, 15), (4, 5), (4, 6), (4, 7), (4, 9), (4, 13),

(5, 12), (5, 11), (5, 15), (5, 16), (6, 9), (6, 11), (6, 13),

(6, 15), (6, 16), (7, 9), (7, 13), (8, 9), (8, 13), (9, 11), (9, 12),
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(9, 15), (9, 16), (11, 13), (12, 13), (13, 15), (13, 16)}

is the complete set of all the blind pairs. Specifically, there is no direct LoS link between
any device pair of B. As obstacles block the direct LoS of the blind pairs, RISs can be
strategically deployed to provide an indirect LoS link. It can be observed that each of
the blind pairs in

{
(4, 9), (4, 13), (9, 15), (11, 13), (12, 13), (13, 15), (13, 16)

}
can not be

covered via single reflection, even if we deploy RISs in all the free cells. However, in our
proposed strategy, we can serve more blind pairs using double reflections along with the
single reflection. It can be observed that the maximum number of blind pairs can be served
by placing an RIS at cell 12. Thus, our strategy will choose cell 12 as the first RIS location.
Also, note that cells 1 and 12 together can serve all the remaining blind pairs using single
and double reflections. That is, according to our proposed strategy,

{
1, 12

}
will be the set

of locations for RIS deployment.
In the following Subsection 2.5.2, we will address which subgroup of an RIS will be

selected for information transformation.

2.5.2 Group Selection Criteria

In Section 2.5.1 above, we have strategically found R, the set of all deployed RISs, and the
set of all coverable blind pairs B⌋ = B \ Bun. A blind pair (u, v) ∈ B⌋ can be covered in
three different ways: i) via only single reflection, ii) via only double reflections, and iii) via
both single and double reflections. Since energy consumption is a very important parameter
in wireless communication scenarios, we discuss in the following the process to find the
energy-efficient group considering the above-mentioned three cases.

2.5.2.1 Energy-efficient Subgroup Selection for single reflection

In this case, u sends all the packets to v using one subgroup of an RIS as an intermediate
reflector. Let Su,v be the set of RISs each of which can provide indirect LoS between u
and v via single reflection. That is, Su,v = {Ri : Ri is visible from both u and v}. Since
each RIS is partitioned into k non-overlapping subgroups, different subgroups may provide
different data rates. In this context, from Subsection 2.3.4, the required energy Ec(i) for
information transfer from u to v using i-th subgroup of s-th RIS is given by

Es
c(i) = βk × αk ×

1
Ti

s(γ)
×
(

Ptx + Pph(Ri
s)
)

, (2.17)
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where Pphase(Ri
s) is the phase shift power of i-th subgroup of Rs.

Therefore, the energy-efficiency Es
eff(i) for a particular (u, v) pair using i-th subgroup

is
Es

eff(i) =
Ti

s(γ)

Es
c(i)

. (2.18)

Now, we form an optimization problem to select an energy-efficient subgroup as below:

max Es
eff(i) (2.19)

s.t. Ti
s(γ) ≥ Tth, i = 1, · · · k and s ∈ Su,v, (19.a)

Es
c(i) > 0 i = 1, · · · k and s ∈ Su,v, (19.b)

where Tth is a predefined threshold.

2.5.2.2 Energy-efficient Subgroup Selection for Double Reflections

In this communication environment, u transfers the packets to v using two consecutive RISs
Ri and Rj, respectively. We also assume that Du,v be the set of RISs each of which can pro-
vide indirect LoS between u and v. That is, Du,v = {(Ri, Rj) : (Ri is visible from u and Rj)

& (Rj is visible from v)}. Since each RIS is partitioned into k non-overlapping subgroups,
one subgroup from Ri and another from Rj will be selected for complete information transfer
from u to v. Therefore, from (2.4), the required energy for complete information transfer
using l-th and m-th subgroup of Ri and Rj respectively, is given by

Ei,j
c (l, m) =

βkαk

Tl,m
i,j (γ)

(
Ptx + Pph(Rl

i) + Pph(Rm
j )
)

, (2.20)

where, Pph(Rm
j ) and Pph(Rl

i) are the phase shift power for m-th and l-th subgroup of Rj

and Ri, respectively. Moreover, we can compute the energy-efficiency as

Ei,j
eff(l, m) =

Tl,m
i,j (γ)

Ei,j
c (l, m)

. (2.21)

Now, we formulate an optimization problem to select the energy-efficient subgroups as
follows:

max Ei,j
eff(l, m) (2.22)

s.t. Tl,m
i,j (γ) ≥ Tth, l, m = 1, · · · k & i, j ∈ Du,v (22.a)
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Algorithm 3: Group Selection Algorithm
Input: R, (u, v)
Output: Ri∗

s∗ , Rl∗,m∗

i∗,j∗

1 % Single Reflection
2 for s ∈ R do
3 if (u, v) visible via Rs then
4 for i ∈ Rs do
5 compute Es

eff(i)

6 Es∗
eff

(
i∗
)
= argmax

(
Es

eff

(
i
))

7 else
8 Es∗

eff

(
i∗
)
= 0

9 % Double Reflection
10 for i ∈ R do
11 for j ∈ R do
12 if (u, v) visible via Ri and Rj then
13 for l ∈ Ri do
14 for m ∈ Rj do
15 if (u, v) visible via Rl

i and Rm
j then

16 Compute Ei,j
eff

(
l, m
)

17 Ei∗,j∗

eff

(
l∗, m∗) = argmax

(
Ei,j

eff

(
l, m
))

18 else
19 Ei∗,j∗

eff

(
l∗, m∗) = 0

20 % Both Single and Double Reflection

21 if Es∗
eff

(
i∗
)
≥ Ei∗,j∗

eff

(
l∗, m∗) then

22 Return Ri∗
s∗

23 else
24 Return Rl∗,m∗

i∗,j∗

Ei,j
c (l, m) > 0 l, m = 1, · · · k & i, j ∈ Du,v. (22.b)

2.5.2.3 Energy-efficient Subgroup Selection for both Single and Double Reflections

In this communication environment, a device pair (u, v) is covered by both single and
double reflections. That is, Su,v ̸= ϕ and Du,v ̸= ϕ. Therefore, from 2.5.2.1, we get a
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subgroup that provides the maximum energy-efficiency for single reflection. Similarly, using
case 2.5.2.2 above, we get a pair of subgroups that provide the maximum energy-efficiency
for double reflections. Finally, we select the best among them for information transfer
between u and v. Note that once the RISs are deployed, the time required for establishing
the connection for a particular requesting pair (u, v) is O(|Zc|), where |Zc| denotes the
total number of RISs deployed.

In the following propositions, we will prove two interesting facts for a device pair
covered via both single and double reflections.

Proposition 2.5.1. Let a device pair (u, v) be visible through Rl
i using single reflection, and

through Rl
i and Rm

j together via double reflections. In that case, single reflection are always

more energy-efficient than double reflections.

Proof. Let (u, v) be a blind pair that is visible via Rl
i using single reflection. Let dRl

iu
and

dRl
iv

be the distances between u and Rl
i , and Rl

i and v, respectively. It is also given that (u, v)

is visible via Rl
i and Rm

j together using double reflections, where Rl
i is a common subgroup

that is used in both single and double reflections. Let dRl
i R

m
j

and dRm
j v be the distances

between Rl
i and Rm

j , and Rm
j and v, respectively. Additionally, we assume that dRl

i R
m
j
> 1,

dRm
j v > 1 and the channel conditions for single and double-reflected communication are the

same. Therefore, using triangular inequality, we can claim that

dRl
iu
< dRl

i R
m
j
+ dRm

j v. (2.23)

Moreover, from (2.2), we have

Ptx|hRm
j
×hRl

i R
m
j
×huRl

i
×ej(ϕi,l+ϕj,m)|2×ρ3

Ld−α
Rm

j vd−α
uRl

i
d−α

Rl
i R

m
j

≤ Ptx|hRm
j
× hRl

i R
m
j
× huRl

i
× ej(ϕi,l+ϕj,m)|2

× ρ2
Ld−α

Rm
j vd−α

uRl
i
d−α

Rl
i R

m
j

(∵ 0 < ρ < 1)

≤ Ptx|hRm
j
× hRl

i R
m
j
× huRl

i
× ej(ϕi,l+ϕj,m)|2

× ρ2
Ld−α

uRl
i
d−α

Rl
iv

(from (2.23) and dRl
i R

m
j
>1, dRm

j v>1) (2.24)

Therefore, from (2.24), (2.2) and (2.1), we can claim that

P|hRm
j
×hRl

i R
m
j
×huRl

i
×ej(ϕi,l+ϕj,m)|2×ρ3

Ld−α
Rm

j vd−α
uRl

i
d−α

Rl
i R

m
j

σ2
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≤
P|hRm

j
× hRl

i R
m
j
× huRl

i
× ej(ϕi,l+ϕj,m)|2×ρ2

Ld−α
uRl

i
d−α

Rl
iv

σ2

=⇒ γdr ≤ γsr =⇒ Tl,m
i,j (γ) ≤ Tl

i (γ)

=⇒ Tl
i (γ)− Tl,m

i,j (γ) ≥ 0. (2.25)

Now, from (2.18) and (2.21), we have

Ei
eff(l)− Ei,j

eff(l, m) =
Tl

i (γ)
βkϕk
Tl

i (γ)
×
(

Ptx + Pph(Rl
i)
)

−
Tl,m

i,j (γ)

βkϕk

Tl,m
i,j (γ)

×
(

P + Pph(Rl
i) + Pph(Rm

j )
)

=
1

βkϕk
×


(

Ptx + Pph(Rl
i) + Pph(Rm

j )
)(

Tl
i (γ)

)2

(
Ptx + Pph(Rl

i) + Pph(Rm
j )
)(

Ptx + Pph(Rl
i)
)

−

(
Ptx + Pph(Rl

i)
)(

Tl,m
i,j (γ)

)2

(
Ptx + Pph(Rl

i) + Pph(Rm
j )
)(

Ptx + Pph(Rl
i)
)


=
1

βkϕk
×


(

Ptx+Pph(Rl
i)
)((

Tl
i (γ)

)2
−
(

Tl,m
i,j (γ)

)2
)

(
Ptx+Pph(Rl

i)+Pph(Rm
j )
)(

Ptx+Pph(Rl
i)
)

+
Pph(Rm

j )
(

Tl
i (γ)

)2

(
Ptx + Pph(Rl

i) + Pph(Rm
j )
)(

Ptx + Pph(Rl
i)
)


≥ 0
(
∵
(

Tl
i (γ)

)2
−
(

Tl,m
i,j (γ)

)2
≥ 0 (from (2.25))

and Pph(Rm
j )
(

Tl
i (γ)

)2
≥ 0

)
(2.26)

=⇒ Ei
eff(l)− Ei,j

eff(l, m) ≥ 0. (2.27)

Therefore, we can conclude from (2.23) that the transmitted signals from u require
a longer route for double reflections than for single reflection in order to reach v. As a
result, due to having a longer path and substantial path loss, the achievable data rate at v for
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double reflections are lower than the single reflection when utilizing a common subgroup.
Hence, from (2.27), we can conclude that if a device pair is coverable by single and double
reflections using a common subgroup, single reflection are more beneficial than double
reflections which is quite intuitive.

From (2.17) and (2.20), we observe that energy consumption is a function of data
rate, transmit power, and phase shift power. Again, the data rate is a function of distance.
Moreover, if a device pair (u, v) is visible via Rt

s using single reflection, and Rl
i and Rm

j for
double reflections where Rt

s, Rl
i and Rm

j are three distinct subgroups, the result may be quite
different, which is counter-intuitive. More specifically, in the following proposition, we
prove that double reflections may be more energy-efficient than single reflection depending
on the power consumption and the distance traveled by the signal.

Proposition 2.5.2. Let a device pair (u, v) be visible through Rt
s using single reflection, and

through Rl
i and Rm

j together via double reflections, where Rt
s, Rl

i and Rm
j are three distinct

subgroups. If the following conditions hold:

i) Ptx + Pph(Rt
s) ≤ Ptx + Pph(Rl

i) + Pph(Rm
j ) and

ii) ρLdRt
svduRt

s
≥ dRm

j vduRl
i
dRl

i R
m
j

then double reflections are more energy-efficient than single reflection.

Proof. Here we want to prove that double reflections may be more beneficial than single
reflection in some specific scenarios. In this context, Es

eff(t) for single reflection must be
less than Ei,j

eff(l, m) for double reflections. Therefore, from (2.18) and (2.21), we have

Ei,j
eff(l, m) ≥ Es

eff(t) ⇐⇒
Tl,m

i,j (γ)

Ei,j
c (l, m)

≥ Ti
s(γ)

Es
c(i)

⇐⇒
Tl,m

i,j (γ)

Ti
s(γ)

≥ Ei,j
c (l, m)

Es
c(i)

. (2.28)

Now, by using Ei,j
c (l, m) and Es

c(i) from (2.17) and (2.20), respectively, we obtainTl,m
i,j (γ)

Ti
s(γ)

2

≥
Ptx + Pph(Rl

i) + Pph(Rm
j )

Ptx + Pph(Rt
s)

. (2.29)
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From the stated condition (i), the required phase shift power for double reflections is
always greater than the required phase shift power for single reflection. That is,(

Ptx + Pph(Rt
s)
)
≤
(

Ptx + Pph(Rl
i) + Pph(Rm

j )
)

(2.30)

⇐⇒
Ptx + Pph(Rl

i) + Pph(Rm
j )

Ptx + Pph(Rt
s)

≥ 1. (2.31)

Therefore, from (2.29) and (2.31), we can claim thatTl,m
i,j (γ)

Ti
s(γ)

2

≥ 1

⇐⇒ Tl,m
i,j (γ)− Tt

s(γ)≥ 0
(
∵ Tl,m

i,j (γ)> 0 and Ti
s(γ) > 0

)

⇐⇒

Ptx|hRm
j
× hRl

i R
m
j
× huRl

i
× ej(ϕi,l+ϕj,m)|2

× ρ3
Ld−α

Rm
j vd−α

uRl
i
d−α

Rl
i R

m
j

σ2
0

−
Ptx|hRt

sv × huRt
i
× ejϕs,t |2d−α

Rt
svd−α

uRt
s
ρ2

L

σ2
0

≥ 0. (2.32)

Now, from the stated conditions (ii), we can show that

ρLdRt
svduRt

s
≥ dRm

j vduRl
i
dRl

i R
m
j

⇐⇒ ρ3
Ld−α

Rm
j vd−α

uRl
i
d−α

Rl
i R

m
j
≥ ρ2

Ld−α
Rt

svd−α
uRt

s
. (2.33)

Therefore, from (2.32) and (2.33), we can claim that

|hRm
j
×hRl

i R
m
j
×huRl

i
× ej(ϕi,l+ϕj,m)|2≥|hRt

sv×huRt
s
×ejϕs,t |2. (2.34)

That is, the power gain at the receiver end is greater in double reflections than in single
reflection. Moreover, from (2.34), we can conclude that if a device pair is visible via single
and double reflection and it satisfies the stated conditions, then double reflection is more
beneficial than single reflection.

In the following subsection, we illustrate with an example, the situation where double
reflections are more energy-efficient than single reflection.
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Figure 2.4: Double reflections may be more beneficial than single reflection.

2.5.2.4 Illustrative Example where Double Reflection is more Beneficial than Single
Reflection

In Fig. 2.4, u wants to communicate with v and two possible paths are available in between
them, one is via R4

1 using single reflection, and another one via R3
2 and R2

3 together using
double reflections. Since R4

1 is located far away from u and v, the achieved data rate at v
is not very high. Moreover, due to the close proximity of u to R3

2, R3
2 to R2

3, and R2
3 to v

the achievable data rate at v is more than the achievable data rate via the path using R4
1,

which follows from Proposition 2.5.2. Therefore, in this case, the second path is more
energy-efficient. As a result, u selects the path via R3

2 and R2
3 for complete information

transfer using double reflections.

2.6 Simulation Results

Thereafter in this section, we conduct comprehensive simulations to verify the effectiveness
of our suggested approach and compare it with the closest available methods [37], [40] and
[48]. Here we consider a two-dimensional square area of 400 × 400 m2 [36]. Furthermore,
we assume that two devices can communicate only if they lie within a specific coverage
radius. Moreover, we anticipate that D2D communication will occur at a frequency of 60
GHz with a 500 MHz bandwidth [68]. The transmit power P is 30 dBm and Pphase = 5
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Figure 2.5: Impact of coverage area on number of RISs.

dBm [69]. Here, we consider a Rician fading scenario [70], incorporating a Rician factor
K = 10 dB. The default parameters taken into account are: path loss at one-meter distance
ρL = 10−3.53 [71], the path loss exponent is α = 2 and the packet length is 1000 bits.
Below we briefly describe the existing methods [37], [40] and [48] with which we have
compared our proposed approach.

• OPRIS [37]: This work investigates the optimal placement of RISs for a single
reflected scenario. In other words, it does not allow double reflections.

• Rand [40]: In this work, the RISs are placed arbitrarily in the geographically separated
locations. Here too, the authors investigate the aspect of single reflection.

• DAR [48]: This work proposes an approach to connect a particular device pair by
considering the aspect of double reflections. However, it does not include the feature
of RIS grouping in the communication scenarios.

Fig. 2.5 shows how many RISs are needed to cover the largest possible region as a
function of coverage radius. Here, we consider three different scenarios with three different
RIS placement strategies. Consequently, we look at the number of RISs used in these
scenarios to get the maximum coverage. Note that, with increasing coverage radius, the
number of RISs used exhibits a non-increasing trend, which is quite intuitive. We observe
that our strategy outperforms both OPRIS and Rand. This is because, there are many device
pairs which are visible via double reflections, but for a single reflection, we need to install a
new RIS. As a result, our strategy brings down the requirement of RISs in comparison to
OPRIS and Rand, as they did not allow double reflections.
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Figure 2.6: Impact of number of devices on number of RISs.

Figure 2.7: Impact of number of obstacles on number of RISs.

Fig. 2.6 and Fig. 2.7 show how many RISs are needed to cover the largest possible
region as a function of device density and number of obstacles, respectively. Accordingly,
we look at the number of RISs used in three different scenarios to get the maximum coverage.
We find that, for a given situation, the number of RISs increases with the growing density
of devices (obstacles), which is quite intuitive. Here too, we observed that our strategy
outperforms OPRIS and Rand for the same reason as stated earlier.

Fig. 2.8 demonstrates the impact of obstacle density on the sum throughput, where
the sum throughput is calculated by using (2.1) and (2.2). Here, we observe that, for a
particular scenario, the sum throughput shows a decreasing trend with an increasing number
of obstacles. Moreover, our proposed strategy outperforms OPRIS and Rand in terms of
sum throughput. This is because in our proposed strategy, we can serve more blind pairs
due to considering the double reflections.

From Fig. 2.9, we observe that, in relation to the growing obstacles, the number of
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Figure 2.8: Impact of the number of obstacles on sum throughput.

Figure 2.9: Impact of the number of obstacles on Unserved pairs.

unserved device pairs exhibits an increasing trend. As the number of obstacles increases,
the number of blind pairs also increases. As a result, the likelihood of having more blind
pairs that are not served rises. Note that using double reflections, sometimes we can serve
some blind pairs that are not possible to serve by single reflection even after deploying more
RISs. As a result, our proposed strategy outperforms the performance of OPRIS and Rand
in terms of number of unserved blind pairs.

The significance of RIS grouping on the achievable throughput and energy-efficiency,
as a function of the number of elements in a RIS, is shown in Fig. 2.10. In particular,
we examine the effects of distinguishing between a grouping-based scenario (GBS) and
a non-grouping-based scenario (nGBS). In nGBS, the entire RIS is used for information
transfer, whereas in GBS, the RIS is divided into four equal-sized groups, and only one
of them is used for information transfer. Here, we observe that in both cases, achievable
throughput follows an increasing trend with the growing number of elements. This is
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Figure 2.10: Impact of the number of elements in a group on energy consumption.

because a growing number of patches support better throughput. As a result, nGBS provides
higher data throughput as compared to GBS. This makes sense because, in contrast to GBS,
nGBS makes use of the entire RIS, whereas GBS only uses a portion of the RIS’s total
number of patches. We also observe from (2.10) that, in relation to the rising number of
elements in a RIS, the Eeff for nGBS is in a decreasing trend whereas it is in an increasing
trend for GBS. This is because the required phase shift power in nGBS is proportional to the
number of patches of an RIS, whereas a common phase shift power is used for GBS. As a
result, usage of the GBS leads to better Eeff performance.

E
eff

Figure 2.11: Impact of the number of elements in a group on energy-efficiency.

In Fig. 2.11, a comparison of energy consumption (Ec) and energy-efficiency (Eeff)

between the proposed strategy and the existing benchmark DAR, are shown. Here, as
mentioned in 2.10, we partitioned a RIS into four equal parts and chose one of them to
facilitate communication. Additionally, we consider a scenario, where both strategies use
double reflections. In 2.11, we observed that in relation to the growing number of patches of
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an RIS, Ec(Eeff) exhibits an increasing (decreasing) trend in DAR, and Ec(Eeff) exhibits a
decreasing (increasing) trend in our proposed strategy. This improvement is because of the
fact that the required phase shift power in DAR is proportional to the number of patches of
an RIS as it uses the entire RIS, whereas a particular group is being used, and a common
phase shift power is used in our proposed strategy.

Time

Figure 2.12: Performance trade-off investigation: different obstacles.

Fig. 2.12 shows the impact of grid size on both sum throughput and computation time for
different numbers of obstacles. Here, grid size a signifies that the service area is discretized
as a × a squares. Here, we observe that as the grid size increases, both the sum throughput
and the computation time exhibit a decreasing trend. As stated in the system model, we
assumed that an obstacle occupies the entire grid, even if it just occupies a portion of it.
Consequently, the total number of LoS links decreases significantly, leading to a downward
trend in the sum throughput. On the other hand, as the size of the grid increases, the overall
computation time decreases, as computation time is a function of the number of grids.
Additionally, the performance of 40 obstacles is superior to that of 60 obstacles, which is
also quite intuitive.

Fig. 2.13 illustrates the importance of double and triple reflections on the achievable
throughput and energy efficiency Eeff as a function of the number of obstacles. The sum
throughput exhibits a decreasing trend with the number of obstacles for both double and
triple reflections, which is quite intuitive. It can be observed that the sum throughput
for triple reflection is only marginally higher than double reflections. Moreover, this
difference is more towards the higher number of obstacles, i.e., for the extremely obstructed
environments. On the other hand, the energy-efficiency is not as good as that of double
reflections. It can be observed that the improvement in sum throughput is significant when
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Figure 2.13: Performance trade-off investigation: double and triple reflections.

we take into account the second reflections. However, due to the inclusion of the third
reflections, the improvement in sum throughput is found to be only marginal. Moreover,
this marginal improvement in sum throughput is obtained at the cost of significantly more
energy consumption. This, in turn, reduces the energy efficiency for triple reflections. This
further justifies the widespread assumption of ignoring the triple and higher order reflections
in the literature.

throughput

E
 eff

Figure 2.14: Performance trade-off investigation of Proposition 1.

