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Executive Summary

This deliverable goes through the final results on directional links’ analysis and al-
gorithm design. The initial results were given in Deliverable 2.1. Those focused on
channel estimation, beamforming, and performance analysis of directional links, posi-
tioning and user tracking, hardware (HW) imperfections, and some machine learning
aspects of directional communications. This deliverable adds to those with practical
Tx/Rx impairments, reconfigurable intelligent surface (RIS) gain analysis and beam-
forming algorithm designs, and performance assessments of RIS-aided links.

To be specific, Chapter 1 goes through various HW imperfections, their modelling,
and discusses how those affect the signal chain. Chapter 2 analyses the achievable
RIS gain as a function of the center frequency, size of the RIS, and distance. A compar-
ison to line-of-sight link shows that the performance of the RIS is highly dependent on
the above listed parameters, and the gain of the RIS in some situations can be very low.
On the other hand, the RISs can also have very high gain if the distance to and out of
the RIS is small and the RIS is large. Chapter 3 considers an RIS-enhanced multiple-
input single-output (MISO) wireless communication system and proposes a reflection
pattern modulation (RPM) scheme for the dual-use of passive beamforming and infor-
mation transfer of the RIS. It is shown that the proposed RIS-RPM scheme was able to
improve the achievable rate performance despite the loss in received signal power as
compared to the conventional RIS-assisted system. Chapter 4 proposes a RIS quadra-
ture reflection modulation (RIS-QRM) scheme for simultaneous passive beamforming
and information transfer of RIS. The RIS-QRM is shown to be able to improve the er-
ror performance of the additional bits delivered by the RIS without deteriorating that of
the bits carried on the constellation symbol, as compared to ON/OFF-based reflection
modulation schemes. Finally, in Chapter 5, optimal RIS placement is studied on the
basis of the available access point (AP) gain, the available positions for the AP and
RIS placement, and the minimum desired power levels at the user equipment (UE). It
is demonstrated that the optimal RIS placement relies on the AP antenna gain tunabil-
ity. The results illustrate that increasing the AP antenna gain does not guarantee an
increase in received power and the results provide guidelines for the optimal selection
of the AP antenna gain and the RIS placement.

The concepts and results presented herein are very important for the other ARI-
ADNE work packages. For instance, the directional links analysis with and without
RISs feed directly into the system level performance evaluations in T1.3 where final
ARIADNE system level evaluations are presented in the end of October 2022. The
same applies for practical hardware impairments that are important to take into account
in the system level designs and evaluations. The beamforming algorithms presented in
D2.1 and in this deliverable are very important in order to understand how to maximize
the received power in high frequency communication schemes that always require di-
rectional links to obtain enough antenna gain. This is especially the case with RISs
where the channel can be controlled to some degree. On the other hand, the RISs
make the full Tx-Rx link estimation and optimization more complex. In this regard, ma-
chine learning algorithms and artificial intelligent are seen as very promising tools for
link and partial system optimization. Therefore, the results herein feed into WP4 of
ARIADNE focusing on machine learning algorithms. All in all, this deliverable and D2.1
provide a lot of link level information that can be further utilized in the various WPs of
the ARIADNE project.
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Introduction

The future communication system seek the extreme data rates from the millimeter wave
(mmWave, 30–300 GHz) and the THz band (0.3–10 THz). These very extremely high
frequencies offer very wide frequency bands, making ot possible to achieve very large
data rates even with relatively modest modulation methods. The specific focus of the
ARIADNE project is the D band (110–170 GHz). This band is located in the middle
of the mmWave band and it offers very respectable continuous bandwidths up to 12.5
GHz [1]. As the D band is close to existing specified fifth generation (5G) maximum
frequencies, it is on the radar for the beyond 5G (B5G) and sixth generation (6G) com-
munication systems.

When we move into higher frequencies, directional antennas become necessity due
to need for high antenna/beamforming gain in all situations. Directional communica-
tions cause some notable problems, such as problems with channel acquisition, chan-
nel estimation, blockage of signals, and beam tracking. The reconfigurable intelligent
surfaces (RISs) are seen as a very potential technologies to help with some of these
issues by giving base station a partial control over the propagation channel. How-
ever, there are a lot of research problems with directional communications with RISs.
Partially those are similar with the issues described above for generic directional com-
munications, but with additional degree of difficulty coming from the additional link and
the control of RIS(s) in base station (BS)-RIS-user equipment (UE) compound link.

ARIADNE Task 2.1 has been focusing on single directional link analysis with em-
phasis on the RIS communications. Deliverable 2.1 [2] gave the initial results on direc-
tional communications with topics covering hardware and other imperfections, machine
learning aspects of the beamforming, and RIS related channel estimation, beam track-
ing, and performance evaluations. This deliverable appends on those results by topics
listed below. Putting together D2.1 and D2.3, we have a very comprehensive look into
the directional link level communications in the mmWave and THz bands.

The topics covered in this deliverable are as follows.

• Chapter 1 provides an overview of the practical hardware imperfections. There
are various mechanism how hardware distorts the signal in various components
of the radio frequency (RF) chain. Those include, e.g., non-linearity of the com-
ponents and phase noise, to mention couple. These imperfections have impact
on the communication link performance and should be taken into account in the
system and link modelling.

• Chapter 2 looks into the gain characteristics of RISs as a function of the distance,
frequency, and the size of the RIS. The apparent size of the RISs decrease as
a function of the distance. The size of the RIS in general case decreases as a
function of frequency. These have a great impact on the achievable gain of the
RIS that can very from very small to very large depending on the link distances,
frequency, and the physical size of the RIS.

• Chapters 3 and 4 look into beamforming design and performance analysis of
RISs. These chapters propose RIS reflection pattern modulation (RIS-RPM) and
RIS quadrature reflection modulation (RIS-QRM) schemes, respectively. The pro-
posed RIS-RPM scheme is show to be able to improve the achievable rate perfor-
mance despite the loss in received signal power as compared to the conventional
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RIS-assisted system. The RIS-QRM is shown to improve the error performance
without deteriorating that of the bits carried on the constellation symbol.

• Chapter 5 presents the performance analysis of RIS-aided links. One focal point
therein is to study the optimal placement of the RISs by taking into account the
access point (AP) gain, the available space for the AP and RIS locations, and
the minimum desired power levels at the UE. It is shown that the optimal RIS
placement relies on the AP antenna gain tunability.

Page 8
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Chapter 1

Practical Tx/Rx Impairments

This chapter provides an overview of the sources and effects of hardware impairments
of ultra high carrier frequency wireless communication transceivers rendering their per-
formance costly and hindering their exploitation as commercial products. The more the
transmission bandwidths and carrier frequencies increase, the more the effect of these
impairments worsens. In the following, we refer to the most critical components and
the impairments they induce to the system. This is a brief overview and the interested
reader is encouraged to check in detail various textbooks dealing with this topic, as for
instance [3] and [4].

AD/DA converters Communication systems targeting high data rates need to utilize
high bandwidth which along with the converters resolution, critically affect the system
feasibility and power consumption. For high bandwidth systems, Digital-to-Analog con-
verters (DACs) are somehow easier to be implemented, while Analog-to-Digital Con-
verters (ADCs) act more as a bottleneck due to the limited resolution of high-speed
ADCs. Some of the typical impairments introduced in ADCs are the quantization noise,
aperture jitter, non-linearities, and saturation. DACs can also introduce strong harmonic
components in the transmitted signal due to baseband non-linearities.

Mixers and local Oscillators In both the transmitter (Tx) and receiver (Rx) mixers,
the effect of in-phase and quadrature (I/Q) imbalance is important and can be observed
as images in the spectrum. If the I and Q channels of a mixer are not orthogonal, i.e.,
they do not have a 90° phase difference, and do not introduce the same gain value, then
the output signal has I/Q imbalance. The local oscillators (LOs) that are used in order
to generate the carrier frequency, suffer from various impairments, but among them
the most critical is the phase noise. Meanwhile, the generated carrier frequency at the
Tx and the Rx LOs is not identical, as LOs are not ideal. This frequency difference is
referred to as carrier frequency offset and should be compensated. Finally, DC offset
due to leakage is also a common impairment induced by these components, as LO’s
signal leaking from the LO towards the mixer’s RF or IF input is self-mixed and results
in adding a DC component to the input signal.

Power amplifier Power amplifiers (PAs) are utilized to compensate for the loss of en-
ergy, i.e., the attenuation of a signal, which occurs when a signal is transmitted through
a communication medium. Apart from their high cost, PAs are among the most power
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consuming elements in the transmitter chain and the most critical for the linearity of the
transmission. The intrinsic non-linear behaviour of PAs generates intermodulation dis-
tortion (IMD) products, which produce out-of-band distortion. This distortion combined
with the use of modulated signals of multiple levels, results in spectral regrowth, i.e.,
spectrum extension on adjacent channels. Besides, the non-linear PA behaviour also
produces in-band distortion, which affects the transmitted signal constellation quality,
while PAs might also introduce a DC component to the output signal. In general, using
extremely large bandwidth values tends to increase the non-linearities induced by the
PA.

Efficient power amplifiers need to operate close to saturation, i.e., have a low back-
off. Thus, for some signal input values, they exhibit an undesired non-linear behavior,
generating a distorted spectrum several times wider than the allocated channel. This
is critical for commercial products and their certification as the transmitted power might
not be compliant with the mandatory spectrum mask. Finally, the PA power affects the
system coverage and might impose severe limitations, especially due to the fact that
maximum power scales down with carrier frequency.

1.1 Non-linearities

Non-linearities induced by the PA are evident when it is operated in its non-linear re-
gion, i.e., close to its maximum output power where significant compression of the
output signal can be observed. Non-linear distortions degrade the modulation accu-
racy and produce unwanted out-of-band emissions, due to spectral regrowth, causing
interference to adjacent channels.

The simplest way to model RF non-linearities is by using a Taylor series with a
maximum degree lmax [3]. Assuming x and y stand for the input and output signals,
respectively, we have

y =
lmax∑

l=1, l odd

klx
l, where kl ∈ R. (1.1)

Apart for this simplified model, more accurate ones exist and can be utilized. The
distortions of a real PA are generally modelled using amplitude-to-amplitude (AM/AM)
and amplitude-to-phase (AM/PM) curves, which are extracted via measurements [5]
and can be represented by mathematical functions. If we denote the complex input
signal as

x(t) = a(t) exp[jϕ(t)], (1.2)

the output of the PA can be expressed as

y(t) = A(a(t)) exp (j[ϕ(t) + P (a(t))]), (1.3)

where A(a(t)) is the AM/AM function of the PA output amplitude as a function of the PA
input signal amplitude a(t). Moreover, P (a(t)) is the AM/PM function describing the PA
output phase as a function of the PA input signal amplitude. There exist various ways to
extract the two functions above, namely A(a(t)) and P (a(t)), such as creating a lookup
table through measurements and using linear extrapolation when required, as well as
utilizing more complex models depending on the available measurements [5] such as
the cubic polynomial, the Saleh model [6], the Rapp and modified Rapp models [7]
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and others [8]. The AM/AM causes amplitude distortion, for instance the corner points
of the constellation might move toward the origin due to PA gain compression, whereas
AM/PM introduces phase shift, i.e., constellation rotation.

The non-linearities induced by the PA can be classified as memoryless or memory-
based. For the former case, the distorted output of the PA does not depend on the past
but only on the instantaneous input. For the latter case, the non-linearities model output
is also affected by past values of the input. The PA memory changes the frequency
response of the generated distortion, while it also increases the number of coefficients
needed to model the induced non-linearity. The memory effects exhibited by PAs can
be neglected for narrowband signals but are noticeable in the case of wide bandwidth
input signals, such as those comprising multiple carrier signals.

1.2 Phase Noise

Generating a stabilized local oscillator (LO) signal with sufficient power to drive the
transceiver’s mixers is a challenge for high frequency communication systems. In an
ideal LO, the power would be concentrated exactly at the carrier frequency, but in real
world phase noise exists and results in spreading the power over frequencies around
the carrier frequency. Phase noise induced by the transceivers’ LOs is considered a
critical impairment at high carrier frequencies. In most of the cases, frequency mul-
tipliers along with amplifiers are used in series in order to produce the high carrier
frequency. This results in an undesirable increase of the phase noise floor in the pass-
band. Typically, the phase noise level increases by 6 dB for each doubling of the
frequency. The influence of the phase noise on the system performance depends on
the system bandwidth. At lower bandwidths, the correlated part of the phase noise has
the most critical impact and should be compensated, while, at higher bandwidths, the
phase noise floor has the dominant impact.

To this end, the phase noise induced by the LO is commonly described as a su-
perposition of a correlated Wiener [4] and an uncorrelated Gaussian process. For
high-rate communication systems, the phase noise simulated as a Wiener process,
does not affect the system performance as much as the Gaussian, thus its impact can
be neglected [9]. As a result, the noise floor of the LO contributes to the observed
phase noise significantly. A criterion indicating whether it is appropriate to utilize solely
the Gaussian process for the phase noise modelling is the fulfilment of the following
inequality

N f 2
c T

2 ≤ ln(2)

2π2
, (1.4)

where N stands for the number of symbols per frame, fc for the carrier frequency
and T for the symbol period. This holds true for wideband systems where the car-
rier frequency is small compared to the system bandwidth. Phase noise can be also
modelled using its power spectral density (PSD). In the literature, there exist various
mathematical functions for the PSD, for instance [8, 10, 11], that can be utilized along
with experimental measurements in order to approach a real LO phase noise PSD.

It should be noted that phase noise is a time varying random component of the
phase that causes an arching of the signal constellation points, while a constant phase
offset might be also present at the distorted signal. In general, the phase noise is time
varying, while the phase noise processes of distinct receivers are uncorrelated.
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1.3 I/Q imbalance

I/Q imbalance corresponds to the amplitude and phase mismatch between the in-phase
and quadrature components of the signal at a transceiver. Its most significant part is
caused by an non-ideal mixer, while any amplitude mismatch at the DAC’s components
will also appear as I/Q imbalance. Furthermore, there might be differences in conver-
sion losses between the output ports of the I and Q channel mixers, while filters and
ADCs in the I and Q paths might not be perfectly matched.

In most cases, the dominant I/Q phase imbalance is inserted when the phase be-
tween the I and Q channels of the quadrature modulator (up-converter) at the Tx and/or
the quadrature demodulator (down-converter) at the Rx, is not equal to 90°, while the
I/Q amplitude imbalance occurs when there is a gain mismatch between the I and
Q channels mentioned above, respectively. I/Q phase imbalance causes a nominally
square constellation to become rhombic, while I/Q amplitude imbalance turns a square
constellation into a rectangular one.