Comparisons of the achievable throughput and energy-efficiency for single and double
reflections using our proposed approach are presented in Fig. 2.14. According to Propo-
sition 2.5.1, double reflection is more energy-efficient than single reflection under certain
conditions. In support of this, we consider a fixed S − D pair that is coverable by both single
and double reflections, and it satisfies the conditions of Proposition 2.5.1. Here, we observe
that, in relation to the growing number of elements of a group, the achievable throughput
and energy-efficiency for both single and double reflections exhibit an increasing trend and
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saturate after a certain number of elements of a group. Here, our proposed strategy for
double reflection outperforms the performance of single reflection in terms of achievable
throughput and energy-efficiency, which is quite counter-intuitive. The reason for this is the
longer distance between S and RIS, as well as RIS and D, for single reflection. Whereas,
for double reflection, the S − D pair is served by multiple short hops using two consecutive
RISs.

2.7 Conclusion

In this chapter, we proposed a novel RIS deployment strategy in the double RIS-assisted D2D
wireless communication scenario, which takes into account the elements grouping of an RIS.
The proposed strategy prevents resource wastage by deploying the RIS strategically taking
care of both single and double reflections and partitioning the RIS into non-overlapping sub-
groups. Subsequently, we proposed an energy-efficient group selection strategy for a device
pair to complete their communication. It is interesting to note that under some conditions,
double reflections are more energy-efficient than single reflection. The simulation results
show that a significant reduction in the number of RISs is achievable by allowing double
reflections. In addition, double reflections provide more energy efficient communication,
and also bring down the number of unserved blind pairs in comparison to some existing
benchmarks.
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Chapter 3

Double-RIS Assisted Multihop Routing
Scheme for D2D Communication1

3.1 Introduction

RIS is a promising solution for enhancing the performance of mmWave D2D multi-hop
wireless communication networks. In the previous chapter, we discussed a novel RIS deploy-
ment strategy. In this chapter, we present a double-RIS-assisted multihop routing scheme for
a D2D communication network, considering that the RISs are already strategically placed in
the environment. In particular, the plan relies on the nearby users and RISs that are already
operational. This work focuses on utilizing the current intermediate users (IUs), which can
serve as relays, in addition to the RISs. Thus, it is possible to cut down on the density of RIS
deployment in the environment, preventing resource waste. However, relying exclusively
on the IUs would require total reliance on their availability for relaying, which would
make it impossible to guarantee the reliability of delay-constrained information transfer.
Additionally, the IUs are thought to be able to harvest energy, so they don’t waste their own
energy volunteering to serve as relays for other users. Finally, helpful insights regarding
the scheme design are also provided, where we characterize the maximum acceptable delay
at each hop under various setups. Numerical results show the advantage of the suggested
scheme over some existing approaches.

1This chapter is based on the following publication:
L. Sau, P. Mukherjee, and S. C. Ghosh, “DRAMS: Double-RIS assisted multihop routing scheme for device-
to-device communication”, Computer Communications (Elsevier), Vol. 220, pp.52-63, Apr. 2024.
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3.2 Chapter Organization

The rest of this chapter is organized as follows: Section 3.3 describes the system model
and the problem formulation, Section 3.4 presents the proposed strategy, and Section 3.5
analyses the delay associated with information transfer. Numerical results are presented in
Section 3.6 and finally, Section 3.7 concludes the work.

3.3 System Model

3.3.1 Network topology

A wireless network topology is considered, which consists of a source S, NR RISs R1, R2,
. . . , RNR , NI IUs U1, U2, · · · , UNI , and destination D2, respectively. Each transmitter, i.e.,
the source S or an IU Uj j = 1, · · · , NI transmits with the same fixed power Ptx and the
RIS Ri i = 1, · · · , NR has Ni reflecting elements, respectively. Table 2 shows the list of
variables used, along with the descriptions. In general, each RIS is effectively controlled
to adjust both the amplitude and phase of the incident waveform. However, for the sake of
simplicity and mathematical tractability, the amplitude factor is set to unity and it is only the
phase that is tuned or optimized [72, 73]. Moreover, we assume that no direct LoS exists
between S and D and that S relies on the IUs and/or RISs to communicate to D. Each IU Uj

communicates with its own associated receiver and acts as a DF relay for other users, when
idle. Lastly, each IU is equipped with a buffer of sufficient capacity and all the D2D pairs
follow time-slotted synchronous communication [74], with slot duration Ts. An example of
this topology is presented in Fig. 3.1, for NR = 3 and NI = 4, respectively, where S can
communicate with D via IUs and/or RISs.

3.3.2 User Traffic Characterization

It is noted that in a typical wireless communication scenario, data generally arrives in
bursts to the users. As a result, the IUs U1, U2, · · · , UNI in this work are characterized by
exponentially distributed OFF and ON period lengths, with means λk and µk, respectively.
Without any loss of generality, Ts is assumed to be small in comparison with µk and λk [75],
which prevents Uk ∀ k = 1, · · · , NI changing its status multiple times within a single Ts.

2Network topology with multiple S − D pairs can be also considered, which is left for future work.
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Figure 3.1: The proposed RIS-based multihop network architecture.

Thus, the state 0 and 1 represents the IU being idle and busy, respectively and the probability
pij ∀ i, j ∈ {0, 1} denotes the transition probability of the IU currently being in state i and
it changes to state j in the next time slot. Accordingly, the IU activities are characterized by
a discrete-time Markov chain (DTMC) with the state transition probabilities [75, 76]:

p10 =
∫ Ts

0

1
µk

e−a/µk da = 1 − e−Ts/µk , p11 = 1 − p10, (3.1)

p01 =
∫ Ts

0

1
λk

e−b/λk db = 1 − e−Ts/λk , and p00 = 1 − p01.

Accordingly the state transition matrix P is:

P =

[
p00 p01

p10 p11

]
=

[
e−Ts/λk 1 − e−Ts/λk

1 − e−Ts/µk e−Ts/µk

]
. (3.2)

3.3.3 Channel Model

Depending on the availability of the IUs, it is possible to connect S to D with or without
taking the help of any RIS. When RIS is being used, the signal from an arbitrary Ui can
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reach Ui+1 via any of the following paths: (i) primary reflection, i.e., the signal from Ui

reaches Ui+1 by using only one RIS and (ii) secondary reflection, i.e., there exist two
consecutive RISs via which the signal from Ui reaches Ui+1. In this work, due to large
effective path loss, we neglect the aspect of triple or higher order reflections [47]. However,
the secondary reflection are not negligible in practice, especially in urban environments,
where the RISs are not deployed too far from each other. This problem can be modeled as
a graph, where the devices represent the vertices. These vertices have an edge in between
if and only if the corresponding nodes can communicate, i.e., they reside within some
threshold distance. We assume that the wireless links suffer from both large-scale path loss
effects and small-scale block fading, and the modulus of the channel follows the Rician
distribution. The channels S → Uj, Uj → D, and Uj → Uk ∀ j, k = 1, · · · , NI exhibit
small-scale fading and their corresponding path-loss factors are ρ1/2

L d−α/2
SUj

, ρ1/2
L d−α/2

UjD
, and

ρ1/2
L d−α/2

UjUk
, respectively, where ρL is the pathloss at one meter distance, α is the path-loss

exponent and dmn denotes the distance between m and n.
Let hS/URi ∈ CM×1, hRiRj ∈ CM×M, and hRjD/U ∈ C1×M denote the channel matrix

from S or IU to i-th RIS, i-th to j-th RIS (i ̸= j), and j-th RIS to an IU or D, respectively.
In addition, the phase-shift matrix of the i-th RIS is denoted by Φi = diag(ϕ1, · · · , ϕM) ∈
CM×M, i.e., a diagonal matrix accounting for the response of the RIS elements, where
ϕn = exp(jθn), n = 1, · · · , M and θn ∈ [0, 2π] is the phase shift applied by the RIS
elements [77]. Lastly, the total path-loss for each of these channel matrix is the product
of the path-loss of each point-to-point link [47]. Accordingly, the effective channel gain
in case of single and double reflection is hRiD/UΦihS/URi and hRjD/UΦjhRiRj ΦihS/URi ,
respectively.

3.3.4 Energy Harvesting Model

As stated earlier, it is for an idle IU Uj ∀ j = 1, · · · , NI to decide whether to act as a relay
or not. Moreover, there must be some ‘reward’ for the same or else, there is no point for
the user to waste its own energy in transferring data packets from S to D. In this context,
we assume that each Uj is equipped with an EH unit, which can extract DC power from the
received electromagnetic waves [78]. If an idle Uj agrees to act as a relay, we incentivize
it in the form of a reward, i.e., it is able to harvest energy from the incoming signal and
use the same to transfer the received information. For a transmission power Ptx, the power
harvested at IU is [79]
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Pharv =
Mh(1 − e−aPtxρLd−α|h|2)

1 + e−a(PtxρLd−α|h|2−b)
, (3.3)

where Mh is the maximum harvested power corresponding to the saturated EH circuit, h is
the complex channel gain, d is the associated distance, and finally, a and b are the respective
circuit parameters.

3.3.5 Delay-constrained Transmission

Shannon capacity is the largest data rate at which the information can be transmitted with an
arbitrarily small error probability, provided that the number of channel uses is infinitely large
[80]. However, for applications such as delay-constrained scenarios, the number of channel
uses cannot be very large. As a result, the error probability will not be arbitrarily small and
it needs reconsideration. In such scenarios, the maximum instantaneous achievable data rate
T(γ) is approximated as [81]

T(γ) = log2(1 + γ)− Q−1(ε)

ln 2

√
γ2 + 2γ

Mb(1 + γ)2 , (3.4)

where γ is SNR, ε ∈ [0, 1] is the error probability, Mb is the number of channel uses, and

Q(x) =
1√
2π

∞∫
x

e−
t2
2 dt is the Gaussian Q function. For delay unconstrained scenarios, i.e.,

when Mb → ∞, we have T(γ) → log2(1 + γ). When a RIS is selected to pass the signal
due to unavailability of idle IUs, we consider this achievable data rate R while searching for
an IU in the next hop.

3.4 DRAMS: The Proposed Strategy

This section discusses the proposed multihop framework DRAMS in detail, where the
novelty lies in the joint IU traffic characteristics and double-RIS assisted dynamic framework.
As we are considering a delay-constrained scenario, the data from S must reach D within
time Td in this set-up. Here we assume that a device cannot communicate with another
beyond a distance r and S has α packets of information to send D with φ bits in each.
Pictorially, we connect the location of S and D by a virtual straight line and consider it to
be the x-axis. Accordingly, we consider another virtual line as the y-axis at S, which is
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perpendicular to the x-axis. We intend to connect S to D via some IUs/RISs. Firstly, we
scan the right half circle3 of radius r at S to identify the idle IUs. Secondly, after the idle IU
identification, we decide on the appropriate modulation scheme and its corresponding energy
requirement. Thirdly, in case of multiple idle IU availability, we chose the appropriate IU
based on the LRD from D and the acceptable delay constraint. Two IUs are said to be
directly connected if there exists a LoS in between them and they reside within a distance r
of each other. Else, we identify suitable RISs for this purpose. Finally, we also provide an
illustrative example of the proposed DRAMS.

3.4.1 Identification of the Idle IUs

We identify the idle IUs by beacon transmission within a radius r, in the direction of D [82],
which can act as potential DF relays. We define Ω = {U1, · · · , Uϵ} as the set of all Ujs
that are present in the right half circle of radius r centred at S, where ϵ < NI and Uk = 1/0,
depending on whether the kth IU is busy/idle. As we intend to reduce the LRD in each hop,
we consider only the right half circle for identifying the potential relays. Accordingly, we
define the set of idle/busy IUs as

ΩI = {u1
I , u2

I , · · · , uϵI
I } and ΩB = {u1

B, u2
B, · · · , uϵB

B }, (3.5)

where ϵI + ϵB = ϵ denotes the total number of IUs in the concerned region. On the basis of
the traffic characteristics of a particular idle (busy) IU, we estimate the time for which it
continues to remain idle (busy) given that it is currently idle (busy).

Definition 6. Duration of Idleness (DoI) νI: It is the time duration during which a particular

IU is estimated to be idle, given that it is currently idle.

From the transition probability matrix (3.2), we know that the p00 corresponding to the idle
IU Uk is p00 = e−Ts/λk . As we are considering exponentially distributed idle and busy
periods, due to the memoryless property [83], we obtain νk

I , i.e., νI for the IU Uk, as follows.
For an acceptable error threshold δ, we desire to have

3It is to be noted that in our proposed framework, we search for appropriate IU/RIS in the right half
circle. The reason for this is attributed to the fact that we have assumed to have D in the right-hand side of S.
However, if D happens to be on the left-hand side, the framework still works and it is just that we then search
for appropriate IU/RIS in the left-hand circle at each hop. By generalizing this, it can be said that we search
for IU/RIS in the direction of D from S.
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p
νk

I
00 ≥ 1 − δ =⇒ νk

I ≤
λk
Ts

ln
(

1
1 − δ

)
. (3.6)

Since we are interested in considering the maximum time for which an IU is expected to be
idle for a given δ, we consider νk

I = λk
Ts

ln
(

1
1−δ

)
. Hence, corresponding to ΩI , we have

φI , where φI = {ν1
I , ν2

I , · · · , νϵI
I }. Similarly, we define a metric ‘Duration of Busyness’

(DoB).

Definition 7. DoB νB: It is the time duration during which a particular IU is estimated to

be busy, given that it is currently busy.

By considering p11 = e−Ts/µk from (3.2) and adopting a similar procedure as DoI, the DoB
νk

B, i.e., νB for Uk, is obtained as

νk
B =

µk
Ts

ln
(

1
1 − δ

)
. (3.7)

Hence, corresponding to ΩB, we obtain φB = {ν1
B, ν2

B, · · · , νϵB
B }.

3.4.2 Choosing Appropriate Modulation at the IUs

The objective of this work is not only to transfer data from S to D, but also with minimum
energy consumption. In the process of doing so, we introduce the aspect of rate adaptation
at the IUs. Moreover, the idle IUs employ rate adaptation if and only if there is a direct
connection between the users and there is no RIS used to connect them4. The IUs adopt
a modulation scheme mq from the set M = {m1, m2, · · · , m|M|}, which corresponds to a
data rate Dq = log2(mq) ∀ q = 1, · · · , |M|. The choice of mq depends on the wireless
channel between the two consecutive IUs, where the complex channel gain h, bit error rate
(BER) Pb, constellation size mq, and the received power PρLd−α|h|2 are related as [84]:

Pb = c1 exp

(
−c2PρLd−α|h|2

σ2(mc3
q − c4)

)
. (3.8)

Here σ2 is the noise power, and c1, · · · , c4 are modulation-specific constants, respectively.
The above equation explains the relation between the chosen modulation scheme and

4The aspect of RIS-enabled rate adaptation is not considered here, as this is beyond the scope of the current
work. However, the proposed framework can also be extended to such scenarios with suitable adjustments like
optimal RIS beam alignment [47].
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the application-specific acceptable BER. By considering a transmission power P and a
modulation scheme mq, the time required for complete transfer of αk information packets of

the IU Uk with φk bits in each is τreq(k, q) =
⌈αk φk

Dq

⌉
slots, where

⌈
·
⌉

denotes the ceiling

function. Accordingly, if Pproc is the processing power, the corresponding energy required
for complete information transfer is characterized as

Ereq(k, q) = (Ptx + Pproc)τreq(k, q)Ts, (3.9)

which is not a fixed quantity, but a function of the chosen constellation size.

3.4.3 Selection of the Appropriate IUs

Till now, we have identified the pool of busy and idle IUs within the radius r towards D.
Now, among the idle ones, we identify the ones that can be leveraged upon to act as DF
relays in forwarding the information from S to D. Towards this direction, we define the set
Yk,q as

Yk,q =
{

τreq(k, q) : Uk ∈ ΩI , mq ∈ M, τreq(k, q) ≤ νk
I
}

. (3.10)

Specifically, Yk,q is the set of those IU Uk ∈ ΩI and their associated modulation scheme
mq ∈ M such that they satisfy what we define as the availability constraint τreq(k, q) ≤ νk

I ,
i.e., the required time for complete information transfer from Uk is less than its estimated
idle time νk

I . Accordingly, S chooses the appropriate IU Uk∗ along with its modulation
scheme mq∗ as

(k∗, q∗) = argmin
k,q

Yk,q. (3.11)

Note that the computational complexity of this entire process is |ΩI | × |M|. However,
at times we have Yk,q to be a null set as τreq(k, q) > νk

I (Uk) ∀ Uk ∈ ΩI , i.e., DoI
corresponding to all the elements of ΩI is less than the time required by Uk for continuous
complete information transfer by using a constellation of size mq. As it is necessary to
complete the entire information transfer in a single phase, S decides to avoid transmission
and waits for an interval of ηw slots with the hope that some Uk ∈ ΩB may become idle
in the near future. In the following subsection, we derive the analytical expression for the
quantity ηw.
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3.4.3.1 Calculation of ηw

In such scenarios, S identifies the pool of busy IUs in the right half circle of radius r, i.e.,
ΩB from (3.5). Accordingly, it estimates the time interval of ηI,n slots after which Un ∈ ΩB

will become idle, i.e., we have Un ∈ ΩI after ηI,n slots. This can be effectively modeled as
a geometric distribution [83], where we map the event of Un being idle and busy as success
and failure, respectively. Therefore, given that Un ∈ ΩB, we are interested in finding out the
number of trial required till the first success, which in this case, is ηI,n. From the transition
probability matrix P in (3.2), we obtain the probability of success in the ηI,n-th slot as
pηI,n−1

11 p10, which needs to be greater than an acceptable threshold probability pth, i.e.,

pηI,n−1
11 p10 ≥ pth

=⇒
(

e−Ts/µk
)ηI,n−1 (

1 − e−Ts/µk
)
≥ pth, (3.12)

which after some trivial algebraic manipulations yield

ηI,n ≤ µk
Ts

ln

(1 − e−Ts/µk

pth

)+
+ 1, (3.13)

where we define x+ = max(x, 1). Since we are interested in maximizing the chance

of an IU availability, for a given pth, we consider ηI,n = µk
Ts

ln
((

1−e−Ts/µk
pth

)+)
+ 1.

Furthermore, as this is a delay-constrained scenario, we cannot afford to wait for a significant
amount of time. Hence, S chooses not to transmit for ηw slots, where

ηw = min
Un∈ΩB

ηI,n. (3.14)

Since S waits for ηw slots, we have the reduced delay bound T
′
d, where T

′
d = Td − ηwTs.

Hence, we can say that the acceptable delay bound becomes tighter with every transmission
deferral. In this context, a detailed delay analysis is provided later in Section 3.5. Now
after a time interval of ηw slots, S again scans the right half circle of radius r to classify
the idle IUs and accordingly, it solves (3.11) again to obtain Uk∗ along with the appropriate
modulation mq∗ . If even now, the solution is a null set, S proceeds with a RIS as the next
hop.

Remark 4. We adopt a cooperative framework in this work, i.e., a particular IU agrees to

act as a DF relay whenever it is idle. A scenario, where an idle IU may not agree to act as a
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relay for a particular S − D pair, in spite of being idle, is not considered here but left for

future work.

3.4.3.2 Harvested Energy

As stated earlier, we incentivize the selected IU in terms of harvested energy, i.e., Uk∗ har-
vests energy from the signal it received from S. From (3.3), when a particular constellation
mq is selected, we obtain the harvested energy at Uk∗ as

Eharv(k∗, q∗) =
Mh(1 − e−aPρLd−α

SU |hSU |2)

1 + e−a(PρLd−α
SU |hSU |2−b)

τreq(k∗, q∗), (3.15)

where hSU ∼ CN (0, 1) is the channel gain and d−α
SU is the corresponding path-loss factor.

Moreover, we observe from (3.15) that the harvested energy is a function of the chosen
constellation mq. Furthermore, (3.11) chooses the IU with the best channel condition and as
Eharv is a monotonic function of |hSU|2, this results in better EH performance at Uk∗ .

This entire procedure of identifying idle IUs within radius r to act as relays is described
later pictorially in Fig. 3.2. However, if only IUs are to made act as relays, then the
information transfer from S to D will solely rely on the IU traffic characteristics and
activities. To overcome this problem, we take help of the already strategically placed RISs
in the surroundings [36, 35], which always guarantees communication in the absence of
appropriate IUs. This also implies that the location of the RISs are known to all the IUs in
the surroundings.

3.4.4 Identification of RIS in case of Idle IU Unavailability

In case of directly connected idle IU unavailability, S searches for a RIS within the right
half circle of radius r, which reduces the LRD for the next hop. The location of the idle IU
in the proximity of the RIS is known to S by the reverse path forwarding procedure [82] via
the RIS, when an IU receives the beacon signal transmitted by S. In a multi-user scenario,
by assuming that there are L device pairs being supported by that particular RIS and there
exists an idle IU in the right half circle of radius r that satisfies the constraints as stated in
(3.10), the signal-to-interference-plus-noise-ratio (SINR) corresponding to this particular
device pair is
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γsr=
Ptx|hRiD/UΦihS/URi |

2d−α
RiD/Ud−α

S/URi
ρ2

L
L

∑
l=1
l ̸=i

Ptxρ2
L|hRl D/UΦlhS/URl

|2d−α
Rl D/Ud−α

S/URl
+ σ2

0

, (3.16)

where σ2
0 is the variance of the circularly symmetric zero mean AWGN, the effective channel

gain between S and the idle IU is hRiD/UΦihS/URi and, ρ2
Ld−α

RiD/Ud−α
S/URi

is the effective
path-loss factor as defined in Section 3.3.3. Accordingly, the phase shift matrix of this
particular RIS is optimized, such that the sum throughput of all the users being served by
the RIS is maximized. Moreover, note that we are considering a delay-constrained scenario
here, i.e., the data rate that we aim to maximize is obtained by replacing γ = γsr in (3.4) as

T(γsr) = log2(1 + γsr)−
Q−1(ε)

ln 2

√
γ2

sr + 2γsr

Mb(1 + γsr)2 , (3.17)

where Mb denoting the total number of channel uses, is a finite quantity and ε is the
acceptable probability of error.

For the scenario of a single-user system, (3.16) reduces to

γsr =
Ptx|hRiD/UΦihS/URi |

2ρ2
Ld−α

RiD/Ud−α
S/URi

σ2
0

, (3.18)

where we have hRiD/U =
[
ζ1e−jθζ,1 , · · · , ζNe−jθζ,N

]
, hS/URi =

[
ω1e−jθω,1 , · · · , ωNe−jθω,N

]
,

and Φi = diag(ϕ1, · · · , ϕN) with ϕn = exp(jθn), n = 1, · · · , N. Here, the optimal
choice of Φi which maximizes γsr is

ϕn = θζ,n + θω,n ∀ n = 1, · · · , N (3.19)

and accordingly, we obtain

γ
opt
sr =

Ptx

(
N
∑

i=1
ζiωi

)2

ρ2
Ld−α

RiD/Ud−α
S/URi

σ2
0

. (3.20)

Furthermore, the received power at the IU can be expressed as Ptx|hRiD/UΦihS/URi |
2ρ2

Ld−α
RiD/Ud−α

S/URi

and accordingly, the harvested power, in this case, is obtained from (3.3), i.e.,
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Pharv =

Mh

(
1 − e−aPtx|hRiD/UΦihS/URi

|2ρ2
Ld−α

RiD/Ud−α
S/URi

)
1 + e−a

(
Ptx|hRiD/UΦihS/URi

|2ρ2
Ld−α

RiD/Ud−α
S/URi

−b
) , (3.21)

which can be further analytically characterized if the probability distribution function of
hRiD/U and hS/URi are known [85]. Finally, based on (3.20), the maximum harvested
power at the IU for a single user system is

Popt
harv =

Mh

1 − e
−aPtx

(
N
∑

i=1
ζiωi

)2

ρ2
Ld−α

RiD/Ud−α
S/URi


1 + e

−a

(
Ptx

(
N
∑

i=1
ζiωi

)2

ρ2
Ld−α

RiD/Ud−α
S/URi

−b

) . (3.22)

Remark 5. The optimal phase shift matrix for a single-user system is obtained in (3.19).
However, finding the same for the scenario involving an arbitrary number of users is not

as straightforward as above and the said problem has been formulated as an optimization

problem in [43, 47, 73].