The simplest way to model I/Q imbalance when a mixer does not respect the am-
plitude balance and the orthogonality between the I and Q channels is presented be-
low [12]. Assuming that y is the complex signal impacted by I/Q imbalance and x is the
complex input signal, we have

y = Re{x}αr exp (−j 0.5∆ϕ) + j Im{x}αi exp (+j 0.5∆ϕ), (1.5)

where ∆ϕ is the phase imbalance in rad and A stands for the amplitude imbalance in
dB. Thus, αr and αi can be expressed as

αr + j αi = 10A/10 + j 10−A/10 (1.6)

I/Q imbalances are modelled as frequency flat in most of the studies. However, ad-
vanced models taking into account frequency selective imbalances and more complex
effects can be found in the literature [4,13,14].

1.4 Carrier phase and frequency synchronization er-
rors

Frequency offsets in wireless systems are generated by both carrier frequency offsets
(CFOs), introduced by mismatch between the local oscillators of the Tx and Rx, and
Doppler shifts, caused by movements in the wireless channel. The CFO corresponds
to the frequency difference between the transmitted signal carrier and the carrier of
the receiver due to the non-ideality of the LOs. A constant phase offset might be also
present along with the phase distortion caused by phase noise. The phase offset can
be assumed to be constant and uniformly distributed in [0, 2π], while in most cases, it
is related to the real hardware and the received signal path lengths.

Denoting fc as the desired carrier frequency, the actual frequency can be defined
as f = fc + ∆f , where ∆f represents the random CFO which is uniformly distributed
across [−ζmax,+ζmax]. The bound ζmax is the LO precision tolerance which is expressed
in parts per million (ppm) of the carrier frequency. For instance, a carrier frequency
equal to 140 GHz and an LO specification of 100 ppm correspond to an LO of poor
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quality, where the maximum CFO is 14 MHz. When the combined frequency offset
among the Tx LO and the Rx LO needs to be considered, we denote ∆ftot = fRx−fTx,
where the fTx and fRx correspond to the actual frequencies of the LOs at the Tx and
the Rx, respectively, as defined above [4].

1.5 DC offset

The contribution of the RF downconversion stage to the DC offset is due to LO signal
leaking and self-mixing as well as to transistor mismatches in the signal path. Imper-
fections of the ADC’s circuitry contribute also to the DC offset. The DC offset is often
modelled as a Gaussian random variable with zero mean and a given standard devi-
ation, although in some hardware realizations, it is practically almost constant. While
the DC offset is independent of the input signal’s frequency, it critically depends on the
level of the input signal.

1.6 Unified imperfections model

In their theoretical studies, researchers sometimes need to utilize a model that ac-
counts for all the hardware imperfections of a communication system. Such a model
has been proposed by [4] and utilized in various ARIADNE’s studies, for instance [15].
In such cases, the received signal can be expressed as

y = A (x+ ζTx) + ζRx + n, (1.7)

where x and n stand for the transmitted signal and the additive white Gaussian noise
(AWGN), respectively, and A represents the channel, whose model depends on the
considered scenario. The transmitter’s and receiver’s hardware imperfections are rep-
resented by ζTx and ζRx, respectively, which are modelled as independent random
variables that have zero mean complex Gaussian distributions with variances

σ2
Tx = κ2TxPTx and σ2

Rx = κ2RxA
2PTx, (1.8)

respectively. Besides, κTx and κRx are the error vector magnitudes of the transmitter
and the receiver, while PTx stands for the transmitted power.

1.7 Concluding remarks

It should be emphasized that theoretical and simulation analysis of assumed hard-
ware imperfections is critically affected by the uncertainty and inaccuracy of the utilized
models. These render the suppression of the impairments’ effects difficult, while their
identification through measurements as well as experimental verification are essential
for the implementation of a real-world system.
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Chapter 2

Reflective Phased Array Type RIS gain
analysis in mmWave Networks

In this chapter, we analyze the gain properties of mmWave channels when utilizing
ideal RISs and compare those to the LoS case. We start with a general channel model
for a RIS and derive the gain compared to LoS path in order to analyse the impact
of carrier frequency on the achievable RIS gain. As the antenna structures may be
very large measured by the number of elements while still having moderate physical
size at high frequencies, the near field distance is also analyzed with respect to size
and configuration of the array. We will show that the frequency and the number of
antenna elements will have a significant impact on the gain. Furthermore, depending
on the application and environment, the shape of the RIS may also be one of the design
criteria if the near field of antenna need to be avoided. In short, the gain of the RIS
with fixed number of antenna elements will increase at lower frequencies due to larger
antenna array size, but the near field of the antenna array will increase linearly with the
wavelength at the same time.

2.1 RIS and Channel Models

There are many ways to implement RISs. Two of the most common ones considered
in the literature are metasurfaces and reflective phased arrays. Metasurface reflectors
are structures formed of small meta-atoms that tend to be mutually coupled and the
reconfigurability of the metasurface is obtained, for instance, by geometric design and
tunable materials [16]. There are practical test set-ups for metasurfaces and also var-
ious models to characterize their performance. However, the models are often rather
complicated and not easy for wireless network planning yet.

A simpler solution from analysis and also from the deployment points of view are
the reflective phased arrays. They are essentially reflective antenna arrays without
the baseband or radio frequency (RF) processing chains. These structures are often
considered to be fully passive, disregarding some semi-passive structures where a
subset of the RIS elements are able to receive the signals. Hence, those can help with
the channel estimation [17]. A hybrid relay-reflecting RIS (HR-RIS) has been recently
proposed in [18], but herein we focus on the passive reflecting structures. The antenna
array type approach assumes individual phase control at each antenna element. The
beam steering is then similar to that of the regular antenna array.
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Figure 2.1: The system model used herein.

There are numerous papers on channel modelling for RIS assisted links [16,19–28].
The core link model in all of them is a compound channel model formed of Tx-RIS and
RIS-Rx links. In the most of the above channel modeling themed works, the links are
assumed to be LoS. The main differences come from the handling of the beamforming.
The antenna gains are important in the RIS modelling as it is possible with high gain
antennas to be in such a close range to the RIS that the Tx antenna pattern is only
partially illuminating the RIS [29]. This leads to decreased RIS response, but on the
other hand, the same occurs in the more common case where RIS captures only a
small part of the incoming radiation. This latter point is analyzed herein when we show
that the RIS gain decreases with distance.

The channel model herein follows the work presented in [28] and it is commonly
used in the mmWave band. However, we assume optimized beamformers such that
the channel gain is given in terms of the antenna gains only. This model is detailed in
the next section with the main focus on the channel gain by RIS and the near field radii
of different RIS configurations.

2.2 Theoretical RIS Response

2.2.1 System Model Used in Analysis

The system model used to analyse the RIS gain is given in Fig. 2.1. It comprises a
RIS, a transmitter (Tx), and a receiver (Rx). All of those utilize phased arrays with
NRIS,y × NRIS,x antenna elements at RIS, NTx,y × NTx,x antenna elements at Tx, and
likewise NRx,y × NRx,x antenna elements at Rx. The distances between the network
elements have been given as follows: rTx,Rx is the LoS distance from the Tx to the Rx,
rTx,RIS is the distance from the Tx to the RIS, and rRIS,Rx is the distance from the RIS
to the Rx. The RIS phase Φ is not modelled in this work as we use stochastic gains
based on the far field propagation models as detailed below.
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2.2.2 Path Loss Models

We use the standard LoS channel model in all links. That is given in the mmWave
bands by the Friis’ transmission equation with molecular absorption loss [30]. Thereby
the receive power with the LoS channel is

PRx,LoS(r, f) = PTxGTxGRx
c2e−κa(f)rTx,Rx

(4πrTx,Rxf)2
, (2.1)

where PTx is the transmit power, κa(f) is the absorption coefficient, f is the frequency,
c is the speed of light, and GTx and GRx are the Tx and Rx antenna gains, respectively.