Note that it may happen as to there is no idle IU in the right half circle of radius r centred
at the RIS, which satisfies the desired criteria as mentioned in (3.10). However, we are
sure to find another RIS, as we assume that the RISs are already strategically placed in the
surroundings [36]. Hence, the RIS directs the signal towards this newly found RIS in its
range. Finally, if there is no idle IU in the coverage area, i.e., a right half circle of radius r,
from this RIS, the communication stops. However, if an idle IU exists, the received power
at this idle IU is

Pdr = Ptx|hRjD/UΦjhRiRj ΦihS/URi |
2

× ρ3
Ld−α

RjD/Ud−α
S/URi

d−α
RiRj

(3.23)

and by assuming that there are L D2D pairs being served by this RIS at this point of time,
the resulting doubly reflected SINR in this case is evaluated as

γdr =

Ptx|hRjD/UΦjhRiRj ΦihS/URi |
2

× ρ3
Ld−α

RjD/Ud−α
S/URi

d−α
RiRj

L

∑
l=1
l ̸=i

Ptx|hRjD/UΦjhRl Rj ΦlhS/URl
|2

× ρ3
Ld−α

RjD/Ud−α
S/URl

d−α
Rl Rj

+ σ2
0

. (3.24)
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Our aim is to maximize R(γdr), which is obtained by replacing γ = γdr in (3.4). As stated
earlier in Remark 5, we optimize the phase shift matrix by using any of the existing available
techniques. Lastly, the harvested power, in this context of a doubly RIS reflected signal, is
obtained from (3.3) as

Pharv =
Mh(1 − e−aPdr)

1 + e−a(Pdr−b)
, (3.25)

where Pdr is the received power as defined in (3.23). Once the information reaches an idle
IU in one of the hops, then the same process, as described above, is used to identify the next
idle IU or the nearby RIS, until the information reaches D.

The complete process of information transfer, as described above, from S to D within a
time limit of Td is the proposed framework DRAMS and this has been pictorially presented
by a concise and compact flowchart in Fig. 3.2.

The overall procedure is demonstrated by an illustrative example in Fig. 3.3, where
there is no direct LoS link between S and D and the corresponding delay constraint for
the complete data transfer is Td. To select the intermediate hops (IU/RIS), we consider a
semi-circle of radius r at S in the LRD direction from S to D. We observe from the figure
that there are no available IUs within the half-circle C1, which is centered at S and satisfies
the conditions as stated in (3.10). Hence, S estimates the waiting time interval of ηw slots
and the delay constraint Td is accordingly updated as T

′
d = Td − ηwTs. After waiting for ηw

slots, S again scans the semi-circle of radius r but still it cannot find an appropriate IU that
can act as a relay. Accordingly, S does not wait any further but observes that RIS R1, R9 and
R10 can act as potential reflectors for the first hop. As the reflected signal, via R1, traverses
the maximum distance in the LRD direction, R1 is selected among the three. Since r is the
coverage distance for each RIS and idle U2, U3 lies inside this region, (3.11) is solved over
these two IUs to select U3 as the next hop.

By adopting a similar technique, we consider a right half circle of radius r at U3 to
observe that there are no idle IUs in this region and R3 is the only RIS that reduces the LRD
from U3 to D. Moreover, R4 is selected to act as the next hop of this framework due to
two reasons: firstly, there are no idle IUs available in the concerned region and secondly,
as stated earlier, double reflections are non-negligible in practice. As U5 covers the LRD
towards D and three consecutive RIS selection results in significant signal degradation [47],
U5 is chosen to act as the next relay node. In a similar logic, U7 and U9 are selected to act
as the corresponding hops of the proposed framework. Therefore, the signal from S reaches
D within a time limit of Td by using the path S, R1, U3, R3, R4, U5, U7, U9, D.
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Figure 3.2: Flowchart of the proposed strategy.
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Figure 3.3: Illustrative Example

3.5 Delay Analysis

As stated earlier in Section III-C, here we investigate DRAMS in terms of the delay for
information transfer from S to D. Based on the choice of IUs and RISs as hops of this
framework, we can have the following scenarios: (i) only IUs (both busy and idle) and (ii)
both IUs and RISs are being used. Now we look at all the scenarios in detail.

3.5.1 Only IUs

Here we observe that the information packets from S reach D through a finite number
of busy/idle IUs and no RIS is being used in this scenario. On arrival of information, S
immediately locates an idle IU U1 within the right half circle of radius r, which is also in
the LRD direction and can act as a DF relay. However, if S cannot locate an idle IU in the
desired region that satisfies the constraints from (3.10), before proceeding with a RIS, S
waits for a finite amount of time to identify the next node in the proposed framework. We
assume that there must be an IU that meets the constraints in (3.10) within this waiting time.
In this context, we estimate the maximum acceptable waiting time Tdi at IU Ui, such that
the overall delay constraint of time Td is not violated.

Let l be the Euclidean distance from S to D and any IU can transmit to a maximum
distance r. Hence, the minimum number of hops required to send a data packet from S to D

is Ψ =

⌈
l
r

⌉
. Therefore, the maximum acceptable delay and actual delay at S is Td0 =

Td
Ψ

and t0, respectively. In case the actual waiting time ti at Ui is less than Tdi , we propose that
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the leftover waiting time Tdi − ti is carried forward to Ui+1, i.e., the maximum acceptable
delay Tdi+1

at Ui+1 is now updated as Tdi+1
+ (Tdi − ti).

Remark 6. In this work, we consider a scenario, where IUs cannot communicate beyond a

distance r, i.e., the IUs do not have a global knowledge of the system topology. Therefore,

Ui passes on Tdi − ti to Ui+1, as it is unaware of exactly how many hops will be required in

DRAMS for the complete information transfer from S to D.

Accordingly, we characterize Tdi as

Tdi =

Td −
i−2
∑

k=0
βktk − Tdi−1

Ψ − Ψi
+ (Tdi−1

− βi−1ti−1) i ≥ 2,

where Ψi =

⌊
||S − Ui||

r

⌋
, ⌊·⌋ is the floor function, Td0 =

Td
Ψ

, Td1 =
Td − Td0

Ψ − Ψ1
+ (Td0 −

β0t0), and

βi =

0, Idle Ui,

1, Busy Ui.
(3.26)

Moreover, based on the value of β corresponding to a particular Ui, we can have the
following extreme cases:

1. βz = 0 ∀ z < i, i.e., no waiting at U1, · · · , Ui−1 and

2. βz = 1 ∀ z < i, i.e., waiting at U1, · · · , Ui−1.

Both these cases are investigated below.

Case I: βz = 0 ∀ z < i.

Here we investigate the scenario when the information from S has not faced any waiting at
U1, · · · , Ui−2, Ui−1 till Ui. Accordingly, the maximum acceptable delay at Ui is given by
the following theorem.

Theorem 3.5.1. Without any delay in information transfer from S through the IUs U1, · · · , Ui−2, Ui−1,

the maximum acceptable delay at Ui is given by
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Table 3.1: Summary of results.

Cases IU RIS Maximum acceptable delay at Ui

1 ✓ × Tdi =



Td
Ψ

, i = 0,

Td − Td0

Ψ − Ψ1
+ (Td0 − β0t0), i = 1,

Td −
i−2
∑

k=0
βktk − Tdi−1

Ψ − Ψi
+ (Tdi−1

− βi−1ti−1) i ≥ 2.

2 ✓ ✓ Tdi =



Td
Ψ

, i = 0,

Td − Td0

Ψ − Ψ1
+ (Td0 − (c0t′0 + (1 − c0)t′′0 )), i = 1,

Td −
i−2
∑

k=0
ckt′k −

i−2
∑

k=0
(1 − ck)t′′k − Tdi−1

Ψ − Ψi
+ (Tdi−1

− (ci−1t′i−1 + (1 − ci−1)t′′i−1)) i ≥ 2.

Tdi = Td

(
i

∑
p=1

(
1

Ψ − Ψp

) i

∏
q=p+1

(
1 − 1

Ψ − Ψq

)

+
1
Ψ

i

∏
n=1

(
1 − 1

Ψ − Ψn

))
. (3.27)

Proof. By replacing βz = 0 ∀ z < i in (3.26), we obtain

Tdi =
Td − Tdi−1

Ψ − Ψi
+ Tdi−1

i ≥ 1, (3.28)

where Td0 =
Td
Ψ

. After trivial manipulations, Td1 can be alternatively written as

Td1 =
Td − Td0

Ψ − Ψ1
+ Td0 =Td

(
1

Ψ − Ψ1
+

1
Ψ

(
1 − 1

Ψ − Ψ1

))
. (3.29)

Similarly, we obtain Td2 as a function of Td1 , which in turn, can be further simplified in
terms of Td0 as

Td2 =
Td

Ψ − Ψ2
+

(
1 − 1

Ψ − Ψ2

)
Td1

(a)
=

Td
Ψ − Ψ2

+

(
1 − 1

Ψ − Ψ2

)
×
(

Td
Ψ − Ψ1

+

(
1 − 1

Ψ − Ψ1

)
Td0

)
= Td

(
1

Ψ − Ψ2
+

1
Ψ − Ψ1

(
1 − 1

Ψ − Ψ2

)
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+
1
Ψ

(
1 − 1

Ψ − Ψ1

)(
1 − 1

Ψ − Ψ2

))
, (3.30)

where (a) follows from (3.29). By proceeding in the same way for i ≥ 1, we get

Tdi = Td

(
i

∑
p=1

(
1

Ψ − Ψp

) i

∏
q=p+1

(
1 − 1

Ψ − Ψq

)

+
1
Ψ

i

∏
n=1

(
1 − 1

Ψ − Ψn

))
. (3.31)

Moreover, it can also be observed that by putting i = 2 in (3.31) results in (3.30).

We observe from Theorem 3.5.1 that the maximum acceptable delay Tdi at IU Ui is
expressed in terms of the overall delay constraint Td. Furthermore, it can also be observed
that Tdi increases monotonically with i, i.e., Tdi ≤ Tdi+1

∀ i.

Case II: βz = 1 ∀ z < i.

This implies that the information from S has suffered delay at all the IUs till Ui, i.e., in this
case, we obtain the maximum acceptable delay at Ui from (3.26) as

Tdi =

Td −
i−2
∑

k=0
tk − Tdi−1

Ψ − Ψi
+ (Tdi−1

− ti−1) i ≥ 2, (3.32)

where Td0 =
Td
Ψ

and Td1 =
Td − Td0

Ψ − Ψ1
+ (Td0 − t0).

By simplifying Td1 in (3.32), we obtain

Td1

(a)
= Td

(
1

Ψ − Ψ1

(
1 − 1

Ψ

)
+

1
Ψ

)

− µ1 ln

(1 − e−Ts/µ1

pth

)+
− Ts

(b)
= Td

(
1

Ψ − Ψ1

(
1 − 1

Ψ

)
+

1
Ψ

)
− µ1 ln

((
Ts

µ1pth

))
− Ts, (3.33)

where (a) follows from Td0 =
Td
Ψ

and (3.13). Furthermore, (b) follows from the Taylor

expansion of e−Ts/µ1 and neglecting its higher order terms as we know from Section 3.3.2
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that Ts/µ1 < 1 and finally, by considering an appropriate pth such that Ts
µ1 pth

> 1 holds.

Remark 7. Note that for x ≥ 1, x ln
(

1
x

)
is a monotonically decreasing function with

its maxima at x = 1, when x ln
(

1
x

)
= 0. Hence, we can observe from (3.33), that Td1

increases with µ1 when other parameters are constant. It is interesting to observe, that the

same intuition is also provided by the term p10 in the transition probability matrix stated in

(3.2).

Instead of making a claim specifically with respect to U1 as in Remark 7, we can make a
generalization as follows. From (3.32), we obtain

Tdi =
Td − Tdi−1

Ψ − Ψi
+ Tdi−1

−

i−2
∑

k=0
tk

Ψ − Ψi
− ti−1 i ≥ 2

=
Td − Tdi−1

Ψ − Ψi
+ Tdi−1

−
(

i − 1
Ψ − Ψi

+ 1
)

Ts

−
(

1
Ψ − Ψi

i−1

∑
k=1

µk ln
(

Ts

µk pth

)
+ µi ln

(
Ts

µi pth

))
︸ ︷︷ ︸

function of µ1,··· ,µi

, (3.34)

which is based on (3.13).

Remark 8. We observe from (3.34) that Tdi is a joint function of µ1, · · · , µi. This implies

that the average acceptable time delay at an arbitrary intermediate user is dependent on the

traffic characteristics of all the previous intermediate users.

Since we have investigated the two extreme scenarios, i.e., no delay at U1, · · · , Ui−1

and waiting at all of U1, · · · , Ui−1, the actual Tdi corresponding to Ui will be in between
the two. The reason behind this observation is attributed to the practical scenario of β = 0
for some of the IUs and β = 1 otherwise.

3.5.2 RIS and IUs

This is the most general scenario, which involves IUs, both idle and busy, and RISs in the
process of information transfer from S to D. In this setup, if S has information packets to
transfer, first it will search for idle IUs within the right half circle of radius r in the LRD
direction. If one of the IUs is available that meets all the criteria as stated in (3.10) within
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the acceptable waiting time, this particular IU will serve as the DF relay node but otherwise,
S goes for a RIS. This process of IU or RIS selection is repeated at each hop until D is
reached. In this context, we come across namely two types of delays at an arbitrary IU Ui as
follows.

1. Delay t′i: waiting time at Ui, when it transfers the data packets to the following IU and

2. Delay t′′i : time after which Ui chooses an RIS to do the transfer due to reasons such
as the unavailability of an appropriate IU.

It is to be noted that both t′i and t′′i occur at Ui for information transfer to Ui+1. Towards
this direction, Ui after suffering a delay t′′i , immediately chooses a RIS and if there are
no suitable IU in the LRD direction of the RIS, it immediately directs the signal to its
adjacent RIS. This is based on the fact that double-RIS-aided information transfer is a non-
negligible phenomenon [47] and the corresponding channel model is described in Section
3.3.3. Moreover, we assume that the RISs are strategically placed [36] and as a result, there
is always another RIS in the right half circle of radius r. Furthermore, in the context of
maximum acceptable delay calculation at an IU, here also we propose Tdi − ti of being
carried forward to only Ui+1.

With the motivation and the framework for this variant already stated in the previ-
ous section, we proceed along similar lines to obtain the maximum acceptable delay Tdi

corresponding to Ui.

Tdi =

Td −
i−2
∑

k=0
ckt′k −

i−2
∑

k=0
(1 − ck)t′′k − Tdi−1

Ψ − Ψi

+ (Tdi−1
− (ci−1t′i−1 + (1 − ci−1)t′′i−1)) i ≥ 2, (3.35)

and Td1 =
Td − Td0

Ψ − Ψ1
+ (Td0 − (c0t′0 + (1 − c0)t′′0 )), where

ci =

1, for D2D delay,

0, else
(3.36)

Note that for a particular Ui, both t′i and t′′i cannot exist at the same time.
Hence in this section, we have analyzed the transmission delay for all the possible cases

of the proposed framework. Finally, Table 3.1 presents a summary of the main analytical
results derived in this section.
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Table 3.2: Transmission Modes for Pb = 10−6.

SNR interval (dB) Modulation Rate (bits/sym.)
(−∞, 9.8554) No transmission 0

[9.8554, 12.8657) BPSK 1
[12.8657, 14.6266) QPSK 2
[14.6266, 15.8760) 8-QAM 3
[15.8760, 16.8451) 16-QAM 4
[16.8451, 17.6369) 32-QAM 5
[17.6369, 18.3063) 64-QAM 6
[18.3063, 18.8863) 128-QAM 7
[18.8863,+∞) 256-QAM 8

3.6 Numerical Results

In this section, we carry out extensive simulations to validate the performance of DRAMS
and also compare with the nearest existing approach. Here we consider data transmission
in a Rician fading scenario, where we assume Rician factor K = 10 dB. The default
parameters considered are: slot duration Ts = 100 µs [75], IU transmission power Ptx = 30
dBm, IU processing power Pt = 10 dBm, path loss at one-meter distance ρL = 10−3.53

[86], pathloss exponent α = 4.2 between two consecutive IUs and α = 2 elsewhere, the
number of elements in each RIS M = 250, and acceptable delay bound Td = 50 ms [87].
The parameters related to energy harvesting at the IUs are NI = 24 mW, a = 150, and
b = 0.014 [88]. Based on (3.8), we consider M-ary quadrature amplitude modulation
(M-QAM) transmission between consecutive IUs and a BER of Pb = 10−6 results in
PtxρLd−α|h|2

σ2 = 9.6724(mq − 1), where mq is constellation size as defined in Section
3.4.2. Accordingly, we obtain the transmission modes (TM) as stated in Table 3.2 and
these TM are used in this section. Moreover, in this work, when an RIS is chosen due to
the unavailability of IUs, we consider parameters Mb = 1000 and ε = 10−4 [89]. Next
we demonstrate the performance of DRAMS and also validate the proposed analytical
framework against Monte Carlo simulation. Finally, we compare DRAMS with the existing
approaches.
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Figure 3.4: DRAMS trajectories for two different scenarios; ∆ corresponds to IU and 2

corresponds to RIS.

3.6.1 Performance of DRAMS

An illustration of the DRAMS-based multihop trajectory is presented in Fig. 3.4. In this
scenario, we consider a two-dimensional squared area of 400 × 400 m2, where the IUs
and the RISs are randomly and strategically placed, respectively, as shown in Fig. 3.4.
Moreover, we assume an IU coverage of 60 m, where ‘coverage’ refers to the maximum
distance at which a particular IU can communicate. We consider two separate instances,
when a randomly selected S − D pair wants to communicate. In the process of doing so,
DRAMS establishes a multi-hop connection, which effectively brings out the advantages of
the proposed scheme as follows.

1. IUs are preferred over RISs in establishing the S − D connection, i.e., the figure
demonstrates that if IUs are available to act as relays without violating the delay
constraint, RISs are completely overlooked by DRAMS.

2. On the other hand, the RISs are considered as an option only in the case of IU
unavailability. Furthermore, to take advantage of the RISs significantly, DRAMS also
leverages on the secondary reflections from the RISs, which can also be observed by
the choice of two consecutive 2s in the figure.

In this way, by prioritizing the choice of IUs over RISs, DRAMS avoids the aspect of
unnecessary resource wastage. However, it is to be noted that this benefit does not come at a
cost of violating the delay constraint and the corresponding analysis is already explained in
Section 3.5.

Fig. 3.5 illustrates the number of RISs used to connect S to D as a function of the
IU coverage. We consider a particular S − D pair and three different scenarios with IU
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Figure 3.5: Effect of IU coverage.

density 100, 400, and 900, respectively. Accordingly, we look at the number of RISs used to
establish a multi-hop connection from S to D. For a particular IU density, we observe that
the number of RISs used to connect S − D follows a non-increasing trend with respect to
increasing IU coverage. This is justified by the fact that a smaller coverage implies more
number of hops to connect S − D. Moreover, we know that higher carrier frequency results
in higher data rate but lower coverage. Hence, the figure demonstrates that for identical IU
density, higher carrier frequency (lower coverage) results in higher number of RISs being
used and vice-versa. Finally, we also note that irrespective of the IU density, the number of
RISs used asymptotically reaches zero with increasing IU coverage.

Fig. 3.6 depicts the number of RISs used to connect S to D as a function of the IU
density. In this figure, we establish a connection between a S − D pair for three different IU
coverage of 30, 45, and 60 m, respectively. It is observed here that a lesser number of RISs
are being used as the IU density increases and here also, irrespective of the IU coverage
radius, the value asymptotically reaches zero. In other words, for an environment with a
significantly large IU density, it is possible to completely avoid the usage of RISs.

From Fig. 3.5 and Fig. 3.6 we observe that depending on the carrier frequency (i.e., the
IU coverage) and density of IUs in the surroundings, it is possible to establish a multihop
S − D connection consisting of only IUs and not RISs. This further strengthens our claim
of exploiting the IU traffic characteristics to reduce the dependency on the RISs. It is to
be noted that our proposed DRAMS avoids wastage of resources but not at the cost of
performance degradation.
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Figure 3.6: Effect of IU density.

Figure 3.7: Verification of νB estimation; lines correspond to analysis and markers
correspond to simulation results.

3.6.2 Verification of νB and νI by Monte Carlo Simulation

Here for the generation of results, we define the average IU activity duty cycle as Ξ =
µk

µk + λk
∀ k, which is the average fraction of the total time that an IU remains busy

communicating with its own dedicated receiver.
Fig. 3.7 compares the analytically obtained νB in (3.7) with the Monte Carlo simulations,

where we consider the average ‘OFF’ duration λk = 4 ms ∀ k. It is observed that νB

increases monotonically with Ξ and moreover, the rate of increase exponentially shoots
up as Ξ → 1. This is also intuitive, as increasing Ξ implies that the IU will remain busy
most of the time and hence, the time duration for which it will remain busy given that it is
currently busy will also increase. Furthermore, we also observe that for a particular Ξ, a
higher value of δ implies a greater value of νB and vice-versa, as evident from (3.7).

We compare the analytically obtained νI with the corresponding Monte Carlo simulations
in Fig. 3.8, where we consider the average ‘ON’ duration µk = 4 ms ∀ k. We observe that,
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Figure 3.8: Verification of νI estimation; lines correspond to analysis and markers
correspond to simulation results.

irrespective of δ, the value of νI decreases with increasing Ξ, unlike νB. This is intuitive too,
as increasing the duty cycle implies that the IU will remain idle for a relatively lesser amount
of time. Furthermore, here also, we observe that for any particular Ξ, δ1 > δ2 results in νI

corresponding to δ1 being greater than the νI corresponding to δ2. Thus, based on Fig. 3.7
and Fig. 3.8, we can state that νB and νI complement each other. Furthermore, it can also be
said, that DRAMS will always have a tendency to select IUs with lower Ξ as relays.

3.6.3 Performance Comparison

Here we first define the metrics, namely data throughput and energy efficiency, which will
be used to quantify the performance of DRAMS.