We utilize a RIS model given in [28]. The model therein gives the receive power as

PRx,RIS = PTxGTxGRxGRISΓRIS
e−κa(rTx,RIS+rRIS,Rx)c2ARIS

(4π)3f 2r2Tx,RISr
2
RIS,Rx

, (2.2)

where rTx,RIS and rRIS,Rx are the Tx–RIS and RIS–Rx distances (see also Fig. 2.1), ARIS

is the RIS area (or capture area for the incoming energy) and GRIS is the total gain
of the RIS. We added in a RIS reflection coefficient, or reflection efficiency ΓRIS that
accounts for the non-ideal reflection power, although, it is assumed to be one in the
sequel. It should be noted that this is the maximum possible RIS channel gain. That is,
the beamformers are fully optimized in the far field of the array. As a consequence, we
obtain the full channel gain. In reality, the beamformers are estimated from the channel
response and gain will be decreased due to any possible estimation errors at the Tx,
Rx, or RIS, as well as due to possible hardware imperfections.

The RIS gain on the receive powers compared to LoS is given by division of (2.2)
and (2.1) by setting the total distance in the both models to equal rTx,RIS + rRIS,Rx. The
resultant gain is given by

GRIS,LoS = GRISARISΓRIS
(rTx,RIS + rRIS,Rx)

2

4πr2Tx,RISr
2
RIS,Rx

. (2.3)

Even with ideally reflecting RIS, we can see that the gain of the RIS compared to LoS
path has certain bounds. Those include the gain and surface area of the RIS and the
distance from the RIS. With a fully covered RIS surface and separation distance of d
between the individual elements, the gain and the size of the RIS are interconnected.
Herein we assume d = λ/2 separation between the antenna elements. By assuming
fully covered RIS, the total area of the RIS becomes

ARIS = [(Nx − 1)dx + ϵx]× [(Ny − 1)dy + ϵy], (2.4)

where (Nx − 1)dx + ϵx and (Ny − 1)dy + ϵy are the horizontal and vertical lengths of
the antenna array, Nx and Ny are the number of antenna elements in the horizontal
and vertical directions, dx and dy are the corresponding antenna element separations,
and ϵx and ϵy give an additional room for realistic antenna element sizes. That is, the
added length in the horizontal and vertical directions due to physical size of the antenna
elements. Our assumptions on fully covered RIS surface hints that ϵx = ϵy = dx = dy =
d. With ideal antennas without any specific antenna size, ϵx = ϵy = 0. In any case, the
total effective capture area for energy at RIS has an impact on the total energy for the
reflection towards the Rx. Due to limited size, the distance from the Tx or Rx to the RIS
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has impact on the energy captured by this area. Therefore, a finite size RIS tends to
lose in gain to LoS path, but this depends on the size of RIS and distance to it as it will
be shown in the numerical results. The above also gives away that the gain of the RIS
is dependent on the size of the elements via their area. This in an ideal setting leads to
the diminishing RIS size as a function of the wavelength, which leads to a smaller gain
with a fixed number of antenna elements when moving to higher frequencies.

From the above, we can show the gain of an ideal square RIS compared to LoS gain
is

GRIS,LoS = N2
RISd

2 (rTx,RIS + rRIS,Rx)
2

4πr2Tx,RISr
2
RIS,Rx

, (2.5)

where NRIS is the total number of antenna elements in the RIS, and hence, this is the
maximum gain of the RIS GRIS. The square RIS also has the smallest near field among
the rectangular RIS structures. This can be a very appealing structure as the near field
of the RIS can be very large with large numbers of antenna elements as discussed in
the next section.

2.2.3 Near Field of the RIS

It should be evident that the above models for RIS propagation are only valid in the far
field of the RIS (or any other antenna in the system). However, as the future antenna
systems and especially RISs can be very large to obtain the required gain levels, the
near field of an antenna can be very large. Therefore, we analyze the near field size of
an array of various phased antenna array configurations. We only focus on rectangular
arrays here with different aspect ratios. Linear arrays are omitted as those are unlikely
in arrays with large numbers of antenna elements.

The near field radius of an antenna array in general case is given by

rNF =
2D2

λ
, (2.6)

where rNF is the near field radius, D is the maximum dimension of the antenna, and
λ is the wavelength. The maximum dimension of the antenna array is assumed to be
formed by the maximum dimension of the area confined by the antenna elements as

D =
√
[(Nx − 1)dx + ϵx]2 + [(Ny − 1)dy + ϵy]2, (2.7)

where the maximum distance across the antenna D herein with rectangular arrays is
from a corner to corner. However, in reality, the actual dimensions of the antennas
depend on the type of the antenna. Here we use easily tractable rectangular arrays
and the above holds for those.

The RIS near field radius is given by

rNF =
2

λ

(
[(Nx − 1)dx + ϵx]

2 + [(Ny − 1)dy + ϵy]
2
)
. (2.8)

Furthermore, for ideal square RIS without the ϵ, the near field becomes

rNF =
4

λ
(
√
N − 1)2d2, (2.9)

or rNF = 4Nd2/λ if we assume ϵ to be equal to the antenna separation d. As mentioned
above, and using the above equations, we show that the antenna configuration will
have a large impact on the near field size close to large antenna arrays.
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Figure 2.2: RIS gain as a function RIS antenna elements for various distances and
three center frequencies given by solid lines for 30 GHz, dashed lines for 140 GHz,
and dash-dotted lines for 300 GHz.

2.3 Numerical Results

In this section, we give the numerical results on impact of the RIS size at different
frequencies on the achievable channel gain and the size of the near field. The frequen-
cies herein are 30, 140, and 300 GHz, i.e., the far ends of the mmWave band, and the
middle point of the D band (110 – 170 GHz).

The achievable RIS gains with optimized beamformers given by (2.3) are shown in
Fig. 2.2. The gains are given for equal distances from Tx-RIS and RIS-Rx distances
that are varied from 5 to 40 meters. This translates into total distances varying from
10 to 80 meters. The three different frequencies are given by solid lines for 30 GHz,
dashed lines for 140 GHz, and dash-dotted lines for 300 GHz. We can see that the
RIS gain obviously increases as a function of the RIS antenna elements. This directly
follows from increased surface area for capturing the energy and more antenna element
to bring more gain. We further see that for fixed number of antenna elements, the gain
decreases when frequency increases. Although the gain remains constant across the
frequencies with a fixed number of RIS antenna elements, the surface area of the
RIS decreases with increasing frequency. This leads to the observed loss in the gain.
Lastly, as we can see in (2.3), increasing distance decreases the RIS gain. This is due
to decreased energy density at the surface of the RIS when distance is increased.

These results are inline with intuitive behavior of the RISs. The surface area of the
RIS determines how much energy can be redirected at most, the number of antenna
elements determine the maximum gain, and the distance determines the energy distri-
bution across the surface. Therefore, while very potential technologies, the RISs have
fundamental limits how much gain they can give at maximum. This gain is therefore an
important system parameter when determining the cell sizes in RIS assisted networks.

Figures 2.3–2.5 give the near field radii of the RIS (or any array) as a function of the
antenna elements. The results are given for two options, with the ϵ parameter equal to
zero or the antenna element separation distance d, i.e., when the antenna element size
is equivalent to the antenna element separation distance d. Although, this latter case
only has minor impact on the near field radii due to d being rather small. Furthermore,
we give the results for various array aspect ratios as this will have great impact on the
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Figure 2.3: Near field radius of RIS for various RIS aspect ratios as a function of the
number of RIS elements at 30 GHz center frequency.

near field of the array. That is, the ratio R equals the difference in the horizontal length
of the array against the vertical length. As an example, R = 2 means that there are
twice the number of element in horizontal direction than in the vertical direction. For
these results, we used pure mathematical ratios and the number of elements in x- and
y-direction is obtained from the total number of antenna elements N with ratio R as
Nx =

√
RN and Ny =

√
N/R. To have a step between square RIS and one with aspect

ratio 2/1, we used golden ratio (ϕ = (1 +
√
5)/2 ≈ 1.618) as one of the ratios.