3.6.3.1 Data throughput DT

By assuming that DRAMS chooses X IUs and a certain number of RISs to connect the k-th
S − D pair in X + 1 hops, the data throughput is defined as

DT =
1

X+1
∑

i=1

1 − ai

(1 − Pb)mqi

+
ai

Ti (γi)

, (3.37)

where

ai =

1, if i-th hop involves RIS,

0, else.
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Here Pb is the BER and mqi is the constellation size as stated in (3.8). Moreover, in case we
have a RIS selected due to idle IU unavailability, Ri is the corresponding achievable data
rate as defined in (3.4).

3.6.3.2 Energy efficiency Eeff

Similar to data throughput, the system energy efficiency for transferring αk packets of data
with φ bits in each packet, when the k-th S− D pair gets connected in X + 1 hops is defined
as

Eeff =
αk φk

(Ptx + Pt) Ts
X+1
∑

i=1
τi − Ts

X
∑

j=1
Pharv(j)τj

, (3.38)

where Ptx and Pt is the transmission and processing power respectively, as defined in (3.9).
Moreover, τi is the time required (in slots) for complete information transfer in the i-th
hop and finally, based on the channel condition, Pharv(j) is the harvested power at the
j-th IU when the channel between the (j − 1)-th and j-th IU is being used for information
transfer. Note that in (5.4), the numerator is essentially the amount of data transferred and
the denominator denotes the net energy consumption, where the first term is the energy
required for data transmission and the second term implies the amount of energy harvested.
Hereafter, we compare the performance of DRAMS with the existing benchmark schemes
[37, 48]. Accordingly, the variants used for this purpose are the following:

1. OPRIS [37]: The work investigates the optimal placement of RISs when the S−D pair
is either directly connected or connected via a single RIS only. In other words, it does
not involve any aspect of connecting two devices that require multihop communication.
DAR [48]: This work proposes the involvement of only double-RIS aided scenarios
for the purpose of connecting S to D. It does not involve the aspect of incorporating
single and/or double reflection depending on the availability of IU and/or RIS.

Fig. 3.9 (a) demonstrates an overall decreasing trend of DT with IU coverage, irrespec-
tive of the deployed scheme. This is because although increasing coverage implies lesser
number of hops, the pathloss factor becomes dominant. It is observed that the performance
of both DRAMS and OPRIS, without AM, are comparable and equally poor as compared
to DRAMS irrespective of Mb. This degraded performance is attributed to the inability to
exploit the temporal variation of the wireless channel. Moreover, we note that irrespective
of coverage, DRAMS with Mb → ∞ always outperforms its finite Mb counterpart and the
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Figure 3.9: Performance comparison: (a) Data throughput (b) Energy efficiency.

performance gap increases with decreasing Mb. This is because the Mb → ∞ scenario
always chooses the best channel in each hop while connecting S − D, whereas a finite
Mb scenario cannot do so always due to the application-specific delay constraints. As a
result, it can be concluded that if delay is not a critical factor for the application at hand,
the performance of DRAMS gets enhanced by a finite margin. It is important to note that
OPRIS (DAR) always utilizes single (double) reflection in the RIS-aided networks. On
the contrary, DRAMS uses either of the two, depending on the scenario, which results in
reduced RIS deployment, but not at the cost of degraded data throughput. As in Fig. 3.9 (a),
Fig. 3.9 (b) depicts the advantage of the proposed framework in terms of Eeff, which also
reduces with increasing coverage irrespective of the framework being used.

3.6.4 Impact of Mobility

Here we consider a mobile scenario, i.e., the IUs are having a particular velocity in a certain
direction. Note that this will have a significant effect on the performance of the proposed
scheme, as the inter-IU distance changes during the process of information transfer. In this
context, Fig. 3.10 illustrates the impact of IU mobility on DRAMS, with the coverage being
taken as 50 m and the mobility aspect being modeled by the standard random waypoint
(RWP) model [90]. Here, we fix the maximum possible velocity Vmax of the IUs, consider a
random velocity in [0, Vmax] and observe its impact on the system data throughput. It can
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Figure 3.10: Effect of IU mobility on DRAMS.

be seen that the performance deteriorates monotonically with increasing Vmax, which is
intuitive. The reason for this is attributed to the fact that, due to mobility, a particular IU
can move outside the coverage of another IU even during the communication process. This
inevitably leads to outage, resulting in lesser data rate. Moreover, note that this figure with
Vmax = 0 is a special case corresponding to the static scenario, i.e., Fig. 3.9. Furthermore,
note that for a fixed Vmax, DT decreases with Mb, which is inline with the observation
made in Fig. 3.9 as well.

3.7 Conclusion

In this chapter, we proposed a novel double-RIS assisted adaptive modulation-based mul-
tihop routing scheme for D2D wireless networks, which takes into account the aspect of
multi-RIS secondary reflection. The proposed DRAMS exploits the traffic characteristics of
the users present in the surroundings to bring down the dependency on the already deployed
RISs, which reduces the wastage of resources. Numerical results demonstrate that double
RIS assistance, at times, provide indirect LoS between the S − D pair, which may not
be achieved even with single RIS assistance. Moreover, we observe that, in certain cases,
neighbouring IUs alone are sufficient for providing the required LoS without any RIS.
Moreover, the results also showcase the significance of the proposed framework in terms of
enhanced data throughput and energy efficiency. An immediate extension of this work is to
investigate a non-cooperative scenario, where the users are independent to decide whether
they would like to act as a relay and if they do, then for which corresponding S − D pair in
case of multiple requests.
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Chapter 4

Priority-aware Grouping-based Multihop
Routing Scheme1

4.1 Introduction

In the previous chapter, we proposed a routing strategy for a particular device pair. For
multiple device pairs, a single RIS may be simultaneously requested by several devices to
act as a relay for their seamless communications. To deal with such cases, we propose a
multi-hop routing scheme based on traffic-dependent grouping of priority-aware users for a
mmWave D2D communication network with spatially correlated channels that is assisted by
RIS. In particular, the suggested plan takes advantage of the users’ priority (based on their
individual delay-constrained applications) and the spatial correlation feature in the RISs’
closely spaced reflecting elements. Here, we create a multi-hop connection for information
transfer from one of the users to its intended recipient based on the other users in the
neighborhood, their individual traffic characteristics, and the nearby RISs that have already
been deployed. The impact of considering realistic discrete phase shifts at the RIS patches
rather than their ideal continuous counterpart is taken into consideration in this context.
Furthermore, we assert and show that the traditional least remaining distance (LRD) based
method is not always the best option due to its limitations. The benefits of the suggested
approach are finally illustrated by numerical results, which show that it performs noticeably
better than the current benchmark schemes on the basis of system performance metrics like
data throughput, energy consumption, and energy efficiency.

1This chapter is based on the following publication:
L. Sau, P. Mukherjee, and S. C. Ghosh, “Priority-aware grouping-based multihop routing scheme for RIS-
assisted wireless networks”, IEEE Transactions on Network Science and Engineering, vol. 12, no. 2, pp.
1172–1185, Mar.-Apr. 2025.

75



D1
U1

SN

S2

S1

.

.

.

U3

U2

R1,1 R1,2

R1,4R1,3

U4

Figure 4.1: System Model

4.2 Chapter Organization

The chapter is organized as follows. Section 4.3 describes the system model, Section 4.4
presents the proposed strategy, section 4.5 describes the analysis of the proposed scheduling
strategy, the numerical results are presented in Section 4.6 and finally, Section 4.7 concludes
the work.

4.3 System Model

4.3.1 Network Topology

The considered topology consists of N sources S1, · · · , SN and their respective destinations
D1, · · · , DN, NR RISs R1, · · · , RNR , and NI IUs U1, · · · , UNI . In a delay-constrained
scenario, all the sources transmit signals with constant power Ptx, where the maximum
acceptable delay for Sn − Dn pair is Tdn ∀ n = 1, · · · , N. The sources are prioritized based
on their acceptable delay limit, i.e., higher Tdn implies lower priority, and vice-versa. We
consider all such Sn − Dn pair for which the direct LoS link does not exist. We further
assume that the devices cannot communicate beyond a distance r, each IU has a sufficient
capacity buffer, and all D2D pairs adhere to time-slotted synchronous communication [74]
with slot duration Ts.

Each RIS has M reflecting elements, which are effectively controlled to adjust both
the amplitude and phase of the incident waveform2. However, for the sake of simplicity

2Here we do not consider secondary reflections from the RISs. However, the proposed framework is
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and mathematical tractability, the amplitude factor is set to unity and it is only the phase
that is tuned or optimized [22]. To reduce the channel estimation overhead, we employ a
grouping strategy, where nearby Mg reflecting elements are grouped together, such that all
the elements belonging to the same group introduce identical phase shift [22]. Specifically,
the r-th RIS Rr, consisting of M reflecting elements, is subdivided into Kg non-overlapping
surfaces Rr,b ∀ 1 ≤ b ≤ Kg such that MgKg = M, where the number of partitions and
the resulting sub-surfaces are determined a-priori [22]. Without any loss of generality, we
consider that each group has an equal number of elements and a particular group can serve
one service request at a time [66]. In this scenario, Rr,b has two possible states: ON and
OFF. If an element is in ON state, the phase of an incident signal can be changed to a desired
direction and it cannot reflect while in OFF state. Finally, an example of the considered
scenario is demonstrated in Fig. 5.3, where S1 has the highest priority and the elements of
the RIS are grouped into four non-overlapping surfaces, and the signal from S1 reaches D1

by using the path S1 − U1 − R1,1 − U3 − U4 − D1.

4.3.2 Channel Model

Based on the IU availability, the Si − Di pair communicates with or without the help of
RISs. We assume that the wireless links suffer from both large-scale path-loss effects
and small-scale block fading. All the channels Si → Uj, Uj → Uk, and Uk → Di

∀ j, k = 1, · · · , NI experience Rician fading and their corresponding path-loss factors
are ρ1/2

L d−α/2
S,Uj

, ρ1/2
L d−α/2

Uj,Uk
, and ρ1/2

L d−α/2
Uk,D , respectively, where ρL is the pathloss at one

meter distance, α is the path-loss exponent and dm,n denotes the distance between m and
n. Specifically, we have the channel gain hp,q ∀ {p, q} ∈ {Si, Uj, Uk, Di}, where the
distribution of |hp,q| is defined as[70]

f|hp,q|(α, Kp,q) = 2(1 + Kp,q)e−Kp,q

× αe−(1+Kp,q)α2
I0

(
2α
√

Kp,q(1 + Kp,q)
)

, α ≥ 0. (4.1)

Here Kp,q is the Rician factor corresponding to the channel gain hp,q and I0(·) denotes the
zero-order modified Bessel function of the first kind. Moreover, note that direct S − D path
does not exist, i.e., hSi,Di = 0 ∀ i.

general and it can be readily extended to the case where the aspect of secondary reflection is incorporated [47].
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Since the elements of the RIS are divided into Kg subgroups with Mg reflecting elements
on each of them, the composite channel between Si/Uj and Rr,b is obtained as [22]

hSi/Uj,Rr,b
= ∑

n∈Rr,b

hn, (4.2)

where hn is the channel gain between Si/Uj and the n-th element of Rr,b and |hn| follows
identical distribution as (4.1). Similarly, the composite channel between Rr,b and Uk/Di is

gRr,b,Uk/Di = ∑
m∈Rr,b

gm. (4.3)

Finally, as the reflecting elements within Rr,b are very close to each other, it is practical
to assume that the associated channels are spatially correlated. Note that in this work, we
adopt the sinc model [59] to mathematically characterize the spatial correlation at the RISs.

4.3.3 User Traffic Characterization

In a typical wireless communication scenario, data generally arrives in bursts to the users. As
a result, the IUs U1, · · · , UNI , in this work, are characterized by exponentially distributed
OFF and ON period lengths, with means λu,k and µu,k, respectively. Without any loss of
generality, Ts is assumed to be small in comparison with µu,k and λu,k rest of this[75], which
prevents Uk ∀ k = 1, · · · , NI changing its status multiple times within a single Ts. Thus,
the IU activities are characterized by a discrete-time Markov chain (DTMC) with the state
transition probabilities [75]:

PON→OFF
∆
= p10 =

∫ Ts

0

1
µu,k

e−a/µu,k da = 1 − e−TS/µu,k , (4.4)

POFF→ON
∆
= p01 =

∫ Ts

0

1
λu,k

e−b/λu,k db = 1 − e−TS/λu,k .

Accordingly the state transition matrix P is:

P =

[
p00 p01

p10 p11

]
=

[
e−TS/λu,k 1 − e−TS/λu,k

1 − e−TS/µu,k e−TS/µu,k

]
. (4.5)
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4.4 Proposed strategy

In this section, we propose a priority-aware scheduling strategy for grouping-based RIS-
assisted wireless networks. Here, we consider a delay-constrained scenario, where the
data from Si must arrive at Di within the delay bound Tdi . Firstly, we characterize the
achievable data rate for a grouping-based RIS-aided scenario. Secondly, based on the
channel condition and the number of coding bits being used at the RIS, we comment on the
suitable group selection strategy. Thirdly, depending on the channel condition as well as the
delay sensitivity of the application, a novel scheduling strategy is proposed for information
transfer between any two IUs. Note that, we also comment on the appropriate choice of
modulation scheme and appropriate next hop selection criteria. Finally, we provide an
illustrative example of the proposed framework.

4.4.1 Achievable Rate Characterization of Grouping-based RIS

Based on (4.2), the adopted sinc correlation model, and the theory of correlated random
variables [91], we obtain

h1 = hI1 + jhQ1

...

hn =
(

µ1,nhI1 +
√

1 − µ2
1,nhIn

)
+ j
(

µ1,nhQ1 +
√

1 − µ2
1,nhQn

)
∀ n ∈ Rr,b, (4.6)

where µ1,n =
sin
(2π

λ d1,n
)

2π
λ d1,n

is the spatial correlation and d1,n is the Euclidean distance

between the first and n-th element of Rr,b [59]. Moreover, hIn, hQn are independent Gaussian
random variables denoting the in-phase and quadrature components of hn, such that |hn|
follows identical distribution as (4.1). Accordingly, from (4.2), we can derive the composite
Si/Uj − Rr,b channel hSi/Uj,Rr,b

as

hSi/Uj,Rr,b
=

(
hI1

Mg

∑
p=1

µ1,p +
Mg

∑
p=1

hIp

√
1 − µ2

1,p

)

+ j

(
hQ1

Mg

∑
p=1

µ1,p +
Mg

∑
p=1

hQp

√
1 − µ2

1,p

)
(4.7)
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and similarly, the composite Rr,b −Uk/Di channel gRr,b,Uk/Di can also be obtained3. Hence,
if a communication link exists between Uj and Uk via Rr,b, the resulting end-to-end achiev-
able rate is expressed as

Tr,b
j,k =

(
1 − 2

Tc

)
log2

(
1 + γr,b

j,k

)
, (4.8)

where SNR γr,b
j,k is defined as

γr,b
j,k =

Ptxρ2
L

(
dUj,Rr dRr,Uk

)−α

σ2
0

∣∣∣hUj,Rr,b × gRr,b,Uk × ejϕr,b
∣∣∣2

= ζ
∣∣∣hUj,Rr,b × gRr,b,Uk × ejϕr,b

∣∣∣2, (4.9)

where ζ =
Ptxρ2

L

(
dUj ,Rr dRr ,Uk

)−α

σ2
0

, ϕr,b is the associated phase shift provided at Rr,b, Tc is the
channel coherence time normalized to the number of slots, and σ0 is the power of the zero
mean AWGN at Uk. Moreover, the quantity 2

Tc
denotes the feedback and processing delay.

Note that unlike the conventional RIS-based approach, γr,b
j,k does not involve a diagonal

phase shift matrix of Kg non-zero elements. On the contrary, all the elements of Rr,b

provide a common phase shift ϕr,b to the incoming signal. Hence, by rewriting the complex

composite channels as hUj,Rr,b =
∣∣∣hUj,Rr,b

∣∣∣e−jθh and gRr,b,Uk =
∣∣∣gRr,b,Uk

∣∣∣e−jθg , we obtain

the optimal phase shift corresponding to Rr,b as ϕ
opt
r,b = θh + θg such that the maximum

attainable SNR is given by (4.10). Finally, as we focus on the performance of idle IUs acting
as DF relays, we consider an ideal scenario where we ignore the interference from other
IUs; interference mitigation can be achieved through sophisticated signal processing and
equalization techniques [92].

Remark 9. We observe from (4.8) and (4.10) that the achievable data rate Tr,b
j,k is dependent

on both the number of reflecting elements Mg and the spatial correlation µ1,n ∀ n =

1, · · · , Mg. Specifically, µ1,n is dependent on the Euclidean distance between the first and

n-th element of the non-overlapping surface Rr,b of the RIS Rr.
3Statistical characterization of both the composite channels is straightforward as it only involves the aspect

of the sum of correlated random variables.
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γr,b
j,k =

Ptxρ2
L
(
dU,Rr dRr,Uk

)−α

σ2
0

∣∣∣hUj,Rr,b

∣∣∣2∣∣∣gRr,b,Uk

∣∣∣2
(a)
=

Ptxρ2
L

(
dUj,Rr dRr,Uk

)−α

σ2
0

(hI1

Mg

∑
p=1

µ1,p +
Mg

∑
p=1

hIp

√
1 − µ2

1,p

)2

(4.10)

+

(
hQ1

Mg

∑
p=1

µ1,p +
Mg

∑
p=1

hQp

√
1 − µ2

1,p

)2
×

(gI1

Mg

∑
p=1

µ1,p +
Mg

∑
p=1

gIi

√
1 − µ2

1,p

)2

+

(
gQ1

Mg

∑
p=1

µ1,p +
Mg

∑
p=1

gQi

√
1 − µ2

1,p

)2 ,

(4.11)

where (a) follows from (4.7).

4.4.2 Group Selection Criteria at an RIS

As the RIS is partitioned into Kg non-overlapping subsurfaces, the question of appropriate
selection arises in the context of multiple subgroups availability. Hence, here we discuss the
group selection criterion at a particular RIS. In case a communication link exists between Uj

and Uk via Rr, the resulting rate, when the b-th group of Rr is opted for, is given by (4.8).
By rewriting (4.9), we obtain

γr,b
j,k = ζ

∣∣∣hUj,Rr,b × gRr,b,Uk × ejϕr,b
∣∣∣2, (4.12)

where from (4.7), we have

hUj,Rr,b=

(
hI1

Mg

∑
p=1

µ1,p + hI1

Mg

∑
p=1

√
1 − µ2

1,p

)

+ j

(
hQ1

Mg

∑
p=1

µ1,p + hQ1

Mg

∑
p=1

√
1 − µ2

1,p

)

=

{(
hI1

Mg

∑
p=1

µ1,p + hI1

Mg

∑
p=1

√
1 − µ2

1,p

)2

+

(
hQ1

Mg

∑
p=1

µ1,p + hQ1

Mg

∑
p=1

√
1 − µ2

1,p

)2} 1
2
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× arctan


hQ1

Mg

∑
p=1

µ1,p + hQ1

Mg

∑
p=1

√
1 − µ2

1,p

hI1

Mg

∑
p=1

µ1,p + hI1

Mg

∑
p=1

√
1 − µ2

1,p

. (4.13)

Similarly, we can represent gRr,b,Uk and hence, the optimal phase shift for the desired signal
is

ϕ
opt
r,b = ∑

p∈{h,g}
arctan


pQ1

Mg

∑
p=1

µ1,p + pQ1

Mg

∑
p=1

√
1 − µ2

1,p

pI1

Mg

∑
p=1

µ1,p + pI1

Mg

∑
p=1

√
1 − µ2

1,p

 (4.14)

Based on the considered grouping framework, ϕ
opt
r,b is the optimal phase shift corresponding

to all the elements of Rr,b. Here, we state to differentiate our grouping framework from the
one presented in [93]. This work considers a RIS-assisted aerial-terrestrial communication
system, where the RIS is attached to a building, assisting the downlink communications of
multiple UAV-user pairs. Here, the RIS is sub-divided into multiple groups, such that, one
RIS group can serve one UAV-user pair. However, within a group, each reflecting element
is allotted its own unique phase shift. On the contrary, in our proposed framework, all the
elements belonging to the same group introduce identical phase shift, resulting in reduced
channel estimation overhead.

Note that, in all practical cases, the phase shift ϕc
r,b is not a continuous quantity but it is

chosen from the finite set of predetermined phase shifts offered by the RIS [61]. Therefore,
we choose ϕc

r,b among them, which is closest to the optimal ϕ
opt
r,b , i.e., θh + θg. It may happen,

that we have ϕc
r,b ̸= ϕ

opt
r,b and thus, we define the corresponding error δp as δp = ϕ

opt
r,b − ϕc

r,b.
By assuming that each subgroup of Rb is Kb bits coded, there are 2Kb phase shifts available

with a constant interval of
2π

2Kb
, i.e., we have

− 2π

2Kb+1 ≤ δp <
2π

2Kb+1 . (4.15)

Therefore, we obtain ϕc
r,b =

πr
2Kb−1 where {r : r ∈ I and 0 ≤ r ≤ 2Kb−1}. As a result,

the suboptimal, i.e., closest to the optimal, SNR γ̂r,b
j,k is characterized as

γ̂r,b
j,k = ζ

∣∣∣hUj,Rr,b

∣∣∣2∣∣∣gRr,b,Uk

∣∣∣2∣∣∣e−jδp
∣∣∣2 (4.16)
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and accordingly, the corresponding achievable data rate is

T̂r,b
j,k =

(
1 − 2

Tc

)
log2

(
1 + γ̂r,b

j,k

)
. (4.17)

Note that we have T̂r,b
j,k = Tr,b

j,k when δp = 0. In case of multiple subgroup availability at Rr,
we choose the b∗-th subgroup, where we obtain

b∗ = argmax
b∈B

T̂r,b
j,k

(a)
≡ argmax

b∈B

γ̂r,b
j,k . (4.18)

Here B denotes the set of available subgroups at Rr and (a) follows from the monotonic
nature of log2(·). It is worth observing that the selection of a particular subgroup does
not necessarily imply δp = 0 for the same. The reason for this is attributed to the fact

that, generally we have
∣∣∣hUj,Rr,b1

∣∣∣ ̸= ∣∣∣hUj,Rr,b2

∣∣∣ and
∣∣∣gRr,b1

,Uk

∣∣∣ ̸= ∣∣∣gRr,b2
,Uk

∣∣∣ for b1 ̸= b2 and
b1, b2 ∈ B. Hence, the choice of the available subgroup with the minimum corresponding
δp value does not always give the desired result.

4.4.3 Scheduling Strategy at the IU

The current state of an IU plays a crucial role if we are to comment on whether its selection
as a relay is appropriate for a particular source-destination pair. Hence, we consider two
separate scenarios, where a particular IU is idle or busy and accordingly decide on the
scheduling strategy.