We can see in Figs. 2.3–2.5 that as expected, the near field radius increases as a
function of the number of the antenna elements. It should be noted that the above prop-
agation equations are derived by using far field assumptions. Those overestimate the
received power in the near field due to spherical wave propagation in this region. We
can see that the aspect ratio of the array has a major impact on the near field distance.
This follows from increasing maximum dimension as the antenna gets smaller toward
some other dimension. The maximum near field radius would therefore be given by a
linear array. However, the linear arrays are very unlikely in RIS type applications due
to large size and no elevation control. The main observation here is related to the gain
versus the frequency. When looking at Fig. 2.2, we can see that a RIS can theoretically
exceed the LoS gain in certain setups. This is most likely with large numbers of RIS
antenna elements at relatively low transmit frequency. These high gain setups, on the
other hand lead to large near field close to antenna array. In certain situation, such
as in indoors, the near field size has to be small enough to allow high and predictable
gain. Especially, in mobile applications where near field introduces spatial fluctuation
on the signal levels. As such, the near field radius may impose some application and
environment specific limits on the RIS sizes even if the physical sizes of high frequency
RISs are most likely quite modest.

Finally, Figs. 2.6 and 2.7 give the spatial distribution of the LoS power and RIS
power, respectively, with 32-by-32 RIS, 16-by-16 Tx, and 4-by-4 Rx arrays at 140 GHz.
We can see that the LoS link gives roughly at least 20 dB higher Rx power compared
to RIS link when assuming that the LoS link is obstructed in RIS communications. If
we look at Fig. 2.2, we see that the distances in order of about 20 meters or less with
1024 RIS antenna elements gives in fact more gain than the LoS link. However, the
increased distance via the reflected path from Tx to Rx favors the direct LoS link. This
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Figure 2.4: Near field radius of RIS for various RIS aspect ratios as a function of the
number of RIS elements at 140 GHz center frequency.

0 200 400 600 800 1000

Number of RIS elements

0

0.5

1

1.5

2

2.5

N
ea

r 
fi

el
d
 r

ad
iu

s 
[m

]

Square RIS,   = 0

Square RIS,   = d

RIS x/y ratio  R = ,   = 0

RIS x/y ratio  R = ,   = d

RIS x/y ratio  R = 2,   = 0

RIS x/y ratio  R = 2,   = d

RIS x/y ratio  R = 3,   = 0

RIS x/y ratio  R = 3,   = d

RIS x/y ratio  R = 4,   = 0

RIS x/y ratio  R = 4,   = d

Figure 2.5: Near field radius of RIS for various RIS aspect ratios as a function of the
number of RIS elements at 300 GHz center frequency.

is very much expected as it is well known from literature than the RISs should be mostly
beneficial in situations where the LoS link is not available.

As a final summary, the RIS gains depend on many factors that do not always favor
their gain. Especially in realistic deployment scenarios where such massive surfaces
may be difficult to realize. However, the ability to steer the beams behind the corner
make them very potential technologies for increasing cell sizes, decreasing the im-
pact of blockage, serving cell edge users, creating virtual multiple-input multiple-output
(MIMO) channels, and in many more applications. Thus, it can be expected that the
RISs will be an important part of the high frequency small cell 5G and beyond networks.

2.4 Conclusion

We presented and went over the channel modelling for RIS assisted systems and ana-
lyzed the size of the near-field in realistic mmWave system assumptions in this chapter.
The achievable gain with respect to the LoS gain was analyzed against frequency and
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Figure 2.6: Received power via LoS link with 16-by-16 Tx and 4-by-4 Rx.
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Figure 2.7: Received power at 140 GHz via 32-by-32 RIS with 16-by-16 Tx and 4-by-4
Rx.

size of the RIS. It was shown that the RIS gain decreases with frequency due to de-
creasing capture area for the reflected energy. However, at the same time, the near
field radius of the RIS decreases with frequency due to the same reason. This means
that, depending on the application, there may be limitations on the size of the RIS (and
therefore gain) when far field communications need to be guaranteed. Whereas the
RIS gain can exceed the LoS gain with large enough RIS size, the LoS link tends to
give a better overall gain due to shorter propagation distance. The ability to control
the reflection direction at RIS makes them very potential in high blockage probability
scenarios, such as indoor and dense city scenarios. Thus, the RISs will be essential
part of the future high frequency communication systems where good channels are
very important.
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Chapter 3

Reconfigurable Intelligent Surfaces
with Reflection Pattern Modulation:
Beamforming Design and
Performance Analysis

Recent considerations for RISs assume that RISs can convey information by reflection
without the need of transmit radio frequency chains, which, however is a challenging
task. In this chapter, we propose an RIS-enhanced multiple-input single-output system
with reflection pattern modulation, where the RIS can configure its reflection state for
boosting the received signal power via passive beamforming and simultaneously con-
veying its own information via reflection. We formulate an optimization problem to max-
imize the average received signal power by jointly optimizing the active beamforming at
the access point (AP) and passive beamforming at the RIS for the case where the RIS’s
state information is statistically known by the AP, and propose a high-quality suboptimal
solution based on the alternating optimization technique. We analyze the asymptotic
outage probability of the proposed scheme under Rayleigh fading channels, for which
a closed-form expression is derived. The achievable rate of the proposed scheme is
also investigated for the case where the transmitted symbol is drawn from a finite con-
stellation. Simulation results validate the effectiveness of the proposed scheme and
reveal the effect of various system parameters on the achievable rate performance. It
is shown that the proposed scheme outperforms the conventional RIS-assisted system
without information transfer in terms of achievable rate performance.

3.1 Introduction

To meet the demanding requirements for 5G wireless communication in, e.g., enhanced
data rate, massive connectivity, low latency, ultra reliability, etc., multiple key tech-
nologies including mmWave communications, massive multiple-input multiple-output
(MIMO) systems, and ultra-dense networks (UDNs) have been extensively investi-
gated in the last decade [31]. However, most of those technologies generally re-
quire increased implementation complexity and result in considerably increased en-
ergy consumption [32,33]. Leveraging the recent advances in reconfigurable metasur-
faces [34, 35], RISs (a.k.a. intelligent reflecting surfaces) have emerged as a revolu-
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tionary technology for improving the coverage and energy/spectrum efficiency of future
wireless communications [36–42]. Specifically, RISs are planar metasurfaces consist-
ing of a large number of low-cost unit cell elements, each of which reflects the incident
signals according to its reflection state. By configuring the reflection amplitude and/or
phase shift at each unit cell element according to the dynamic wireless channels, the
signals reflected by the RIS can constructively or destructively combine with the signals
from other paths at the receiver for signal power enhancement or co-channel interfer-
ence suppression [43]. Compared to traditional relays, RISs are envisioned to work
in a full-duplex mode without incurring self-interference and thermal noise, and yet
possess substantially reduced hardware cost and energy consumption owing to their
nearly passive components [44–47].

To achieve the theoretical passive beamforming gain offered by RISs in RIS-assisted
systems, the global channel state information (CSI) was assumed to be available at the
RIS side [48], which is practically difficult to implement. The acquisition/estimation of
channels involving RIS is in practice a challenging task due to the absence of signal
processing capability of passive RISs and their large number of unit cell elements,
which has spurred rapidly growing interests [49–56]. Existing RIS channel acquisition
methods can be classified into two categories. The first category [49, 50] includes
the approaches considering that RISs are embedded with some receive radio fre-
quency (RF) chains, which enable them to explicitly estimate the channels from the
network’s transmitters/receivers to RIS. In the second category, instead of explicitly es-
timating the individual channels from the network’s transmitters/receivers to RIS, the
cascaded transmitter-RIS-receiver channels are estimated at the receiver by adopting
an element-by-element ON/OFF-based reflection pattern at RIS without the need of
costly receive RF chains [52]. However, this approach incurs prohibitive channel es-
timation overhead due to the large number of RIS elements. To reduce the channel
estimation overhead, a grouping strategy for the RIS elements was proposed in [54],
where adjacent RIS elements are grouped together to share a common reflection co-
efficient. Based on this grouping strategy, a channel estimation method using the dis-
crete Fourier transform (DFT)-based reflection pattern was first presented in [55] for
frequency-selective fading channels, which significantly improves the channel estima-
tion accuracy by leveraging the large aperture gain of RIS. In [57], a DFT-based reflec-
tion pattern was designed for channel estimation in RIS-assisted narrowband systems.
More recently, some preliminary works (e.g., [58, 59]) have appeared for channel esti-
mation in RIS-assisted multi-user systems.

Prior works on RISs mainly focus on their utilization for maximizing the received sig-
nal strength of links between the access point (AP) and users, e.g., [60]. In order to
improve the spectral efficiency of RIS-assisted systems, the authors of [61] introduced
the RIS-space shift keying and RIS-spatial modulation schemes to implement the in-
dex modulation at the receiver side. In addition, the authors of [62] proposed to jointly
encode the information in the transmitted signal and RIS state for improving spectral
efficiency. On the other hand, another type of the RIS-assisted system, in which the
RIS needs to deliver its own information to the receiver, was considered in [63]. In this
case, the RIS is equipped with sensors, such as temperature and/or humidity sensors,
and has a requirement on conveying its locally acquired information to an intended
receiver. Besides the information from sensors, there are other potential sources of
RIS information, including the RIS control signaling, RIS maintenance data, estimated
CSI at the RIS, etc., [50, 64]. One option for the information transfer of the RIS is to
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Figure 3.1: The considered RIS-enhanced downlink MISO wireless communication
system. The RIS adopts reflection pattern modulation via the combination of its ele-
ments’ ON/OFF states to simultaneously enhance the communication between the AP
and receiving user, and convey its own information data.

install multiple transmit RF chains, which, however, incurs much higher hardware cost
and energy consumption as compared to the fully-passive RIS case [40]. Alternatively,
when no transmit RF chain is installed at the RIS, its own information should be implic-
itly delivered via appropriately designed reflection state, which is a more cost-effective,
yet challenging, solution. To this end, a passive beamforming and information transfer
(PBIT) scheme was proposed in [65] and [66] to convey the RIS’s information besides
implementing fully-passive beamforming. However, in this scheme, the number of acti-
vated (ON-state) elements1 varies over time, which can cause significant fluctuation in
the reflected signal power, resulting in a relatively high outage probability.

In this chapter, we consider an RIS-enhanced multiple-input single-output (MISO)
wireless communication system as shown in Fig. 3.1, where a multi-antenna AP com-
municates with a single-antenna user with the aid of an RIS. The RIS is explored as
an efficient and inexpensive dual-use technology of passive beamforming and informa-
tion transfer by proposing the concept of reflection pattern modulation (RPM). The core
RPM idea is to activate a subset of RIS unit cell elements in order to reflect a sharp
beam towards the intended destination, while exploiting the indices of the activated
(ON-state) elements to implicitly convey the RIS’s information. The main contributions
of this chapter are summarized as follows:

• We present an RIS-based RPM (RIS-RPM) scheme for PBIT, in which the RIS
plays the following two roles: 1) it boosts the received signal power at the in-
tended receiver; 2) it transfers via reflection its locally acquired information data.
We consider the practical scenario where the ON/OFF state information of the
RIS is statistically known by the AP, for which an optimization problem is formu-
lated to maximize the average received signal power by jointly optimizing the ac-
tive beamforming at the AP and passive beamforming at the RIS. The formulated
problem, however, is non-convex and thus difficult to solve optimally. As such, we
propose an efficient algorithm based on the alternating optimization technique
to find a high-quality suboptimal solution. Moreover, we formulate and solve an
optimization problem to maximize the instantaneous received signal power by
designing the active and passive beamforming based on the RIS’s instantaneous

1The ON/OFF switching of the RIS elements can be implemented by the switchers.
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ON/OFF state information, which serves as a performance upper bound for the
practical beamforming design based on the RIS’s statistical ON/OFF state infor-
mation.

• The asymptotic outage probability of the proposed RIS-RPM scheme over Rayleigh
fading channels is derived in closed-form. It is shown that the RIS is able to dras-
tically increase the diversity gain by properly designing the phase shifts of its
elements. Moreover, we analyze the achievable rate of the RIS-RPM scheme for
the practical case where the transmitted symbol is drawn from a finite constella-
tion input. Simulation results validate the effectiveness of the proposed RIS-RPM
scheme as well as the proposed optimization algorithm, and unveil the effect of
various system parameters on the achievable rate performance. It is shown that
the RIS-RPM scheme outperforms the conventional RIS-assisted system with full-
ON RIS reflection [48] in terms of achievable rate performance, despite the loss
in the received signal strength. Moreover, the RIS-RPM scheme is shown to have
the potential to strike an attractive trade-off between the received signal power
and achievable rate performance by varying the number of activated (ON-state)
RIS elements.

The rest of this chapter is organized as follows. In Section 3.2, we introduce the
system model associated with channel acquisition. In Sections 3.3 and 3.4, we for-
mulate two optimization problems for designing active and passive beamforming with
efficient solutions. Performance analysis in terms of outage probability and achievable
rate is presented in Section 3.5. Simulation results are presented in Section 3.6 and
conclusions are drawn in Section 3.7.

Notation: Upper and lower case boldface letters denote matrices and column vec-
tors, respectively. (·)†, (·)T , (·)H , and (·)−1 represent conjugation, transpose, Hermitian
transpose, and inversion operations, respectively. [X]ι,ȷ denotes the (ι, ȷ)-th entry of
matrix X, and [x]ι denotes the ι-th entry of vector x. IN denotes an N × N iden-
tity matrix, and 1N and 0N denote N -dimensional all-one and all-zero column vectors,
respectively. ∥x∥0 and ∥x∥ denote the zero norm and Euclidean norm of vector x, re-
spectively. Cn×m denotes the set of n ×m complex-valued matrices. diag(x) denotes
a diagonal matrix with each diagonal entry being the corresponding entry in vector x.
tr(X) and rank(X) denote the trace and rank of matrix X, respectively. | · | and ∠(·)
denote the modulus and phase of a complex number, respectively. p (·) denotes the
probability density function (PDF). ⌈·⌉ represents the ceiling function that returns the
least integer greater than or equal to the argument.

(
n
k

)
denotes the binomial coef-

ficient. A \ B is the complement set of B with respect to A. CN (µ,Σ) denotes the
distribution of a circularly symmetric complex Gaussian random vector with covariance
matrix Σ and mean µ. EX{·} denotes the expectation over random variable X. Let
X ⪰ 0 denote that a Hermitian matrix X is positive semi-definite.