4.4.3.1 IU is presently idle

Here, we assume that none of the IUs are aware of the entire topology as they can only
communicate within a circular range of radius r. As a result, by using the beacon transmis-
sion technique [82], the idle IUs Ui are first identified in that range. Thereafter, based on
its traffic characteristics, we estimate the time κI,i for which it will continue to remain idle.
Accordingly, κI,i is estimated as

κI,i = λi ln
(

1
1 − δe

)
, (4.19)

where δe is the acceptable error threshold and λi depends on the traffic characteristics of Ui

(defined in Section 4.3.3). During this time interval, Ui acts as a relay for the other active
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IUs. Suppose, at any arbitrary point of time, there are NA(≤ N) sources S1, · · · , SNA

wanting to communicate with their respective destinations D1, · · · , DNA via the IUs. The
minimum number of hops required to send packets from Sn to Dn within a delay constraint

Tdn is Ψ =

⌈
l
r

⌉
, where l is the Euclidean distance from Sn to Dn. Moreover, Ui agrees

to act as a relay only for those IU pairs, whose maximum possible delay at Ui, i.e., Tdn,i

∀ n = 1, · · · , NA is less than κI,i and the remaining are discarded automatically. But, an
idle IU can serve a single request at a time. Therefore, if there are Nκ (≤ NA) candidates
requesting for Ui, these sources are prioritized depending on their respective acceptable
delay limits Tdn,i ∀ n = 1, · · · , Nκ.

Accordingly, let pj ∀ j = 1, · · · , Nκ be the priority of the j-th requesting pair. Also, we
define a quantity qj, which is associated with the channel condition while transmitting a
signal from Ui to the next relay node of the Sj − Dj pair. Accordingly, to decide among the
candidate requesting pairs at Ui, we define a quantity β as a convex combination of priority
and the channel condition, i.e.,

β = cpj + (1 − c)qj where c ∈ [0, 1]. (4.20)

The choice of c depends on the application under consideration. Finally, the candidate
with maximum β is selected and by continuing this process, the transmitted packet reaches
its destination within a delay bound. To obtain more analytical insights, we consider the
above-mentioned extreme scenarios, i.e., c = 0, 1.

4.4.3.2 When c = 0

This denotes a channel-aware delay unconstrained scenario, where Ui always chooses
the candidate with best channel condition, irrespective of its priority status. In case the
connection does not involve any RIS, adaptive modulation (discussed in Section 4.4.4)
is employed and the corresponding data rate is determined. Note that, the scenario of
considering c = 0 and not involving any RIS, essentially represents the classical problem of
channel-aware scheduling in a multiple-user scenario [94].

4.4.3.3 When c = 1

This implies that unaware of the channel conditions, the selection decision is solely based
on the priority of the requesting candidates.
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In this case, suppose Sj − Dj is the selected source-destination pair with Tdj being the
associated maximum acceptable delay. The computation of the corresponding data rate is
discussed in Section 4.5.

4.4.3.4 Ui is currently busy but the time after which it becomes idle can be estimated

There may be instances where an idle IU is unavailable presently. If Ui becomes available
after a certain time, it may be able to assist in signal transfer for a requesting pair. Therefore,
based on the user traffic characteristic, we estimate the time ηw,i after which Ui is expected
to become idle, i.e., after ηw,i time slot, Ui will be available. Consequently, ηw,i is estimated
as

ηw,i = µi ln

(1 − e1/µi

pth

)+
+ 1. (4.21)

where µi depends on user traffic characteristic of Ui, pth is an acceptable threshold prob-
ability, and x+ = max(x, 1). As this is a cooperative framework, after ηw,i time slot, Ui

becomes idle and it agrees to serve as a relay node. Hereafter, the quantity κI,i from (4.19) is
estimated. However, in this context, Ui agrees to act as relay only for those IU pairs, whose
maximum possible delay at Ui is less than ηw,i + κI,i. We assume that there are Nηκ(≤ NA)

requesting pairs and the approach as to how a requesting pair is served by the Ui is similar
to what is described in the previous subsection.

Remark 10. Note that, in this work, the scheduling depends on the weighted combination

of the priority and channel conditions. However, if one is eager to look into some other

parameters, the extension is trivial. Specifically, if there are n parameters of concern, we

have
β =

n

∑
i=1

cixi, (4.22)

where
n

∑
i=1

ci = 1 and ci ∈ [0, 1] ∀ i = 1, · · · , n.

4.4.4 Adaptive Modulation at the Intermediate Users

Based on β, a particular service request is chosen by an IU. Therefore, the IU forwards the
requesting pair’s data to the subsequent hop, and a strategic choice of the subsequent hop is
essential in the delay constraint communication scenario. However, to select the subsequent
hop, we take into account the achievable data rate at the next IU. We accomplish this by
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utilizing an IU-IU connection with an adaptive modulation scheme. Note that, adaptive
modulation is employed if and only if a connection is established between consecutive
IUs without the involvement of any RIS. Now, we go into more detail about the adaptive
modulation methods below.

The primary objective, in this case, is not simply to transfer data from Si to Di, but
also to take care of the delay constraint. Hence, in this work, we consider channel adaptive
communication [95] with fixed transmission power at the IUs. However, the IUs use rate
adaptation if and only if they are in direct LoS with one another and no RIS is being
used to link them. Let mr be the modulation scheme for an IU, where mr ∈ M =

{m1, m2, · · · , m|M|} and corresponding data rate is Dr = log2(mr) ∀ r = 1, 2, · · · , |M|.
The choice of mr depends on the wireless channel, where the complex channel gain h, BER
Pb, constellation size mr, and the received power PtxρLd−α|h|2 are related as [95]:

Pb = c1 exp

(
−c2PtxρLd−α|h|2

σ2
0 (m

c3
r − c4)

)
. (4.23)

Here σ2
0 is the noise power, and c1, · · · , c4 are modulation-specific constants, respectively.

The above equation explains the relation between the chosen modulation scheme and the
application-specific acceptable BER. The channel configuration between two IUs determines
mr. On the chosen mr, for a complete transfer of αk packets with ϕk bits each, it take

τ(r) =
⌈αkϕk

Dr

⌉
slots, where

⌈
·
⌉

denotes the ceiling function.

4.4.5 Next Hop Selection Criteria

It is noted that, in the considered scenario of joint RIS and IU-assisted multihop framework,
the classical LRD-based approach may not always yield the optimal routing solution. The
LRD-based solution necessarily focuses on the fact that in the process of information
transfer of an arbitrary S − D pair, we always choose that particular IU/RIS at each hop,
which minimizes the minimum distance towards D from S. However, by doing so, we are
overlooking aspects like the channel condition and/or the IU availability. As a result, at each
hop, which can be an IU or RIS, only that candidate is chosen that has the best channel
condition or sufficient idle time for which it can act as a DF relay or both, such that the
respective delay constraint is not violated. In this context, an extensive delay analysis is
provided in Section 4.5. Depending on the channel condition and the availability of an IU,
we go for RIS or IU. In our next hop selection process, by considering the channel condition
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Figure 4.2: Flowchart of the proposed strategy.

and IU availability, we select that one as the next hop for which the achievable data rate
is maximum. Accordingly, a particular algorithm is described in Fig. 4.2. However, we
demonstrate the justification of our claim later in the result section.

4.4.6 Illustrative Example for Proposed Strategy

The entire proposed strategy is presented in Fig. 4.2 in the form of a concise flowchart,
which is illustrated below with the help of an example. As demonstrated in Fig. 5.3, N
sources S1, · · · , SN want to communicate with their respective destination D1, · · · , DN

via IU U1. The sources are prioritized based on their β values, i.e., acceptable delay limit
and channel condition. We consider in this work that if U1 is idle, it agrees to act as a
relay, with the higher priority users being served first. In this figure, we assume S1 to have
the highest priority and hence, it is served prior to S2, · · · , SN. Since there is no direct
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U1 → U2 or U1 → U3 LoS link, U1 sends the packets to U2 or U3 via the RIS R1,1. Here,
we consider that the concerned RIS R1 is already partitioned into four non-overlapping
surfaces, R1,1, R1,2, R1,3 and R1,4, respectively. For communication purposes, U1 selects
R1,1 to connect to D1 via U2 or U3. It is interesting to note, that although LRD from U3

to D1 is greater than that from U2 to D1, U3 is selected as the next hop. The reason for is
attributed to the higher effective throughput in the case of U1 → R1 → U3 link as compared
to U1 → R1 → U2. Finally, U3 forwards the information packets to U4, which in turn
forwards the same to D1 and this completes the process.

4.5 Analysis of the Proposed Scheduling Strategy

As stated earlier in Section 4.4.3, here we investigate our proposed strategy in terms of
delay-related metrics for information transfer from a source to a destination. The transmitted
signals from a source reach their desired destination using IUs as well as RISs as hops. Now
we go into more detail about the scenarios that are discussed in Section 4.4.3.

When the NA sources place their request to Ui, depending on the considered value of
c in (4.20), it calculates β for all of them. Accordingly, the βs are arranged in decreasing
order and maintained in a queue, with the source corresponding to the maximum β getting
service first. Therefore, the knowledge of c is useful for maintaining the queue of requested
sources, i.e., which source will get service before or after the rest. With the arrival and
the service rate of Ui being denoted by λi,a and µi,i+1, respectively, the sources receive
non-preemptive service in decreasing order of β. This implies that a particular source, if
selected by Ui for service, continues to receive the same, irrespective of the arrival of any
other source (even with higher β). In case a source with higher β arrives, it receives service
only after the ongoing work has been completed. This results in a queuing delay, which is
estimated below.

Here we first analyse the delay bound for a single hop and then characterize the same
for complete information transfer between intended S − D pair.

4.5.1 Ui Status Aware Single Hop Delay Bound

Specifically, we consider two separate scenarios as follows.

1. Ui is presently idle
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2. Ui is currently busy but the time after which it becomes idle can be estimated

4.3.1.1: Ui is presently idle

In this scenario, the source with maximum β gets immediate service, i.e., no queuing delay.
Suppose Wk,i be the waiting time of the k-th requesting source ∀ k = 1, · · · , Nκ at Ui.
Hence, as Ui is currently idle, for a source with highest β, we have W1,i = 0. For a
source with the second largest β, W2,i depends on the processing time of the former. In
general, if we denote the processing time of the k-th source at Ui as τk,i(qk), where qk

depends on the modulation employed (discussed in Section 4.4.4), we observe that Wk,i is
a function of τ2,i(q2), · · · , τk−1,i(qk−1), which in turn depends on the channel condition
of the corresponding source-destination pairs. Accordingly, the data transfer rate for the
chosen pair is based on the discussion in Section 4.4.4. Thereby, the processing time of k-th
pair is

τk,i(qk) =
αkϕk
µk

, (4.24)

where the k-th source needs to transfer αk packets of data with ϕk bits in each of them and
µk is the channel-dependent service rate. Hence, we obtain the corresponding Wk,i as

Wk,i =
k−1

∑
j=1

τj,i(qj) =
k−1

∑
j=1

αjϕj

µj
(4.25)

Therefore, the total time required for the k-th pair at Ui is the sum of Wk,i and its own
processing time, i.e., the total time for the information transfer is

Tk,i = Wk,i +
αkϕk
µk

=
k

∑
j=1

αjϕj

µj
. (4.26)

We assume that Ui shares the information about its current status as well as the list of other
sources waiting to be served, with each of the incoming requesting pair. Accordingly, the
k-th incoming source waits for service at Ui iff Tk,i ≤ κI,i. Note that the requesting sources
are serviced at Ui based on their corresponding β values, where the processing time depends
on the channel conditions.

Hence, in the worst scenario, to guarantee a successful information transfer session,
the entire process takes place with the minimum possible data rate, say binary phase shift
keying (BPSK), with the service rate being µk = 1 ∀ k. Therefore, in this case, we obtain
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τk,i(qk) = αkϕk and Wk,i =
k−1

∑
j=1

αjϕj (4.27)

from (4.24) and (4.25), respectively. Hence, from (4.26) we obtain

Tk,i =
k

∑
j=1

αjϕj. (4.28)

The best case scenario implies that it is possible to process the data at the maximum
possible data rate. If µmax be the corresponding service rate, we obtain

Wk,i =
1

µmax

k−1

∑
j=1

αjϕj and Tk,i =
1

µmax

k

∑
j=1

αjϕj. (4.29)

Remark 11. By considering the two extreme cases from (4.28) and (4.29), we can state that

1
µmax

k

∑
j=1

αjϕj ≤ Tk,i ≤
k

∑
j=1

αjϕj ∀ c ∈ [0, 1]. (4.30)

Note that the application-specific nature of the quantity c is responsible in the calculation of

β at an IU. It does not have any impact on the bound on Tk,i as stated above.

4.3.1.2: Ui is currently busy but the time after which it becomes idle can
be estimated

Here we first estimate the time interval ηw,i from (4.21), after which a particular IU becomes
idle, given that it is currently busy. Note that, while the requesting pair with maximum β

was immediately getting service in the previous scenario, here it has to wait for time ηw,i,
i.e., in this case, we have W1,i = ηw,i and not W1,i = 0 as previously discussed. Apart from
this, the entire approach of estimating Wk,i remains the same. Therefore, from (4.25) and
(4.26), we can aptly state that ∀ c ∈ [0, 1], we have

Wk,i = ηw,i +
k−1

∑
j=1

αjϕj

µj
and Tk,i = Wk,i +

αkϕk
µk

. (4.31)

As a result, similar to Remark 11, in this case we obtain

ηw,i +
1

µmax

k

∑
j=1

αjϕj ≤ Tk,i ≤ ηw,i +
k

∑
j=1

αjϕj ∀ c ∈ [0, 1]. (4.32)
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Hence, we can summarize the complete subsection by generalizing the entire proposed
framework as follows.

Wk,i =


aiηw,i +

1
µmax

k−1

∑
j=1

αjϕj best scenario,

aiηw,i +
k−1

∑
j=1

αjϕj worst scenario.
(4.33)

and

Tk,i =


aiηw,i +

1
µmax

k

∑
j=1

αjϕj best scenario,

aiηw,i +
k

∑
j=1

αjϕj worst scenario.
(4.34)

Here, ai = 0 implies that Ui is idle and ai = 1 otherwise.

4.5.2 Delay Bound for Complete Information Transfer for a Particular
S − D Pair

Let for an arbitrary Sm −Dm pair, the information from Sm reaches Dm via n IUs U1, · · · , Un.
Hence, if the maximum acceptable waiting time and the actual waiting time at Ui is Tdm,i

and tdm,i , respectively, ∀ i = 0, · · · , n, we must have

n

∑
i=0

Tdm,i ≤ Tdm , (4.35)

where Tdm is the maximum acceptable delay for the entire process of information transfer
from Sm to Dm. In the case of tdm,i ≤ Tdm,i at Ui, the leftover waiting time Tdm,i − tdm,i is
carried forward to Ui+1, i.e., the maximum acceptable waiting time Tdm,i+1

at Ui+1 is now
updated as Tdm,i+1

+ (Tdm,i − tdm,i). This transfer of the ‘left-over’ time at a particular hop
to the consecutive ones is based on the fact that we consider a scenario, where the IUs do
not have a global knowledge of the system topology, i.e., they cannot communicate beyond
a distance r. Therefore, Ui passes on Tdm,i − tdm,i to Ui+1, as it is unaware of exactly how
many hops will be required for the complete information transfer.

Since the priority of S0 − D0 pair at Ui is inversely proportional to Td0,i , which in
turn directly affects the calculation of β value at Ui, we can rightly state that the priority
parameter is not identical at each of the n hops. For example, if the S0 − D0 pair is the k-th

91



candidate to be served at Ui (based on the calculation of the β values at Ui), this does not
guarantee that it will also be the k-th candidate at Uj ∀ j ̸= i. We now provide a bound

on the total time for information transfer corresponding to the Sm − Dm pair, i.e.,
n

∑
i=0

Tdm,i .

From (4.31), we obtain the following.

n

∑
i=0

Tdm,i =
n

∑
i=0

aiηw,i +
n

∑
i=0

ki

∑
j=1

αmϕm

µj
, (4.36)

where ai = 0 implies that Ui is idle and ai = 1, otherwise. Here, Sm intends to transfer αm

data packets of ϕm bits each to Dm and this S − D pair is served at the ki-th position at the
i-th hop with the corresponding service rate µki . Note that, as discussed above, we do not
guarantee ki ̸= k j ∀ i ̸= j.

Remark 12. If an arbitrary Sm − Dm pair requires IUs U1, · · · , Un for complete informa-

tion transfer, we have

nαmϕm

µmax
≤

n

∑
i=0

Tdm,i ≤
n

∑
i=0

ηw,i + nkmaxαmϕm, (4.37)

where kmax denotes the index of the last S − D pair to be served by Ui i = 1, · · · , n such

that (4.35) holds. Note that the lower bound indicates the best case scenario, i.e., the

Sm − Dm pair finds all the IUs idle, gets served first among the competitors, and that also

with the best channel condition. On the contrary, the upper bound implies that this S − D
pair has to wait at all the n hops, is always the last to be served by the IUs, and that too

with the worst possible channel condition.

Finally, Remark 12 holds for the scenario, where IUs are available for each hop and the
RISs in the surroundings are not being used at all. In cases where the RISs are being used
due to IU unavailability, the only difference will be that the service rate µj in (4.36) will get
replaced by T̂r,b

j,j+1 from (4.17).

4.6 Numerical Results

In this section, we demonstrate the effectiveness of our proposed strategy and compare it
with the existing benchmark schemes. Here we assume a Rician fading scenario, where
the Rician factor is K = 10 dB. To simulate the results, we consider the IU transmission
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Table 4.1: Transmission Modes for Pb = 10−6.

SNR interval (dB) Modulation Rate (bits/sym.)
(−∞, 9.8554) No transmission 0

[9.8554, 12.8657) BPSK 1
[12.8657, 14.6266) QPSK 2
[14.6266, 15.8760) 8-QAM 3
[15.8760, 16.8451) 16-QAM 4
[16.8451, 17.6369) 32-QAM 5
[17.6369, 18.3063) 64-QAM 6
[18.3063, 18.8863) 128-QAM 7
[18.8863,+∞) 256-QAM 8

power Ptx = 30 dBm, IU processing power Pt = 10 dBm, phase shift power consumption,
i.e, the power required to shift the phase of a RIS patch is Pph = 5 dBm [96], acceptable
delay bound Td = 50 ms [87], path loss at one meter distance ρL = 10−3.53 [71], path
loss exponent α = 4.2 between two consecutive IUs and α = 2 elsewhere, slot duration
Ts = 100 µs [75] and wavelength λ = 0.1 m [19]. Moreover, a particular source S sends
106 data packets of unit length to its desired destination D and unless otherwise stated, we
consider each RIS consisting of 400 individual reflecting patches. Furthermore, we employ
the M-ary quadrature amplitude modulation (M-QAM) technique with a BER of Pb = 10−6

as stated in Table 4.1. Finally, we compare our strategy with the existing approaches.

4.6.1 Impact of Grouping and Spatial Correlation

By accounting for the spatial correlation, here we demonstrate the advantage of grouping in
terms of the achievable data rate. A particular RIS is sub-divided into groups with identical
number of patches and patch spacing being λ/8 for the correlated scenario. Moreover,
only one of these groups is used for the purpose of information transfer and the results
corresponding to the independent channel scenario is obtained by setting the patch spacing
to λ/2. Fig. 4.3 illustrates the achievable data rate versus the number of groups into which
the RIS has been sub-divided and this depicts the importance of incorporating the aspect
of spatial correlation. Intuitively, this gain in performance can be understood from (4.7),
i.e., grouping essentially implies combination of channels corresponding to the adjacent
patches. Hence, the combination is more likely to be constructive when the channels are
correlated. We also observe, that the ideal group size is somewhere in between the two
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Figure 4.3: Impact of number of groups on achievable data rate.

Figure 4.4: Impact of patch spacing on achievable data rate.

extreme scenarios of considering the group size to be unity or the total number of patches
in the RIS. This further corroborates the trade-off investigated in [22] between the channel
estimation overhead and the power gain offered by the group.

For a fixed number of patches in a group, Fig. 4.4 depicts the effect of the patch spacing
on achievable data rate. In this context, we define the quantities dx and dy, which denote
the horizontal and vertical distance between consecutive patches, respectively. We observe
that for a fixed dx, the achievable rate increases with decreasing dy and vice-versa; for
example, note the performance gap at dx = λ/12 between dy = λ/12, λ/10, and λ/8.
This justifies the effect of spatial correlation in (4.6), which implies that the correlation is
inversely proportional to the patch spacing. On the contrary, note that this aspect of patch
distance does not have any impact in the independent scenario, i.e., when dx = dy = λ/2.

Fig. 4.5 shows the achievable data rate, defined in (4.17), as a function of the number of
patches in a group. In this context, we consider groups with both optimal as well as random

phases, where the optimal phase shift is calculated as in (4.4.2). Moreover, as proposed in
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Figure 4.5: Impact of the number of patches in a group on achievable data rate.

Figure 4.6: Trajectories for both the proposed framework and LRD-based approach; 2
denotes RIS and ∆ denotes IU.

Section 4.4.2, we also take into account the scenario when the optimal phase shift is not a
continuous quantity but it is chosen from a finite set of predetermined values. Specifically,
in our proposed approach, we consider the group to be 2 and 4 bit coded, i.e., we choose the
phase shift that is closest to the optimal from a set of 4(= 22) and 16(= 24) predetermined
values, respectively. The figure demonstrates that, irrespective of the scenario, the achievable
rate increases with the number of patches while the performance is worst in the case of
random phases. Moreover, with an increase in the number of coded bits, the performance
approaches the optimal. As can be seen, the achievable data rate with 4 coded bits almost
merges with its optimal counterpart.

4.6.2 Performance of Proposed Framework

An illustration of the proposed strategy based trajectory is presented in Fig. 4.6. Here, we
consider a two-dimensional squared area of 400 × 400 m2 where the RISs and IUs are

95



placed strategically and randomly, respectively. Moreover, we assume that an IU has a
coverage of 60 meters, i,e., it cannot communicate beyond this distance. Furthermore, we
consider a randomly selected S − D pair in this grid, which is separated by a distance more
than the coverage radius. Accordingly, a communication link is established both by the
proposed strategy as well as the conventional LRD-based approach. The figure demonstrates
that the proposed strategy requires more number of hops as compared to the other. However,
in spite of this observation, to comment on the advantages of the former, we first define the
following metrics.

4.6.2.1 Data throughput DT

We assume that the information transfer from S to D takes place by using ℵ IUs and a
certain number of RISs. Hence, S transfers the data packets in ℵ+ 1 hops to D. Therefore,
the data throughput is defined as

DT =
1

ℵ+1
∑

i=1

1 − ti

(1 − Pb)mri

+
ti

Ti (γi)

, (4.38)

where

ti =

1, if i-th hop involves RIS,

0, else.

Here Pb is the BER, mri is the appropriate constellation size from Table 4.1, and Ti represents
the achievable data rate from (4.8), when a RIS is chosen due to appropriate IU unavailability.

4.6.2.2 Energy Consumption EC

The system energy consumption for sending αk packets of data with φk bits in each, where
the S − D pair connects in ℵ+ 1 hops, is defined as

EC = αφ
ℵ+1

∑
i=1

(
1 − ti

(1 − Pb)mri

+
ti

Ti (γi)

)
×
(

Ptx + siPt + tiPph
)

, (4.39)

where Pb, mri , ti and Ti (γi) are already defined above and
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Figure 4.7: Performance trade-off investigation.

si =

0, for i = 1,

1, else.

Here, Ptx, Pt, and Pph are the transmission, processing and phase shift power consumption,
respectively. Note that, Pph is considered only if a particular hop involves a RIS.

4.6.2.3 Energy Efficiency Eeff

Based on DT and EC from (4.38) and (4.39), respectively, the corresponding trajectory
energy efficiency is obtained as

Eeff =
DT

EC
. (4.40)

Based on these definitions, now we discuss the advantages of the proposed framework.
Fig. 4.7 illustrates the importance of RIS grouping on the performance indicators, i.e.,

DT and Eeff, as a function of the number of elements in a RIS. Namely, we investigate the
impact of considering a no grouping-based scenario (nGBS) and a grouping-based scenario
(nGBS), where the RIS to be subdivided into four groups of equal size and the total number
of patches in the RIS is varied accordingly. We observe that in both cases, DT (Eeff) follows
an increasing (decreasing) trend with the growing number of elements. This is because,
growing number of patches supports better throughput. Note that, nGBS results in a higher
data throughput as compared to GBS. This is intuitive as, unlike GBS, nGBS uses the entire
RIS, which employs a fraction of the total number of patches in the RIS. Note that, nGBS
limits the RIS usage to a single user, at any arbitrary point in time. On the contrary, GBS
results in an enhanced energy efficiency performance. Hence, depending on the application
at hand, for example, in a dense surrounding, we propose the usage of the GBS framework,
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Figure 4.8: Comparison of Data throughput.

which leads to better Eeff performance and also, more users can be catered to by the RISs at
the same time.

Hereafter, we briefly discuss the existing benchmark schemes, which will be employed
for the purpose of performance comparison.

1. LRD [63]: A least remaining distance-based approach is considered, where factors
such as wireless channel fluctuations are not taken into account. The sole objective
here is to reduce the remaining distance to the destination in each hop.

2. MRIRS [54]: The work involves multihop route establishment between S and D,
without considering factors such as user traffic characteristics or channel aware
adaptive modulation (AM).

3. RAND [59]: The work investigates the impact of random phase shifts and its impact on
the corresponding achievable data rate. It doesn’t entail any multihop communication
between S and D.

Fig. 4.8 depicts an overall increasing trend of DT with number of RIS elements in a
group, irrespective of the scheme considered. The reason behind this observation can be
attributed to the fact that for hops involving a RIS, the achievable throughput is a function
of the number of reflecting elements that are being used. As the proposed strategy is IU
traffic aware, involves channel-dependent transmission techniques, and also considers the
aspect of spatial correlation among the reflecting patches, it performs significantly better
compared to its competitors. Moreover, the figure illustrates the fact that, as we are dealing
with a delay-constrained scenario, an LRD-based approach is not always the best solution.
It may result in a lesser number of hops (as observed in Fig. 4.6) but at the cost of reduced
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Figure 4.9: Performance comparison: Energy consumption.

Figure 4.10: Performance comparison: Energy efficiency.

data rate due to factors such as wireless channel fluctuations. Furthermore, here also we
observe the impact of having more number of coded bits in the RIS.

Fig. 4.9 investigates the aspect of energy consumption among the proposed strategy and
the existing benchmarks. It is interesting to note that EC, in the context of both our strategy
and the LRD-based approach, decreases with an increasing number of elements in a RIS
group. The reason behind this counter-intuitive observation is that, in both these scenarios,
irrespective of the group size, a single phase shift is required for the entire group and the
LRD becomes a criteria only when the next hop choice is concerned. Moreover, as observed
from (4.8), the achievable data rate increases with the group size. Hence, when we combine
both these factors, it leads to this interesting insight, which can also be noted from (4.39).
On the contrary, both for MRIRS and RAND, as individual phase shifts are required at all
the patches, the energy consumption increases linearly with increasing group size.

Finally, Fig. 4.10 shows the impact of the proposed strategy on the system energy
efficiency. We observe that, while Eeff for MRIRS and RAND monotonically decreases
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Figure 4.11: Impact of joint IU-RIS framework.

with the number of reflecting elements in a group, it follows an exact opposite trend in the
context of our proposed strategy. The reason behind this observation is identical to the one
as already described above in the discussion related to Fig. 4.9.

As discussed earlier, specifically the existing work in [58] investigates the aspect of
energy efficiency maximization in the context of multihop RIS-assisted wireless networks.
However, we argue, that there will be significant attenuation of the transmitted signal, if only
RISs and no IUs are used to connect a transmitter to its intended receiver. Hence, we propose
a novel joint IU-RIS framework, which also depends on the traffic characteristics of the IUs
and the associated spatial correlation at the RIS. In this context, by varying the number of
reflective elements in the group, Fig. 4.11 compares the DT and Eeff performance of [58]
and our proposed strategy. We observe here, that irrespective of the nature of variation of
these performance metrics, our proposed strategy consistently and significantly outperforms
[58]. This demonstrates the importance of incorporating the idle IUs to act as relays and not
solely rely on the RISs deployed in the surroundings. Moreover, this also avoids unnecessary
wastage of resources, i.e., dense RIS deployment.

4.6.3 Impact of IUs on System Performance

In the proposed framework, Fig. 4.12 investigates the aspect of data throughput as a function
of the IU density. Here, we consider that each RIS consists of four identical groups with
λ/8 spatial distance. We observe that, irrespective of the scheme, DT increases with the
growing number of IUs. This is also intuitive, as the growing number of IUs implies
greater IU availability, which in turn, reduces the required number of hops for information
transfer. As a result, fewer RISs are being used with increasing IU density. Moreover, it

100



Figure 4.12: Impact of IUs: No. of IUs vs. data throughput.

is interesting to note that, the number of RIS used in establishing the desired multihop
connection asymptotically reaches zero with increasing number of IUs in the surroundings.
This explains the saturating trend of DT with the number of IUs. Furthermore, with no RISs
being used with higher number of IUs, the corresponding DT of all the considered schemes
merge together, i.e., when RISs are not being used, it does not matter, whether RIS grouping
is considered or not.

Figure 4.13: Impact of IUs: No. of IUs vs. energy efficiency.

In an identical setup as in Fig. 4.12, Fig. 4.13 demonstrates the impact of the IU density
on the system energy efficiency Eeff. We observe that, for the scenarios as mentioned earlier,
Eeff exhibits an increasing trend with the growing number of IUs. From (4.39), we note that,
for a device pair to communicate via a RIS, an additional power consumption is incurred
due to the required phase shift operation at the RIS. On the other hand, no such power
consumption takes place if two devices communicate directly. As a result, a lesser amount
of energy is required, i.e., a higher Eeff. Similar to the previous figure, here too, the RIS
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Figure 4.14: IU mobility vs. data throughput.

dependency reduces with the increasing number of IUs, which also explains the saturating
nature of the curve.

User Mobility Model

As discussed earlier, here also a mobile scenario is considered, i.e., the IUs have a particular
velocity in a certain direction. It is to be noted that this will have a significant effect
on the performance of the proposed scheme, as the inter-IU distance changes during the
process of information transfer. In this context, Fig. 4.14 illustrates the impact of IU
mobility on the proposed framework, with the coverage being taken as 60 m and the mobility
aspect being modeled by the standard RWP model [97]. Specifically, for this figure, we
consider a pedestrian scenario [90], where we fix the maximum possible velocity Vmax of
the IUs, consider a random velocity chosen uniformly in [0, Vmax] and observe its impact
on the system data throughput. The figure illustrates that the performance deteriorates
monotonically with increasing Vmax, which is intuitive. Such an observation is due to the
mobility phenomenon, where a particular IU can move outside the coverage of another IU
even during the communication process. This inevitably leads to outage, resulting in lesser
data rate. Moreover, note that this figure with Vmax = 0 is a special case corresponding
to the static scenario, i.e., Fig. 4.8. Furthermore, for a fixed Vmax, DT decreases with the
number of coded bits, which is also inline with the observation made in Fig. 4.8 as well.
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4.7 Conclusion

In this paper, we proposed a novel priority-aware channel-dependent scheduling strategy
for RIS-assisted multihop D2D communication, which also takes into account the aspect of
element grouping at the RIS. The proposed strategy avoids resource wastage by exploiting
the very structure of the RIS, the associated spatial correlation, and also the randomness in the
wireless channel. Moreover, we also claim that, in this context of RIS-aided multihop routing,
the LRD-approach does not always yield the best result in terms of system performance.
Finally, numerical results demonstrate the advantages of the proposed framework in terms
of higher data rate, lower energy consumption, and higher energy efficiency with respect
to the existing benchmark schemes. An immediate extension of this work is to investigate
scenarios, where even when idle, it depends on the IUs to decide whether to act as relays
to its requesting neighbors or to prioritize its own sleep mode. Moreover, we intend to
investigate the aspect of imperfect channel state and phase errors at the RISs on the proposed
strategy. Finally, we also aim to comment on having various grouping criteria at the RISs
and investigate its impact.
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Chapter 5

Generalized Group Selection Strategies
Using Self-sustainable RIS1

5.1 Introduction

In the preceding chapter, each device pair selects the most energy-efficient group, and if
more than one pair chooses the same group, they are scheduled according to their priorities.
However, the best group may lead to a large delay for some of the pairs. Moreover, the
energy harvesting aspect is not considered there. Here, RIS-assisted grouping-based self-
sustainable D2D communication with spatially correlated wireless channels is examined,
along with different group selection techniques. The self-sustainable RIS’s PS and TS
configurations are specifically taken into account in order to assess system performance
and suggest suitable limits on system parameter selection. The analysis considers both a
realistic non-linear EH model and a simplified linear EH model. At the RIS, we suggest
a number of group selection techniques based on the application requirements. Notably,
each strategy schedules the k-th best available group at the RIS according to the energy
harvested at a specific group of the RIS as well as the end-to-end SNR. Therefore, we derive
analytical expressions for the outage probability of each selection strategy using tools from
high-order statistics. Furthermore, we examine an asymptotic scenario in which the number
of groups available for selection at a RIS approaches infinity by utilizing the tools from
EVT. This approach yields nontrivial insights that are particularly useful in applications
such as wireless communication aided by large intelligent surfaces. Finally, using metrics

1This chapter is based on the following publication:
L. Sau, P. Mukherjee, and S. C. Ghosh, “Generalized Group Selection Strategies for Self-sustainable RIS-
aided Communication”, IEEE Transaction on Communications, Vol. 74, pp. 6584-6598, DOI: 10.1109/T-
COMM.2026.3675555
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like data throughput and outage performance, the numerical results show the significance
and advantages of the suggested approaches.

5.2 Chapter Organization

The chapter is organized as follows: System model and problem formulation are explained
in Section 5.3, the system characterization is presented in Section 5.4, and the suggested
group selection approaches are discussed in Section 5.5. The impact of the extreme value
theorem on our proposed scheme is discussed in Section 5.6, numerical results are presented
in Section 5.7, and Section 5.8 concludes the work.

5.3 System Model

Here, we discuss the considered system model and the related mathematical notations are
summarized in Table I.

5.3.1 Network Model

As shown in Fig. 5.1, the considered topology consists of a single antenna source S and
a single antenna destination D. Here, we assume that, due to the presence of obstacles,
the direct LoS link does not exist between S and D. Therefore, an RIS, consisting of M
reflecting elements, is employed to implement the entire communication process.

Notations: The probability distribution function (PDF) and cumulative distribution
function (CDF) of a random variable X are denoted as fX(x) and FX(x), respectively. E[·]
and Var(·) denote the expectation and variance operators, respectively. Besides, Γ(·) and
γ(·, ·) are the complete and the incomplete Gamma function, respectively. B(·, ·) is a
Beta function, and Iη(a, b) is the incomplete normalized Beta function, which is defined by

Iη(a, b) = 1
B(a,b)

η∫
0

ya−1(1− y)b−1. Furthermore, In(·) is the first kind n-th order modified

Bessel function [98].

5.3.2 RIS Characterization

As stated previously, we consider an RIS consisting of M reflecting elements. These
reflecting elements are effectively controlled to adjust both the amplitude and phase of the
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Figure 5.1: Considered system model.

incident waveform. However, we set the amplitude component to unity for mathematical
tractability and simplicity. Moreover, we employ an RIS grouping strategy to reduce the
channel estimation cost [22], where the RIS is partitioned into Kg non-overlapping sub-
surfaces Ri ∀ i = 1, . . . , Kg with Mg reflecting elements in each, i.e., M = Kg × Mg. Note
that the values of M and B are determined a-priori, a single group introduces a common
phase shift, and at a particular instance, a group can serve only one request. In this scenario,
each Ri has two possible states ON and OFF, and the phase of the incident signal can
be changed to a desired direction while it is only in the ON state. Furthermore, a group
Ri is configured in such a way, that the energy required for the phase shift operation is
obtained by energy harvesting (EH) from the incident signals [38]. Additionally, we assume
that the distance between two adjacent reflecting elements in a group is less than a half-
wavelength, i.e., they are spatially correlated. In this context, we consider the following RIS
configurations, namely, power splitting (PS) and time switching (TS).

5.3.2.1 PS Configuration

Here, the incident signals are designated as two separate streams, namely the information
transmission (IT) stream and the EH stream [99, 100]. Specifically, the IT stream requires
a sufficient amount of energy, which is provided by the EH stream. Also, the IT and EH
stream division is controlled by the tunable power splitting factor ρ where 0 ≤ ρ ≤ 1. We
assume that only ρ portion of the received power is dedicated for EH and the remaining
1 − ρ portion for IT. Note that, here, EH and IT are simultaneously performed within Ri.
Since Ri ∀ i = 1, ..., Kg introduces a common phase shift θi, where θi ∈ [−π, π], the
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required amount of energy for information transfer via Ri is

Ereq,PS = Ts(KPt + Pph), (5.1)

where Ts is the slot duration, Pt, K is the number of patches, and Pph denotes the power
consumption of each patch and controller power consumption of Ri for the desired phase
shift operation [38].

5.3.2.2 TS Configuration

In this architecture, each patch of Ri is entirely devoted to EH or IT during a specific time
slot. If Ts is the total time slot and ζ ∈ [0, 1] fraction of it is required for EH to support
the power consumption demand, the entire Ri operates in the EH mode during the interval
[0, ζTs] and in the IT mode for the remaining Ts(1 − ζ) time. Hence, in this case, the
required amount of energy is given by

Ereq,TS = Ts((1 − ζ)KPt + Pph). (5.2)

5.3.3 Channel Model

As discussed earlier, S communicates with D via an intermediate RIS R that is divided into
Kg non-overlapping surfaces and each surface Ri consists of Mg reflecting elements. We
denote the channel from S to Ri and Ri to D as h ∈ CMg×1 and g ∈ C1×Mg , respectively.
We assume that the wireless links suffer from both large-scale path-loss effect and small-scale
block fading. Here, we consider that all the channels hj ∈ h and gj ∈ g ∀ j = 1, ..., Mg

experience Rician fading and their corresponding path-loss factor are ρLd−α/2
S,j and ρLd−α/2

j,D ,
respectively, where ρL is the path loss at one meter distance, α is the path loss exponent, dS,j

and dj,D denote the distance between S to j-th element of Ri, and j-th element of Ri to D,
respectively. Note that both |hj| and |gj| follow the identical distribution as below.

f|h/g|(α, Kh/g) = 2(1 + Kh/g)e
−Kh/g

× αe−(1+Kh/g)α
2
I0

[
2α
√

Kh/g(1 + Kh/g)
]

, α ≥ 0. (5.3)

Here Kh/g is the Rician factor corresponding to the S − Ri/Ri − D channel, respectively,
and I0(·) denotes the zero-order modified Bessel function of the first kind.

107



Since the inter-reflecting element distance of Ri is less than the half-wavelength, we
cannot overlook the impact of spatial correlation on the wireless channels [101]. Therefore,
the channels from S to Ri and Ri to D are defined as [102, 103]

h̃ =
√

βR1/2h and g̃ =
√

βgR1/2, (5.4)

respectively, where β denotes the link gain and R ∈ RMg×Mg is the spatial correlation
matrix. Note that, here we consider the sinc model [59] to characterize Rp,q ∀ p, q =

1, . . . , Mg, i.e., Rp,q =
sin
(2π

λ dp,q
)

2π
λ dp,q

, where λ is the transmission wavelength and dp,q is

the Euclidean distance between the p-th and q-th element of Ri [104]. Accordingly, the
composite channel from S to Ri is defined as [22]

hc =
Mg

∑
i=1

h̃i, (5.5)

where h̃i ∈ h̃ and |h̃i| follows (5.3). Similarly, we obtain the composite channel gc from Ri

to D as

gc =
Mg

∑
i=1

g̃i. (5.6)

5.3.4 Energy Harvesting Model

As stated above, the signal from S reaches D via Ri which is self-sufficient in terms of
energy. Here, every reflecting element of Ri is connected to an RF-to-DC converter, which
can draw DC power from the incident signal [38]. To explain this phenomenon, several
practical EH models have been proposed in the literature. Since the non-linear EH model
suggested in [27] is more theoretically tractable, we consider it in our study. Therefore, the
energy Eharv, as harvested by a reflecting element of Ri is expressed in terms of the received
power P at the reflecting element as

Enl = t
( aP|h|2 + b

P|h|2 + c
− b

c

)
, (5.7)

where |h|2 is the power gain of the S − Ri channel, t is the harvesting duration, and a, b, c
are the circuit specific parameters. Moreover, as a benchmark, we also consider the linear

108



EH model, i.e.,
El = tP|h|2. (5.8)

Note that in (5.7) and (5.8), we will set the value of t according to the PS and TS configura-
tions, which will be discussed in the following section.

5.3.5 Order-based Selection and Extreme Value Theory

Assume that xi with i ∈ {1, . . . , Kg} represent Kg i.i.d random variables, which correspond
to specific parameters that define the performance of Ri. Without loss of generality, we
make the following ordering [105, 106]

x1 ≤ x2 ≤ · · · ≤ xKg , (5.9)

in which training time is used to gain an understanding of this ordering. This ordering is
based on the various selection schemes of our proposed framework (will be discussed later).
On the basis of these schemes, the k-th best group is selected and accordingly, it reflects the
incident signals in a desired direction by using its own harvested energy.

Let i∗ denote the index of the k-th best group for each selection scheme. Therefore, the
PDF of x∗i is given by [105]

fx∗i
(x) = k

(
Kg

k

)
fxi(x)Fxi(x)Kg−k(1 − Fxi(x))k−1, (5.10)

where Fxi(x) and fxi(x) are the CDF and PDF of xi, respectively.
Furthermore, if R consists of a large number of reflecting elements, i.e., M → ∞ [107],

then we have Kg → ∞ for a finite Mg, as M = Mg × Kg. In this context, we use the tools
of EVT to characterize the system performance. Now, based on the EVT, we get that xKg

converges to one of the three limiting distributions: the Gumbel distribution, the Frechet
distribution, or the Weibull distribution [108]. The complete overview of this scenario is
analyzed in Section 5.6.

5.4 System Characterization

In the considered network topology, S communicates with D via Ri, where Ri harvests
the energy Ereq required for the phase shifting operation from the transmitted signal. As
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stated in Section 5.3.2, the analytical characterization of this entire process depends on the
configuration of the RIS, i.e., PS or TS. Hence, we characterize both the RIS configurations
and their impact on the suitable choice of system parameters in the context of the considered
network topology.

5.4.1 PS Configuration

According to Section 5.3.2.1, the RIS group Ri harvests energy by using a fraction ρ of the
received power, while the remaining is allocated for IT. Therefore, in this case, the received
signal at D is

yPS = ρL

√
(1 − ρ)Ptx(dS,Ri dRi,D)

−αgchcejϕi x + n, (5.11)

where Ptx is the transmit power, x is the transmitted signal, ϕi is the associated phase shift
provided at Ri, and n is the zero mean AWGN, with power σ2

0 .
Note that, in contrast to the traditional RIS-based method, we do not require a diagonal

phase shift matrix of M non-zero elements. Here, the incoming signal receives a common
phase shift from the components of Ri. Moreover, by rewriting the composite channels
gc and hc as |gc|e−ϕh and |hc|e−ϕg , respectively, we obtain the optimal phase shift ϕRi

corresponding to Ri as ϕRi = ϕh + ϕg such that the maximum SNR can be achieved.
Accordingly, the received signal at D is

yPS = ρL

√
(1 − ρ)Ptx(dS,Ri dRi,D)

−α|gc||hc|x + n. (5.12)

Next, in the following theorems, we investigate the performance bound on ρ, depending on
the considered EH model.

Theorem 5.4.1. By considering a linear EH model and assuming ρ to be equal for all the

M reflecting elements of Ri, we have

MgPt + Pph

ρL(dS,Ri)
−αPtx ∑

Mg
i=1 |hi|2

≤ ρ ≤ η

2Rreq − 1 + η
, (5.13)

where η =
ρLEl,PS × d−α

Ri,D

Tsσ2
0 ∑

Mg
i=1 |h̃i|2

|gc|2|hc|2 and Rreq is the application-specific minimum re-

quired data rate.

Proof. See Appendix A.
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Although the linear EH model is analytically tractable, at times, it fails to capture the
actual EH process. For such scenarios, we derive the bound on ρ by considering a nonlinear
EH model. From (5.7), for M number of reflecting elements, the total harvested energy
Enl,PS is given by

Enl,PS = Ts

Mg

∑
i=1

( aρPtxρL(dS,Ri)
−α|h̃i|2 + b

ρPtxρL(dS,Ri)
−α|h̃i|2 + c

− b
c

)
. (5.14)

Here, to find the bounds for ρ, we consider the worst and best channel conditions for EH.
This is because, for a given Ereq,PS, the worst channels require a larger ρ, while the best
channels require a relatively lesser value of ρ. Therefore, with all other parameters remaining
constant, we express Enl,PS as a function of the corresponding channel conditions, i.e.,

Emax
nl,PS = Enl,PS (|hmax|) and Emin

nl,PS = Enl,PS (|hmin|) , (5.15)

where the worst and best channel conditions |hmin| and |hmax| are defined as

|hmin| = min{|h̃1|2, · · · , |h̃Mg |2}. (5.16)

and
|hmax| = max{|h̃1|2, · · · , |h̃Mg |2}, (5.17)

respectively. Accordingly, in the following theorem, we investigate the performance bound
on ρ, depending on the considered non-linear EH model.

Theorem 5.4.2. By considering a non-linear EH model and assuming ρ to be equal for all

the Mg reflecting elements of Ri in the PS configuration, we obtain

c(MgPt + Pph)

MgρL(dS,Ri)
−αPtx|hmax|2

(
a − MgPt+Pph

Mg
− b

c

)
≤ ρ ≤ κ

(2Rreq − 1) + κ
, (5.18)

where κ =
cEmin

nl,PSρLd−α
Ri,D

MgTs|hmin|2
(

a − Emin
nl,PS

MgTs
− b

c

)
σ2

0

|gc|2|hc|2.
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Proof. See Appendix B.