3.2 System Description and Channel Estimation

As illustrated in Fig. 3.1, we consider a MISO wireless communication system, where
an RIS composed of L unit cell elements is deployed to enhance the communication
link from an AP equipped with N transmit antennas to a single-antenna user. An RIS
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Table 3.1: An Example of the Proposed RPM Scheme with an RIS of L = 4 Unit Cell
Elements (K = 3 ON-state Elements). The Index of the OFF-state Element is Used to
Implicitly Convey the RIS’s Information Bits.

Information bits of RIS 00 01 10 11

Index of OFF-state element {4} {3} {2} {1}

2

3 4

1 2

3 4

1 2

3 4

1 2

3 4

1

controller is attached to the RIS, which is responsible for reconfiguring the phase shifts
and/or reflection amplitudes of the unit cell elements [67] and exchanging information
with the AP for the realization of the simultaneous passive beamforming and reflection
modulation. We assume that the RIS controller is equipped with a number of sensors
in order to monitor/collect environmental data, which is typically low-rate bursty data
for the user. In this chapter, we consider quasi-static block fading channels for the
AP-user, AP-RIS, and RIS-user links, where all the channels remain unchanged over
the coherence block equal to the duration of Tc symbol sampling periods, and are
independent and identically distributed (i.i.d.) across different coherence blocks. This
assumption is valid since RISs are practically used to support low-mobility users in their
vicinity.

3.2.1 System Model

For each symbol duration, only K out of L (K ≤ L) unit cell elements are turned ON
to reflect incident signals on purpose so that the indices of those ON-state elements
can implicitly convey the RIS information. With the proposed RPM scheme, there are
in total

(
L
K

)
combinations for determining the indices of K ON-state elements at the

RIS, such that log2
(
L
K

)
information bits can be conveyed. An example of the proposed

RPM scheme with an RIS of L = 4 unit cell elements (K = 3 ON-state elements)
is illustrated in Table 3.1. However, the number of unit cell elements at the RIS can
be practically large, leading to an enormous calculation and storage overhead in the
combination mapping as the number of K-combinations increases exponentially with
L. To address this issue, we adopt the RIS-elements grouping method, where a total
number of L unit cell elements are divided into G groups, each of which consists of
L̄ = L/G adjacent elements sharing a common reflection coefficient. For notational
convenience, we assume that L̄ is an integer that we refer to as the grouping size. As
such, the information of the RIS is conveyed through the indices of the ON-state groups.
Specifically, for each symbol duration, K̄ out of G (K̄ ≤ G) groups are randomly turned
ON for reflecting the incident signals, and the remaining (G−K̄) groups are deliberately
turned OFF for realizing the proposed RPM scheme. Therefore, a total number of
log2

(
G
K̄

)
information bits can be conveyed. Let I ≜ {i1, i2, . . . , iK̄} denote the indices of

the K̄ ON-state groups, where ik ∈ G ≜ {1, 2, . . . , G} for k = 1, 2, . . . , K̄ with i1 < i2 <
. . . < iK̄ . Given the indices of the ON-state groups, the common reflection coefficient
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for the g-th group can be characterized by

θg =

{
βge

−jϕg , g ∈ I,
0, g ∈ G \ I,

g = 1, 2, . . . , G (3.1)

where βg ∈ [0, 1] and ϕg ∈ (0, 2π] represent the common reflection amplitude and phase
shift for the g-th group, respectively. To enhance the reflected signal power and ease
the hardware design, the reflection amplitudes of the ON-state groups are set to be the
maximum value, i.e., βg = 1, ∀g ∈ I. Let θ ≜ [θ1, θ2, . . . , θG]

T denote the RIS reflection
vector after grouping, which characterizes the equivalent interaction of the RIS with the
incident signals. According to (4.3), we have ∥θ∥0 = K̄.

Let G ≜ [∆1,∆2, . . . ,∆G]
H ∈ CL×N , hH

r ≜ [rH1 , r
H
2 , . . . , r

H
G ] ∈ C1×L, and hH

d ∈ C1×N

denote the baseband channels from the AP to RIS, from the RIS to user, and from the
AP to user, respectively, where ∆H

g ∈ CL̄×N and rHg ∈ C1×L̄ denote the corresponding
channels associated with the RIS elements belonging to the g-th group, respectively.
Moreover, due to the severe path loss and high attenuation, the signals reflected by the
RIS more than once have negligible power and hence can be ignored. Accordingly, the
received signal at the user is given by

y =
√
Pt

 G∑
g=1

rHg θg∆
H
g + hH

d

wx+ n (3.2)

where Pt is the maximum transmit power of the AP, w ∈ CN×1 stands for the active
beamforming at the AP, x is the transmitted symbol, which is drawn from an M -ary
constellation A with normalized power, θg is the common reflection coefficient for the g-
th group, and n ∼ CN (0, σ2) is the additive white Gaussian noise (AWGN) with σ2 being
the noise power. Since RIS elements in the same group share a common reflection
coefficient, by denoting h̄H

g = rHg ∆
H
g as the equivalent cascaded channel of the AP-

RIS-user link associated with the g-th group without the effect of RIS reflection, (4.7)
can be rewritten as

y =
√
Pt

(
θTH+ hH

d

)
wx+ n (3.3)

where H =
[
h̄1, h̄2, . . . , h̄G

]H ∈ CG×N denotes the cascaded AP-RIS-user channel
matrix without the effect of RIS reflection. From (4.49), it can be observed that the
information delivered to the user consists of two parts: the first part is from the AP
explicitly expressed as x and the second part is from the RIS implicitly embedded in θ.

3.2.2 Channel Estimation

To boost the received signal power by jointly optimizing the active beamforming at
the AP and passive beamforming at the RIS, the knowledge of H and hd is required.
By assuming channel reciprocity and using time-division duplex (TDD) protocol, the
CSI of H and hd can be obtained at the AP. Specifically, during the channel training,
(G + 1) consecutive pilot symbols are sent by the user. For the duration of the i-th
(i = 0, 1, . . . , G) pilot symbol, the received pilot signal vector at the AP can be expressed
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as

y(i)
p =

√
Pp

 G∑
g=1

∆gψ
(i)
g rg + hd

x(i)p + n(i) (3.4)

where Pp is the transmit power of the user, x(i)p is the i-th pilot symbol with normalized
power, ψ(i)

g is the common phase shift for the g-th group during the transmission of the
i-th pilot symbol with |ψ(i)

g | = 1, and n(i) ∼ CN (0N , σ
2IN) is the AWGN vector. By letting

ψ(i) ≜
[
ψ

(i)
1 , ψ

(i)
2 , . . . , ψ

(i)
G

]T
denote the RIS phase-shift state during the transmission of

the i-th pilot symbol, (3.4) can be rewritten as

y(i)
p =

√
Pp

(
HHψ(i) + hd

)
x(i)p + n(i) =

√
PpH̃ψ̃

(i)x(i)p + n(i) (3.5)

where H̃ =
[
hd HH

]
∈ CN×(G+1) and ψ̃(i) =

 1

ψ(i)

. By stacking (G+1) consecutive

received pilot signals, we have

Yp =
[
y(0)
p ,y(1)

p , . . . ,y(G)
p

]
=
√
PpH̃Ψdiag

(
xp

)
+Ω (3.6)

where Ψ =
[
ψ̃(0), ψ̃(1), . . . , ψ̃(G)

]
is the RIS phase-shift pattern, xp =

[
x
(0)
p , x

(1)
p , . . . , x

(G)
p

]T
denotes the pilot sequence, and Ω =

[
n(0),n(1), . . . ,n(G)

]
is the AWGN matrix. By using

the DFT-based phase-shift pattern [57], the CSI of H and hd can be estimated as

ˆ̃H =
[
ĥd ĤH

]
=

1√
Pp(G+ 1)

Ypdiag
(
xp

)−1
FH

G+1 (3.7)

where [FG+1]ι,ȷ = e−j 2πιȷ
G+1 , ι, ȷ = 0, 1, . . . , G.