5.4.2 TS Configuration

In an arbitrary time slot, according to Section 5.3.2.2, Ri harvests the required energy from
the received signal for time ζTs while the remaining time, i.e., (1 − ζ)Ts is dedicated for IT.
Therefore, in this case, the received signal at D is

yTS =

0, t ≤ Tsζ

Λgchcejϕi x + n, Tsζ < t ≤ Ts,
(5.19)

where Λ = ρL
√

Ptx

(
dS,Ri dRi,D

)−α/2
, ϕi is the associated phase shift at Ri, and n is defined

earlier in (5.11). Accordingly, similar to (5.12), the received signal, corresponding to the
maximum SNR that can be achieved, is

yTS =

0, t ≤ Tsζ

Λ|gc||hc|x + n, Tsζ < t ≤ Ts.
(5.20)

Here, we observe that ζ has a significant impact both on the EH and IT processes. In this
context, we are looking for a compact bound of ζ that would allow the TS-configuration to
perform smoothly. Now, based on our considered EH models, we investigate the performance
bound of ζ for each case independently. In the following theorem, we investigate the
performance bound on ζ for the linear EH model.

Theorem 5.4.3. By considering a linear EH model and assuming ζ to be equal for all the

M reflecting elements of Ri, we have

MgPt + Pph

MgPt + Ptx ∑
Mg
i=1 |hi|2

≤ ζ ≤ 1 −
Rreq

Rarc
, (5.21)

where Rarc = log2(1 + γTS) is the achievable data rate and Rreq is the application-specific

minimum required data rate.

Proof. See Appendix C.
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Table 5.1: Summary of results.

Cases Linear EH model Non-linear EH model

PS

MgPt+Pph

ρL(dS,Ri
)−αPtx ∑

Mg
i=1 |hi|2

≤ ρ ≤ η

2Rreq−1+η
,

where η =
ρLEl,PS×d−α

Ri ,D

Tsσ2
0 ∑

Mg
i=1 |h̃i|2

|gc|2|hc|2.

c(MgPt+Pph)

MgρL(dS,Ri
)−αPtx|hmax|2

(
a−

MgPt+Pph
Mg − b

c

) ≤ ρ ≤ κ
(2Rreq−1)+κ

,

where κ =
cEmin

nl,PSρLd−α
Ri ,D

MgTs|hmin|2
(

a−
Emin

nl,PS
MgTs −

b
c

)
σ2

0

|gc|2|hc|2.

TS
MgPt+Pph

MgPt+Ptx ∑
Mg
i=1 |hi|2

≤ ζ ≤ 1 − Rreq
Rarc

. MgPt+Pph

Mg

(
Pt+

aφ+b
φ+c −

b
c

)ζ ≤ 1 − Rreq

Rmin
arc

, where φ = ρLd−α
S,Ri

Ptx|hmax|2.

Similar to the non-linear EH model-based PS configuration of the RIS, here, we in-
vestigate the performance bounds for ζ by taking into account both the best and worst-
case scenarios of the channels. Specifically, we consider the cases |h̃i| = |hmin| and
|h̃i| = |hmax| ∀ i = 1, · · · , Mg, where |hmin| and |hmax| are obtained from (5.16) and
(5.17), respectively. In the following theorem, we look at the performance bounds of ζ for
the non-linear EH model.

Theorem 5.4.4. By considering a non-linear EH model in TS configuration and assuming ζ

to be equal for all the M reflecting elements of Ri, we obtain

MgPt + Pph

Mg

(
Pt +

aφ+b
φ+c − b

c

) ≤ ζ ≤ 1 −
Rreq

Rmin
arc

. (5.22)

where φ = ρLd−α
S,Ri

Ptx|hmax|2 and Rmin
arc is the achievable data rate for the worst-case

scenarios of the channels.

Proof. See Appendix D.

Finally, Table 5.1 presents a summary of the main analytical results derived in this
section.

5.4.3 Composite Channel Characterization

From Section 5.3.3, we have the wireless channel from S to the i-th element of a group as
hi ∼ CN

(
mi, σ2

i
)
∀ i = 1, · · · , Mg. Due to the impact of spatial correlation, from (5.4)
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we obtain h̃ =
√

βR1/2h, which can be rewritten as h̃ = R′h, where R′ =
√

βR1/2. In
other words, we have 

h̃1

h̃2
...
˜hM

 =


r11 r12 · · · r1Mg

r21 r22 · · · r2Mg
...

...
...

...
rK1 rK2 · · · rMg Mg




h1

h2
...

hMg

 . (5.23)

Hence, from (5.23), we get h̃i =
Mg

∑
j=1

rijhj.

Here, h̃i is expressed as a linear combination of hj ∀ j = 1, · · · , Mg. Therefore, the
mean and variance of h̃i are obtained as

E
[
h̃i
]
= E

[Mg

∑
j=1

hjrij

]
=

Mg

∑
j=1

rijE[hj] =
Mg

∑
j=1

rijmj and

Var
(
h̃i
)
=

Mg

∑
j=1

Var
(
hj
)

r2
ij =

Mg

∑
j=1

σ2
j r2

ij, (5.24)

respectively. Since mi and σi ∀ i = 1, · · · , Mg are finite, by using the Central Limit
Theorem [83], we get

h̃i ∼ CN
(Mg

∑
j=i

mjrij,
Mg

∑
j=i

σ2
j r2

ij

)
. (5.25)

As a result, by using (5.25) in (5.5), we obtain

hc =
Mg

∑
i=1

h̃i ∼ CN
(Mg

∑
i=1

Mg

∑
j=1

mjrij,
Mg

∑
i=1

Mg

∑
j=1

σ2
j r2

ij

)
. (5.26)

Since hc has a non-zero mean, |hc| follows the Rician PDF. Therefore, |hc|2 follows a
non-central χ2 distribution with the density function [83]

f|hc|2(µ) =
1
2
(

µ

∆2
h
)

1
4 (kh−2)e−

1
2 (µ+∆2

h) I1
2 (kh−2)(∆h

√
µ), (5.27)

where ∆h is the non-centrality parameter, kh is the degree of freedom, and In(·) is the
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modified Bessel function of the first kind. Similarly, the density function of |gc|2 is

f|gc|2(µ) =
1
2

(
µ

∆2
g

) 1
4 (kg−2)

e−
1
2 (µ+∆2

g) I1
2 (kg−2)(∆g

√
µ). (5.28)

From the previous discussion, we know that the received SNR at D is a function of Z =

|gc|2|hc|2. However, the product of two non-central χ2 distributions does not have a closed-
form. Hence, we approximate the resulting distribution by the moment matching technique
[109, 110]. We propose using the Gamma distribution for approximation as it is a Type-
III Pearson distribution [111], which is widely used in fitting distributions for positive
RVs by matching the first and second moments. Specifically, we approximate the product
Z ∼ F (δ, β) as Gamma-distributed random variable with the shape and scaling parameters
δ and β, respectively. Moreover, the PDF and CDF of Z is given as [109]

fZ(x) =
β−δ

Γ(δ)
xδ−1 exp

(
−x
β

)
, x > 0 and (5.29)

FZ(x) =
γ
(
α, x

δ

)
Γ(α)

, (5.30)

respectively, where γ(α, x) and Γ(·) denote the incomplete and complete Gamma function,
respectively.

5.5 Proposed Group Selection Strategies

In this section, we propose various group selection strategies for the considered framework,
where R is partitioned into Kg non-overlapping subgroups Ri i = 1, . . . , Kg. Specifically,
we propose strategies to select one of the Ri, corresponding to various performance metrics,
as discussed below. Here, the implementation of these strategies is characterized in terms of
their respective data and energy outage probabilities. In this context, by using the definition
of γPS and γTS from (5.61) and (5.81), respectively, the outage probability, corresponding
to a predetermined required data rate Rreq, is defined as

OPS/TS = P
(
f(ζ) log2(1 + γPS/TS) < Rreq

)
, (5.31)

where
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f(ζ) =

1, for PS configuration

1 − ζ, for TS configuration.
(5.32)

Similarly, by using (5.7) and (5.8), the energy outage probability [112] is defined as

OPS/TS = P
(
El/nl ≤ Ereq

)
, (5.33)

where Ereq is a predefined energy threshold. Hereafter, depending on the outage probability,
the group selection mechanisms are described below.

5.5.1 Random Group Selection (RGS)

In this group selection technique, a subgroup is randomly chosen from among those that
are accessible to share the information. Here, we define a set S of all subgroups that can
provide the minimum required data rate at D, i.e.,

S = {Ri : Ri,PS/TS ≥ Rreq

& Ei,req,PS/TS ≤ Ei,PS/TS, i = 1, · · · , Kg
}

, (5.34)

where Ri,PS/TS denotes the achievable data rate at D, Ei,req and Ei are the minimum required
and harvested energy corresponding to the PS or TS configuration of Ri, respectively. Note
that all Ri ∈ S can harvest the required amount of energy Ereq. Therefore, without loss of
generality, if an arbitrary Ri ∈ S is randomly selected, the resulting outage performance is
characterized by the following theorem.

Theorem 5.5.1. The outage probability for the RGS scheme is obtained as

i) ORGS
PS =

γ

(
α, 2Rreq−1

δ
(

1−ρ
)

Ψ

)
Γ(α)

ii) ORGS
TS =

γ

(
α, 2

Rreq
1−ζ −1

δΨ

)
Γ(α)

. (5.35)

Proof. From (5.31), we have ORGS
PS/TS = P

(
γPS/TS ≤ 2

Rreq
f (ζ) − 1

)
. Hence, by using (5.61)
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and (5.32), we obtain

ORGS
PS

= P

((
1 − ρ

)
Ptxρ2

L
(
dS,Ri dRi,D

)−α

σ2
0

|gc|2|hc|2 ≤ 2Rreq − 1

)

= P

(
|gc|2|hc|2 ≤ 2Rreq − 1(

1 − ρ
)
Ψ

)
, (5.36)

where Ψ =
Ptxρ2

L

(
dS,Ri

dRi ,D

)−α

σ2
0

. From (5.29), we know that the quantity Z = |gc|2|hc|2 is
approximated by a Gamma random variable. Therefore, by using its CDF, we have

ORGS
PS =

∫ 2Rreq−1(
1−ρ

)
Ψ

0
fZ(y)dy =

γ

(
α, 2Rreq−1

δ
(

1−ρ
)

Ψ

)
Γ(α)

. (5.37)

Similarly, by using (5.81) and (5.31), we obtain

ORGS
TS = P

|gc|2|hc|2 ≤ 2
Rreq
1−ζ − 1

Ψ

 =

γ

(
α, 2

Rreq
1−ζ −1

δΨ

)
Γ(α)

.

However, in most practical scenarios, the best subgroup may not be always available. In
that case, we have to go for the second-best group selection. Generalizing, we concentrate
on how the outage probability for the various selection schemes is affected by the k-th best
group selection. Accordingly, the outage probability for the k-th best group selection scheme
is

Ok,PS/TS = P
(
f(ζ) log2(1 + γ∗

PS/TS) < Rreq
)

, (5.38)

where γ∗
PS/TS is the received SNR at D for the k-th best group. Therefore, the k-th best

group selection schemes, based on different system parameters, are presented below.
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5.5.2 SNR-Based Group Selection (SBGS)

Here, we investigate a group selection strategy based on the achievable SNR. In this context,
we consider the channel state information (CSI) to be known a priori. Specifically, in this
scheme, the group that attains the k-th highest SNR at D is the k-th best group, and we
select that one accordingly. Note that all the available groups constitute the set S as defined
in (5.34). Consequently, let us consider that X1 ≤ X2 ≤ · · · ≤ X|S| be the ordering of the
received SNR and the index of the group corresponding to the k-th best SNR is i∗. That is,

i∗ =
(k)

argmax
i∈{1,...,|S|}

{X1, . . . , X|S|}. (5.39)

Therefore, from (5.10), we obtain the PDF of Xi∗ as

fXi∗ (x) = k
(
|S|
k

)
fXi(x)FXi(x)|S|−k(1 − FXi(x))k−1, (5.40)

where fXi(x) and FXi(x) are provided in (5.29) and (5.30), respectively. In the following,
the outage performance for the SBGS scheme is characterized by the following theorem.

Theorem 5.5.2. The outage probability for the SBGS scheme, where the k-th best group is

selected, is determined by

OSBGS
k,PS/TS = IFXi (x) (|S| − k + 1, k) , (5.41)

Proof. In Section 5.4.3, we approximate |gc|2|hc|2 by a Gamma distribution. Therefore,
from (5.36), the SNR

(
1 − ρ

)
Ψ|gc|2|hc|2 is a scaled Gamma random variable. Hence, the

outage probability for the SBGS scheme, in the PS configuration, is

P
(
log2(1 + Xi∗) < Rreq

)
= P (Xi∗ ≤ x) , (5.42)

where x = 2Rreq − 1. Also, from (5.40) and (5.42), the CDF of Xi∗ is obtained as

OSBGS
k,PS =

∫ x

0
fXi∗ (z)dz

= k
(
|S|
k

) ∫ x

0
fXi(z)FXi(z)

|S|−k(1 − FXi(z))
k−1dz (5.43)

In (5.43), by substituting y = FXi(x) and using the definition of normalized incomplete
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Beta function [98], we obtain

OSBGS
k,PS = IFXi (x) (|S| − k + 1, k) . (5.44)

Similarly, now we obtain the outage of the k-th best group selection in the TS configuration.
Note that in TS configuration, the outage is obtained by (5.44) itself, where the only

difference is that in this case, we have ρ = 0 and x = 2
Rreq
1−ζ − 1.

According to the system configuration considered, the residual harvested energy has
a significant impact on data communication. Therefore, we will discuss the energy-based
group selection scheme in detail below.

5.5.3 Energy-Based Group Selection (EBGS)

In this scheme, each Ri i = 1, . . . , B harvests the required energy from the incident signals.
Note that the EH process depends on the RIS characterization, the considered EH models,
and also the correlated wireless channels from S to R, i.e., on h̃i, i = 1, . . . , Mg. Here, we
consider the linear as well as the nonlinear EH models for both the PS and TS configurations
of the considered framework. We define the set of groups that are able to harvest the
minimum required energy and support the minimum data rate as

A = {Ei : Ei,req,PS/TS ≤ Ei,PS/TS,

& Ri,PS/TS ≥ Rreq i = 1, · · · , Kg
}

, (5.45)

where Ei is the energy harvested by the i-th group.
In this scheme, the group that harvests the k-th highest energy is defined as the k-

th best group, and we select that one accordingly. Consequently, let us consider that
E1 ≤ E2 ≤ · · · ≤ E|A| be the ordering of the harvested energy and the index of the group
corresponding to the k-th best harvested energy is i∗, i.e.,

i∗ =
(k)

argmax
i∈{1,...,|S|}

{E1, . . . , E|A|}. (5.46)
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Therefore, from (5.10), we obtain the PDF of Ei∗ as

fEi∗ (x) = k
(
|A|

k

)
fEi(x)FEi(x)|A|−k(1 − FEi(x))k−1, (5.47)

where fEi(x) and FEi(x) are the PDF and CDF of Ei, respectively. Accordingly, the energy
outage for the proposed EBGS scheme is characterized by the following theorem.

Theorem 5.5.3. The energy outage probability for the EBGS scheme in both the PS and TS

configurations for the k-th best group is evaluated as

OEBGS
k,PS/TS = IFEi (x) (|A| − k + 1, k) . (5.48)

Proof. From (5.64), we observe that a group is able to transfer information if it harvests the
minimum required energy. Therefore, for the PS configuration, the outage of the k-th best
group in the EBGS scheme is

P
(
Ei∗ ≤ Ereq,PS

)
, (5.49)

where Ereq,PS is the minimum required energy in PS configuration. Hence, from (5.47), the
outage of the k-th best group is obtained as

OEBGS
PS/TS =

∫ x

0
fEi∗ (z)dz

= k
(
|A|

k

) ∫ x

0
fEi(z)FEi(z)

|A|−k(1 − FEi(z))
k−1dz

= IFEi (x) (|A| − k + 1, k) , (5.50)

where fEi∗ (z) denotes the PDF of the k-th best group.

For the linear EH model, by using (5.8) we have Ei = ν
Mg

∑
j=1

|h̃j|2, where ν = TsρPtxρLd−α
S,Ri

.

Therefore, with all the other parameters remaining constant, Ei is a function of
Mg

∑
j=1

|h̃j|2.

Since |h̃j|2 follows the non-central χ2 distribution, we approximate Ei as a Gamma random
variable [113]. Now, for the non-linear EH model, by using (5.7), which followed by trivial
algebraic manipulations, results in

aPtx|h|2 + b
Ptx|h|2 + c

− b
c
=

ac − b
c

+ (b − ac)× 1
Ptx|h|2 + c

. (5.51)
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Accordingly, by using (5.51), the harvested energy is

Ei = Ts

Mg

∑
j=1

( aPtxρL(dS,Ri)
−α|h̃j|2 + b

PtxρL(dS,Ri)
−α|h̃j|2 + c

− b
c

)

= Ts

(
Mg(ac − b)

c
+

Mg

∑
j=1

b − ac
ρL(dS,Ri)

−αPtx|h̃j|2 + c

)
. (5.52)

Here, (5.51) can be approximated to an inverse Gamma approximation [114]. Therefore,
(5.52) can also be approximated to a scaled inverse Gamma random variable.

Lastly, note that if we set ρ as unity in (5.8), and substitute Ereq,PS by Ereq,TS in (5.49),
in a similar way, we obtain the outage performance corresponding to the TS configuration
for both the linear and non-linear cases.

Remark: Note that, both SBGS and EBGS consider a perfect CSI scenario. We assume
that, for all i, the S − Ri and Ri − D channels remain constant during a channel coherence
block of length Tc and that this satisfies Tp < Tc, where Tp is the pilot length [115]. Then
the estimate for the channels is obtained in [116], which exists iff Tp ≥ M + 1. This
very condition implies that the channel estimation overhead Tp scales at least linearly
with M [22]. Moreover, by considering alternative assumptions, such as models involving
sparsity, more efficient channel estimation methods may also be employed. In such cases,
the overhead may be even lesser. Furthermore, the work in [117] investigates the aspect
of imperfect wireless channel estimation for RIS-aided systems. Therefore, based on the
framework proposed here and by using [117], we can extend the present work and propose
an intelligent channel estimation strategy-based generalized group selection framework for
a self-sustainable RIS-aided set-up.

5.6 EVT-Based Performance Analysis

Here, we investigate the asymptotic performance of the proposed selection strategies in
terms of the number of groups, i.e., when Kg → ∞. Specifically, to analyze the performance
of the proposed k-th best selection schemes, we derive the limiting distribution of the k-th
best group and use EVT tools to assess the asymptotic outage probability. In this context, as
mentioned in Section 5.3.5, let us assume that XKg denotes the largest order statistic of B
i.i.d. random variables and the corresponding PDF and CDF are denoted as FXKg

(x) and
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fXKg
(x), respectively. Note that the random variable of interest for the EBGS scheme in

PS configuration corresponding to the linear and nonlinear EH model is obtained by using
(5.59) and (5.14), respectively. Similarly, (5.61) and (5.74) are used to obtain the random
variable of interest for the SBGS scheme in PS configuration corresponding to the linear and
nonlinear EH model, respectively. Accordingly, the value of ρ and ζ will be set to obtain the
random variables in the TS configuration as stated earlier in Section 5.4.2.

Now we consider that H(x) is the limiting CDF of
XKg−κ

τ , where κ and τ are normalizing
constants. In our proposed group selection schemes, it can be shown that

lim
x→∞

1 − FXi(x)
fXi(x)

= l, 0 < l ∀ i = 1, . . . Kg. (5.53)

As a result, the limiting distribution of the k-th best group follows the Gumbel distribution
[118] with CDF

H(x) = exp(− exp(−x)), −∞ < x < ∞. (5.54)

Therefore, for a large B, the limiting CDF of the k-th best group is defined as [118]

H(k)(x) =
1

(k − 1)!

∫ ∞

ψ(x)
e−ttk−1dt = H(x)

k−1

∑
j=0

(Ψ(x))j

j!
, (5.55)

where Ψ(x) = − log H(x). By using (5.54) and (5.55), we obtain

H(k)(x) = exp (− exp (−x))
k−1

∑
j=0

exp (−jx)
j!

. (5.56)

Hence, the outage probability for the k-th best group is

OEVT
k (x) = P{XKg−k+1 ≤ x}

= P
{XKg−k+1 − κ

τ
≤ x − κ

τ

}
= Hk

(
x − κ

τ

)
. (5.57)

Next, we discuss the impact of EVT-based performance on both the SBGS and EBGS
schemes. In the SBGS (EBGS) system, the asymptotic outage probability of the k-th best
group selection is expressed as
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OEVT
k (x) = exp

(
− exp

(
−x − κl

τl

)) k−1

∑
j=0

exp
(
−j x−κl

τl

)
j!

, (5.58)

where l ∈ {SBGS, EBGS} and the corresponding constants κl and τl are derived from the
PDF of the k-th best group selection scheme according to the SBGS (EBGS) scheme.

5.7 Simulation Results

In this section, we now validate the derived analytical results. We consider a Rician fading
scenario with the following system parameters: transmission power Ptx = 30 dBm [96],
path loss factor ρL at a distance of one meter is ρL = 10−3.53, slot duration Ts = 100 µs
[75], wavelength λ = 0.1 m [19], and noise power σ2

0 = −104 dBm [119]. Moreover, we
consider that the total number of patches of an RIS is 400, i.e., N = 400, and the inter-patch
distance is λ/8. Furthermore, the normalizing constants for the considered non-linear EH
model are a = 2.463, b = 1.635, and c = 0.826 [120]. Finally, we compare our proposed
approach with an existing benchmark scheme.

Figure 5.2: Validation of concept for different SNR thresholds. Variation of outage with
SNR.

Fig. 5.2 compares the analytically obtained outage probability in Section 5.5 with the
extensive Monte Carlo simulations performed. For this, we consider that Ri ∀ i = 1, · · · , 20
consists of 20 patches, the inter-patch distance is λ/8, and the Rician fading factor K = 1.
Here, by considering the correlated channels, we perform the procedure 106 times in the
Monte Carlo simulation, figuring out the optimal phase shift each time. Therefore, we
observe from the figure that, irrespective of the SNR threshold γth, the outage probability
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exhibits a decreasing trend with respect to the SNR, which is the function of distance,
pathloss, transmit power, and noise. This is quite intuitive because the data rate increases
with the SNR, leading to a downward trend in the outage probability. Moreover, for a
particular SNR, we also observe an increased outage probability with increasing γth; for
example, observe the performance gap at SNR = 30 dB between γth = 3 dB, γth = 6
dB, and γth = 9 dB. It can be observed that the analytical results closely resemble the
simulation results, which validates our analytical framework.

Figure 5.3: Validation of proposed strategy for different SNR thresholds and Variation of
outage with inter-patch distance.

Figure 5.4: Data rate and Eeff performance trade-off investigation.

With identical system parameters as in Fig. 5.2 and also considering a transmit power
Ptx = 30 dBm, Fig. 5.3 investigates the impact of the inter-patch distance on the outage
probability. Thereafter, we match the analytical results obtained with the corresponding
Monte Carlo simulation, which further verifies our analytical framework. We observe that
the outage probability for γth = 2 dB, γth = 4 dB, and γth = 6 dB exhibits a decreasing
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trend with the decreasing inter-patch distance. This is because a decreasing inter-patch
distance enhances the channel correlation, which results in more gain on the received
SNR. Moreover, as observed in Fig. 5.2, here also we notice that the outage probability
corresponding to a smaller SNR threshold is less than its higher counterpart.

Based on (5.1), (5.2), and the discussion in Section 5.4, the energy-efficiency of a
particular group is defined as

Eeff =
Rarc

Ereq,o
o ∈ {PS, TS},

where Rarc, and Ereq,o are the achievable data rate and energy consumption of a group,
respectively. Fig. 5.4 illustrates the importance of RIS grouping on the achievable data rate
and Eeff, as a function of the number of groups of a RIS, which consists of 400 patches.
Specifically, we investigate the consequences of adopting a GBS and a nGBS. The effect of
both the PS and TS configurations in GBS is investigated by considering (ρ = 3/10, ζ = 1)
and (ρ = 1, ζ = 2/5), respectively. We observe that, in both cases, the achievable data rate
exhibits a downward trend with increasing number of groups. This is because an increasing
number of groups implies a decreasing number of elements per group, which results in a
lower data rate. Conversely, it is interesting to observe that Eeff increases up to a certain
group size and then decreases thereafter. The reason for this is attributed to the fact that,
Eeff is defined as the ratio of Rarc, which is a logarithmic function of a positive quantity, to
the required energy, Ereq,o, which is a linear function of the same. Consequently, beyond a
certain point, the linear growth in energy consumption dominates, leading to a reduction in
Eeff. On the contrary, as the entire RIS is being used in nGBS and the required number of
phase shifts equals to the total number of reflecting elements, the aspect of grouping does
not have any impact on the achievable data rate and Eeff. Hence, we suggest using the GBS
framework depending on the application, such as in a dense environment, which improves
Eeff performance and allows the RISs to serve more users at a time.

Fig. 5.5 shows the impact of the considered nonlinear EH model parameters on the
derived analytical bounds for ρ and ζ corresponding to both the PS and TS configurations
of the considered RIS. In this case, we consider the Rician factor K = 2, a group consists
of 100 patches, and the received power is a function of transmit power, path-loss factor,
and the distance from the S to the group. We obtain the lower bound for both the PS and
TS configurations by utilizing two distinct sets of parameters {a = 2.463, b = 1.635, c =
0.826} and {a = 0.392, b = 0.0167, c = 0.044} in (5.18) and (5.22) as suggested in [27].
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Figure 5.5: Impact of received power on the lower bound of PS and TS.

Irrespective of the parameters, the figure demonstrates an overall decreasing trend of both the
lower bounds of ρ and ζ with the received power in a group. The reason for this observation
is justified by the fact that, for a fixed energy requirement, an increase in the received power
leads to a decrease in both ρ and ζ.

Figure 5.6: Impact of ρ and ζ on data rate.

Fig. 5.6, for both the PS and TS configurations, demonstrates an overall increasing trend
of the achievable data rate with increasing transmitted power. Here, to obtain the achievable
data rate from (5.11) and (5.20), we consider K = 1, the distance from S to Ri and Ri to D
is 15 m and 20 m, respectively. It is observed that the achievable data rate for a smaller ρ

(ζ), outperforms the performance for a higher value of ρ (ζ). This is because, according
to the PS configuration, the higher ρ helps to harvest more energy at the RIS, which leads
to a lower data rate at D. In contrast, for a smaller ζ, the energy harvesting time is small,
resulting in a higher data rate at D. Note that in both the PS and TS configurations, we
choose the value of ρ and ζ in such a way that they are able to harvest the minimum required
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Figure 5.7: Variation of ρ with outage performance for different Rician K-factor values.

K=2

K=1

Figure 5.8: Variation of ζ with outage performance for different Rician values.

energy for IT as well as satisfy the minimum data required conditions as shown in Table 5.1.
We observe that the outage probability exhibits an increasing trend with increasing ρ

and ζ in Fig. 5.7 and Fig. 5.8, respectively. In this case, simulations are performed for two
distinct Rician factors K = 1 and K = 2, as well as two different SNR thresholds γth = 5
dB and γth = 7 dB. Here, the other system parameters are considered as in Fig. 5.2. Fig.
5.7 depicts that the outage probability as obtained in (5.31), in PS configuration, for all
predefined SNR thresholds, exhibits an increasing trend with increasing power splitting
factor. This is because, as mentioned earlier, a higher ρ aids in harvesting of more energy,
which lowers the data rate and causes more outages. Similarly, for TS configuration, Fig.
5.8 shows that the data outage exhibits an increasing trend with increasing ζ. In both cases,
we also observe that for a particular K, the outage probability for γth = 7 dB is more than
γth = 5 dB. Moreover, as a higher K implies a higher data rate, the outage probability for
K = 1 outperforms the outage probability for K = 2.

Fig. 5.9 illustrates the impact of the SNR on data outage for the proposed group
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Figure 5.9: Impact of the SBGS’s k-th selection.

Figure 5.10: Comparison of the proposed and an existing scheme.

selection strategies. Specifically, from (5.35) and (5.41), we evaluate how the SBGS and
RGS schemes perform in terms of data outages for k-th best selection for different k values.
Note that the necessary energy is harvested according to the linear or nonlinear EH model
of the PS or TS configuration, and their effects on the received SNR are preserved. Here,
we consider a simulation setup of each group consisting of 10 patches and 10 groups are
available to aid communication. We observe that the outage probability for all the cases of
SBGS and RGS exhibits a decreasing trend with increasing SNR values. This is due to the
fact that rising SNR raises the achievable data rate, which causes the outage probability to
decrease. Moreover, we observe that the outage performance of RGS is inferior to SBGS
implying that a strategic selection is always better than the random selection. Furthermore,
the performance of the k-th best group selection is superior to the (k + 1)-th best group
selection. This is because, in this case, we are choosing the optimal group as compared to
having a sub-optimal choice.

Fig. 5.10 demonstrates the role of spatial correlation at the RIS on the outage probability
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by using the inter-patch distance as λ/8. By considering the system parameters as in Fig.
5.9, we compare our method with an existing framework [23] that groups the RISs without
taking spatial correlation into account. The figure shows that the curves are in a decreasing
trend with respect to the increasing SNR values, and the outage for uncorrelated scenario
is less than that of its correlated counterpart. This is because, in an uncorrelated scenario,
one channel being unusable for communication does not necessarily affect its neighboring
channels, which is not the case in a correlated scenario. This may give us an impression that
it is unwise to take spatial correlation into account. However, in the uncorrelated scenario,
the inter-patch distance in an RIS of finite dimension cannot be reduced below λ/2, which
severely limits the number of available patches and thus the data rate. On the other hand,
from (5.11) and (5.20), we observe that SNR is a function of hc and gc, which are the sum
of correlated channels. This indicates that with reduced inter-patch distance, more patches
are accessible for the correlated case, which eventually raises the data rate. Lastly, as also
observed previously, the outage corresponding to the RGS scheme results in the worst
outage performance. Note that the diversity order may be possible to derive by studying
the asymptotic outage probability in the high SNR regime. But finding the closed-form
expression might be cumbersome.

Figure 5.11: Impact of EVT in SBGS.

The effect of EVT on the SBGS selection scheme, as evident in (5.58), is shown in Fig.
5.11, where we consider Mg = 10, Rician factor K = 1, required SNR threshold γth = 5
dB, and the number of groups Kg = 20, 80 and 140, respectively. In this figure, we perform
a k-th best selection scheme for k = 1, 6. Note that, regardless of the value of Kg, the outage
performance demonstrates a decreasing trend, which has also been previously observed.
Moreover, for a given SNR, the outage performance sharply improves with increasing Kg.
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Figure 5.12: Variation of Ptx with energy outage in a linear EH model.

Figure 5.13: Variation of Ptx with energy outage in a nonlinear EH model.

The reason for this is attributed to the fact that as Kg increases, the ‘chance of the best group
being available’ also increases, which improves the outage performance.

Fig. 5.12 and Fig. 5.13 illustrate the impact of transmit power on the energy outage
as computed in (5.48) for the k-th best group selection in a linear and non-linear EH
scenario, respectively. Here, we consider both the PS and TS configurations by using

(ζ = 1, 0 < ρ < 1) and (ρ = 1, 0 < ζ < 1), respectively. We consider that each group has
10 patches and 40 groups are accessible to facilitate communication, distance from S to Ri

is 15 m, Pph = 5 dBm, and Pt = 5 dBm. In both the figures, we observe that, irrespective
of k, the energy outage exhibits a decreasing trend with increasing transmit power, which is
intuitive. This is supported by the fact that the suggested selection schemes perform better
as the transmit power increases. Moreover, we notice that the energy outage for the 1st best
group is lesser than the 2nd best, which in turn, is lesser than the 3rd best. Consequently, as
also observed earlier, we find that the RGS scheme performs the worst.

Fig. 5.14 illustrates the impact of RIS configuration on the achievable data rate for
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Figure 5.14: Impact of RIS configuration on achievable data rate.

various inter-patch distance; here we consider the Rician K = 2, power splitting fac-
tor ρ = 0.2, and the number of elements in each group M = 100. Specifically, for a
fixed inter-patch distance, we arrange these M elements in various uniform planar array
(UPA)-based configurations. Therefore, the configuration (Nx, Ny) ∈ {(1, 100), (2, 50),
(4, 25), (5, 20), (10, 10), (20, 5), (25, 4), (50, 2), (100, 1)}, where Nx and Ny represent the
number of elements along the UPA length and width, respectively. We observe that, irrespec-
tive of the UPA configuration, the data rate increases with decreasing inter-patch distance.
Moreover, with all other system parameters remaining constant, the maximum data rate is
achieved for the square configuration, i.e., Nx = Ny = 10. The reason for this is attributed
to the fact that, among all the possible configurations, Nx = Ny results in the most compact
shape with minimum distance among any pair of farthest located reflecting elements in the
group. Hence, in scenarios, where it is not possible to have Nx = Ny, the best result is
obtained by choosing Nx, Ny very close to each other.

5.8 Conclusion

In this chapter, we proposed novel order statistics-based generalized group selection strate-
gies for a self-sustainable RIS-assisted D2D communication set-up in a Rician fading
scenario, which takes into account the aspect of correlated channels. These strategies are
based on the performance metrics like the end-to-end SNR and the energy harvested at
the RIS group. Here, we considered both the PS and the TS configurations of the RIS
and provided performance bounds for the system parameters of concern. We demonstrated
the importance of spatial correlation at the RIS (in terms of the inter-patch spacing) on
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the system performance by analytically characterizing both the data outage and the energy
outage. Moreover, by using EVT, we further looked into the asymptotic scenario of having
a large number of groups available at the RIS for selection. Thereafter, we observed that the
outage performance, in this case, monotonically improves with increasing number of groups.
As an immediate extension of this work, we intend to investigate the aspect of considering
an adaptive selection of number of elements in the group for self-sustainable RIS-aided
communication scenario.

Appendices

A. Proof of Theorem 5.4.1

As ρ is equal for all the Mg reflecting elements of Ri, from (5.8), we obtain the harvested
energy

El,PS = TsρPtxρLd−α
S,Ri

Mg

∑
i=1

|h̃i|2. (5.59)

By rewriting (5.59), we obtain

Ptx =
El,PS

TsρρLd−α
S,Ri

∑
Mg
i=1 |h̃i|2

. (5.60)

Accordingly, the received SNR γPS at D is

γPS =

(
1 − ρ

)
Ptxρ2

L
(
dS,Ri dRi,D

)−α

σ2
0

|gc|2|hc|2. (5.61)

By using (5.60) in (5.61), we have

γPS =

(
1
ρ
− 1
)

ρLEl,PS × d−α
Ri,D

Tsσ2
0 ∑

Mg
i=1 |h̃i|2

|gc|2|hc|2 (5.62)

and the resultant achievable data rate is

RPS = log2
(
1 + γPS

)
. (5.63)
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Here, we observe that the power splitting factor ρ has a significant impact on both the EH
and IT performances. Therefore, we now investigate the performance bounds on ρ, which
will allow the PS configuration to function flawlessly.

According to Section 5.3.2.1, the Ri will not be able to transfer the incoming signal in
the desired direction if El,PS < Ereq,PS. As a result, for proper functioning of Ri, we require

El,PS ≥ Ereq,PS = Ts

(
MgPt + Pph

)
. (5.64)

Hence, by using (5.1) and (5.59), we obtain

TsρPtxρLd−α
S,Ri

Mg

∑
i=1

|h̃i|2 ≥ Ts

(
MgPt + Pph

)
, (5.65)

which finally results in
MgPt + Pph

PtxρLd−α
S,Ri

∑
Mg
i=1 |h̃i|2

≤ ρ. (5.66)

Therefore, if the application-specific minimum required data rate is Rreq, we must have

Rreq ≤ RPS = log2 (1 + γPS). (5.67)

As a result, from (5.62) and (5.67), we obtain

2Rreq − 1 ≤ γPS =

(
1
ρ
− 1
)

η, (5.68)

where η =
ρLEl,PS×d−α

Ri ,D

Tsσ2
0 ∑

Mg
i=1 |h̃i|2

|gc|2|hc|2. This, after trivial algebraic manipulations, results in

2Rreq − 1
η

+ 1 ≤ 1
ρ

=⇒ ρ ≤ η

2Rreq − 1 + η
. (5.69)

Hence, by combining (5.66) and (5.69), we obtain (5.13).
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B. Proof of Theorem 5.4.2

Note that, for the proper functioning of Ri, we require Enl,PS ≥ Ereq,PS, i.e., we must have

Emax
nl,PS ≥ Ereq,PS and Emin

nl,PS ≥ Ereq,PS. (5.70)

Hence, if we consider the best-case scenario, i.e., |h̃i| = |hmax| ∀ i = 1, · · · , M, by using
(5.1) and (5.14), we obtain

MgTs

( aρPtxρL(dS,Ri)
−α|hmax|2 + b

ρPtxρL(dS,Ri)
−α|hmax|2 + c

− b
c

)
≥ Ereq,PS. (5.71)

On further simplification and by using (5.1), we obtain

c(MgPt + Pph)

MgρL(dS,Ri)
−αPtx|hmax|2

(
a − MgPt+Pph

Mg
− b

c

) ≤ ρ. (5.72)

Similarly, now we consider the worst-case scenario, i.e., |h̃i| = |hmin| ∀ i = 1, · · · , Mg

and from (5.14), we have

Ptx =

cEmin
nl,PS

MgTs

ρρL(dS,Ri)
−α|hmin|2

(
a − Emin

nl,PS
MgTs

− b
c

) . (5.73)

Accordingly, the received SNR γPS at D is

γPS =

(
1 − ρ

)
Ptxρ2

L
(
dS,Ri dRi,D

)−α

σ2
0

|gc|2|hc|2

=

(
1
ρ
− 1
) cEmin

nl,PSρLd−α
Ri,D

MgTs|hmin|2
(

a − Emin
nl,PS

MgTs
− b

c

)
σ2

0

|gc|2|hc|2. (5.74)

Note that, irrespective of the channel conditions, the data rate needs to be above the threshold
Rreq, i.e., (5.67) results in

Rreq ≤ RPS =⇒ 2Rreq − 1 ≤ γPS =

(
1
ρ
− 1
)

κ, (5.75)
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where

κ =
cEmin

nl,PSρLd−α
Ri,D

MgTs|hmin|2
(

a − Emin
nl,PS

MgTs
− b

c

)
σ2

0

|gc|2|hc|2. (5.76)

Thereafter, further simplifications result in

ρ ≤ κ

(2Rreq − 1) + κ
. (5.77)

Finally, by combining (5.72) and (5.77), we have (5.18).

C. Proof of Theorem 5.4.3

The harvested energy, in a slot, is obtained from (5.8) as

El,TS = ζTsPtxρLd−α
S,Ri

Mg

∑
i=1

|h̃i|2. (5.78)

For proper RIS functioning, we must have El,TS ≥ Ereq,TS, i.e., by using (5.2) and (5.78),
we get

El,TS ≥ Ereq,TS = Ts

(
MgPt(1 − ζ) + Pph

)
=⇒ ζTsPtxρLd−α

S,Ri

Mg

∑
i=1

|h̃i|2 ≥ Ts

(
MgPt(1 − ζ) + Pph

)
,

which finally results in

MgPt + Pph

MgPt + PtxρLd−α
S,Ri

∑
Mg
i=1 |h̃i|2

≤ ζ. (5.79)

Similar to the PS configuration, if the application-specific minimum required data rate is
Rreq, we have

Rreq ≤ RTS = (1 − ζ) log2(1 + γTS) = (1 − ζ)Rarc, (5.80)
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where Rarc = log2(1 + γTS) is the achievable data rate and

γTS =
Ptxρ2

L
(
dS,Ri dRi,D

)−α

σ2
0

|gc|2|hc|2. (5.81)

Further simplification of the above results in

ζ ≤ 1 −
Rreq

Rarc
. (5.82)

Thus, by combining (5.79) and (5.82), we obtain (5.21).

D. Proof of Theorem 5.4.4

If Emax
nl,TS is the harvested energy by considering |h̃i| = |hmax| ∀ i = 1, · · · , M, from the

proper functioning condition of Ri, we have, Emax
nl,TS ≥ Ereq,Ts. Hence, by using (5.2) and

(5.7), we obtain

ζTsMg

( aρPtxρL(dS,Ri)
−α|hmax|2 + b

ρPtxρL(dS,Ri)
−α|hmax|2 + c

− b
c

)
≥ Ereq,TS. (5.83)

The above equation can be rewritten as

ζMg

(
aφ + b
φ + c

− b
c

)
≥ (1 − ζ)MgPt + Pph, (5.84)

where φ = ρLd−α
S,Ri

Ptx|hmax|2. Thereafter, further simplification results in

MgPt + Pph

Mg

(
Pt +

aφ+b
φ+c − b

c

) ≤ ζ. (5.85)

Note that, during the EH process, we are concerned only with the S − Ri link; hence,

the role of gc is irrelevant. Moreover, from (5.5), we have hc =
Mg

∑
i=1

h̃i, which results in

|hc|2 = M2
g|hmin|2 for the considered worst-case scenario. Thus, the resultant SNR at D is

γmin
TS =

M2
gPtxρ2

L
(
dS,Ri dRi,D

)−α

σ2
0

|gc|2|hmin|2 (5.86)
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and the resultant achievable data rate is

RTS =
(
1 − ζ

)
log2(1 + γmin

TS ). (5.87)

Regardless of the channel conditions, the data rate must exceed the specified threshold Rreq,
i.e.,

Rreq ≤ RTS = (1 − ζ) log2(1 + γmin
TS ) = (1 − ζ)Rmin

arc ,

where we define Rmin
arc = log2(1 + γmin

TS ). Further simplification of the above results in

ζ ≤ 1 −
Rreq

Rmin
arc

. (5.88)

Hence, by combining (5.85) and (5.88), we obtain (5.22).

137



Chapter 6

Conclusion and Future Research
Direction
6.1 Concluding Remarks

This thesis discusses various strategies to get around some of the difficulties that arise when
utilizing RISs for D2D communication at 5G and beyond mmWave communication. RIS
can be used to improve D2D communication performance by increasing wireless network
connectivity, throughput, spectral efficiency, and reliability by properly tuning the phases and
providing an indirect LoS link between two proximate users. In this context, the following
aspects have been addressed:

In Chapter 2, we proposed a novel RIS deployment strategy by allowing single as well
as double reflections to provide an indirect LoS link between two obstructed device pairs.
Additionally, to prevent resource wastage, we proposed an energy-efficient group selection
strategy for a device pair to complete their successful communication. Furthermore, we
proved that sometimes double reflections are more energy-efficient than single reflection,
which is non-intuitive. In Chapter 3, by assuming that the RISs are already deployed in
the surroundings, we proposed a novel double-RIS assisted adaptive modulation-based
cooperative multihop routing scheme. This cooperative routing scheme makes use of both
the IUs and RISs. It is to be noted that a particular RIS can handle only a single request
in a particular time instance. Moreover, multiple requesting device pairs may demand the
same RIS for their seamless communication. In this context, in chapter 4, we proposed a
priority-aware channel-dependent user scheduling strategy for RIS-assisted multihop D2D
communication, which also takes into account the aspect of element grouping at the RIS.
Furthermore, we demonstrated that the least remaing distance based approach does not
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always yield the best result in terms of system performance. In addition, in RIS-assisted
D2D communication scenarios, a group that provides the best data rate may not always be
available to serve as a relay node. In these cases, a request may have to wait until the desired
RIS is available. In this context, in Chapter 5, we proposed a novel order statistics-based
generalized group selection strategy for a self-sustainable RIS-assisted D2D communication
setup in a Rician fading scenario, which takes into account the aspect of correlated channels.
Note that, due to the low-power communication scenario, here, we used the self-sustainable
RISs, which can harvest energy from the incoming signals. Additionally, by using EVT, we
further looked into the asymptotic scenario of having a large number of groups available at
the RIS for group selection.

6.2 Future Work Directions

In this thesis, we have addressed various aspects of RIS-aided mmWave D2D communication
scenarios. However, we believe that there will be a lot of opportunities for future RIS-assisted
mmWave D2D communications research owing to our techniques and experimental findings.
This work opens up several promising avenues for future research, some of which are
outlined below.

• RIS deployment in continuous domain: In Chapters 2, we proposed a novel RIS
deployment strategy in the double RIS-assisted D2D wireless communication scenario.
In this work, the RISs are deployed in the discrete domain by discretizing the entire
environment into a specific resolution of a grid. In this setup, we considered that a
grid is either fully occupied by an obstacle or not. However, in practice, each cell of a
grid may not be fully blocked, which results in a bad approximation. In this context,
we should propose a RIS deployment strategy in the continuous domain. Note that the
continuous domain refers to the domain in which the precise position can be found.

• Scheduling strategy for non-cooperative scenarios: In Chapter 3, we proposed a
novel double-RIS assisted adaptive modulation-based multihop routing scheme for
D2D wireless networks, which takes into account the aspect of multi-RIS secondary
reflection. An immediate extension of this work is to investigate a non-cooperative
scenario, where the users are independent in deciding whether they would like to act
as a relay or not. If they do, then for which corresponding S − D pair they will be
agreed and in that case what incentives can be provided.
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• Scheduling strategy for imperfect CSI: In Chapter 4, we proposed a novel priority-
aware channel-dependent scheduling strategy for RIS-assisted multihop D2D commu-
nication, which also takes into account the aspect of element grouping at the RIS. An
immediate extension of this work is to investigate scenarios, where even when idle,
it depends on the IUs to decide whether to act as relays to its requesting neighbors
or to prioritize its own sleep mode. Moreover, we intend to investigate the aspect of
imperfect channel state and phase errors at the RISs on the proposed strategy. Finally,
we also aim to comment on having various adaptive grouping criteria at the RISs and
investigate its impact.

• Element splitting-based RIS design: In Chapter 5, we proposed novel order statistics-
based generalized group selection strategies for a self-sustainable RIS-assisted D2D
communication set-up in a Rician fading scenario, which takes into account the aspect
of correlated channels. Specifically, here, we design a RIS architecture for two specific
EH models where the elements of a group take part either for EH or information
transfer. As an immediate extension of this work, we aim to investigate the aspect
of considering an element splitting-based self-sustainable RIS-aided communication
scenario. The scenario of incorporating the aspect of spatial correlation in such
a case can also be considered. Furthermore, in this chapter, we assumed a single
antenna transceivers. Therefore, an immediate extension of this work is to investigate
the generalized group selection criteria for multi-user multi-antenna communication
scenarios.
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