After acquiring the CSI of H and hd, the AP jointly optimizes the active beamforming
w and phase shifts of all RIS-elements groups to boost the received signal power, and
then informs the RIS controller the optimized phase shifts to be implemented at the
corresponding unit cell elements. In the following section, we formulate an optimization
problem to maximize the average received signal power by jointly designing the active
beamforming at the AP and passive beamforming at the RIS based on the statistical
ON/OFF state information of the RIS.

3.3 Beamforming Design Based on Statistical ON/OFF
State Information

3.3.1 Problem Formulation

We consider the practical assumption that the ON/OFF state information of the RIS
is statistically known by the AP. Our objective is to minimize the outage probability of
the combined AP-user channel by jointly optimizing the active beamforming at the AP
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and passive beamforming at the RIS under the constraints of the maximum transmit
power of the AP and unit-modulus reflection of the RIS. Specifically, given the indices
of the ON-state groups I, let s ≜ [s1, s2, . . . , sG]

T denote the ON/OFF states of all RIS-
elements groups in a vector form, with each entry given by

sg =

{
1, g ∈ I,
0, g ∈ G \ I,

(3.8)

where sg = 1 and sg = 0 represent the ON and OFF states, respectively. Based on
(4.5), the RIS reflection vector θ can be rewritten as θ = Φs, in which Φ = diag (φ) is
the diagonal phase-shift matrix of the RIS with the g-th diagonal entry given by φg =
e−jϕg , ϕg ∈ (0, 2π], g = {1, 2, . . . , G}. The combined channel from the AP to user is given
as θTH+hH

d = sTΦH+hH
d , and thus the achievable rate of the combined AP-user chan-

nel conditioned on H and hd can be expressed as log2

(
1 + Pt

σ2

∣∣∣(sTΦH+ hH
d

)
w
∣∣∣2)

bits/second/Hertz. The corresponding outage probability for a fixed rate R is given by

pout(R) = P

log2

(
1 +

Pt

σ2

∣∣∣∣(sTΦH+ hH
d

)
w

∣∣∣∣2
)
< R


= P

{
Pt

∣∣∣∣(sTΦH+ hH
d

)
w

∣∣∣∣2 < (2R − 1)σ2

}
. (3.9)

The optimization problem for minimizing the outage probability in (3.9) under the con-
straints of the maximum transmit power of AP and unit-modulus reflection of RIS can
be formulated as

(P0): min
w,Φ

t (3.10)

s.t. P

{
Pt

∣∣∣∣(sTΦH+ hH
d

)
w

∣∣∣∣2 < (2R − 1)σ2

}
< t (3.11)

∥w∥2 ≤ 1 (3.12)
|φg| = 1, g = 1, 2, . . . , G. (3.13)

However, this problem is non-convex and difficult to solve due to the robust outage
probability and unit-modulus constraint. On the other hand, it can be observed from (9)
that given any ON/OFF-state vector s, we should optimize the active beamforming at
the AP and passive beamforming at the RIS to maximize the received signal power for
minimizing the outage probability. However, since the instantaneous ON/OFF state in-
formation of the RIS is unavailable to the AP, we instead optimize the active beamform-
ing and passive beamforming to maximize the average received signal power. Note
that this is effective in improving the performance in terms of outage probability, as will
be shown in our simulations. Let A = Es

{
ssT
}

and a = Es {s} denote the covariance
matrix and mean vector of s, respectively. Based on (4.5) and assuming that all possi-
ble index combinations are equiprobable, the elements of A and a can be derived as
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follows.

[A]i,j =


K̄

G
, i = j

K̄(K̄ − 1)

G(G− 1)
, i ̸= j

i, j = 1, 2, . . . , G (3.14)

and

[a]i =
K̄

G
. (3.15)

Thus, the average received signal power normalized by the transmit power is given by

Es

{∣∣∣∣(sTΦH+ hH
d

)
w

∣∣∣∣2
}

=wH
(
HHΦHEs{ssT}ΦH+HHΦHEs{s}hH

d + hdEs{sT}ΦH+ hdh
H
d

)
w

=wH

 ΦH

hH
d


H  A a

aT 1


︸ ︷︷ ︸

Ã

 ΦH

hH
d

w. (3.16)

Accordingly, the corresponding optimization problem based on the estimated CSI of Ĥ
and ĥd is formulated as:

(P1): max
w,Φ

wH

 ΦĤ

ĥH
d


H

Ã

 ΦĤ

ĥH
d

w (3.17)

s.t. ∥w∥2 ≤ 1 (3.18)
|φg| = 1, g = 1, 2, . . . , G. (3.19)

It can be readily verified that problem (P1) is a non-convex problem as well, since
the objective function of (3.17) is non-concave with respect to both w and Φ, and the
constraint in (3.19) is not convex. Moreover, due to the mutual coupling between w and
Φ in the objective function of (3.17), problem (P1) becomes even more difficult to solve.
To circumvent the above difficulties, we develop an alternating optimization algorithm to
find a high-quality suboptimal solution to problem (P1) in the following, which iteratively
optimizes one of w and Φ with the other being fixed at each time for decoupling the
original problem.

3.3.2 Joint Beamforming Design

For any given RIS phase-shift matrix Φ, problem (P1) can be rewritten as

(P1.1): max
w

wHR̃w (3.20)

s.t. ∥w∥2 ≤ 1 (3.21)
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Figure 3.2: Alternating Optimization Algorithm for Solving Problem (P1)

where

R̃ =

 ΦĤ

ĥH
d


H

Ã

 ΦĤ

ĥH
d

 . (3.22)

Since R̃ is Hermitian, for any non-zero w, we have the following inequality

wHR̃w ≤ λmax(R̃) ∥w∥2 (3.23)

where λmax(R̃) denote the maximum eigenvalue of R̃. Let vmax denote the eigenvector
corresponding to the maximum eigenvalue of R̃. Then, it can be readily verified that
the optimal solution to problem (P1.1) is given by w∗ = vmax/ ∥vmax∥.

Next, we optimize φ based on the given active beamforming w∗. Specifically, for
given w∗, by letting Λ = diag

(
Ĥw∗

)
and gd = ĥH

d w
∗, problem (P1) can be rewritten as

follows (omitted irrelevant terms for brevity).

(P1.2): max
φ

φHΛHAΛφ+ gdφ
HΛHa+ gHd aTΛφ (3.24)

s.t. |φg| = 1, g = 1, 2, . . . , G. (3.25)

From (3.24) and (3.25), we see that problem (P1.2) is a non-convex quadratically con-
strained quadratic program (QCQP), which can be reformulated as a homogeneous
QCQP by introducing an auxiliary variable t [68], i.e.,

(P1.3): max
φ̃

φ̃HΞφ̃ (3.26)

s.t.
∣∣φg

∣∣ = 1, g = 1, 2, . . . , G (3.27)
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where

Ξ =

 ΛHAΛ gdΛ
Ha

gHd aTΛ 0

 , φ̃ =

 φ
t

 . (3.28)

The objective function of (3.26) can be rewritten as φ̃HΞφ̃ = tr (ΞQ) with Q = φ̃φ̃H .
Note that Q is a positive semidefinite matrix with rank (Q) = 1. However, as the rank-
one constraint is non-convex, we apply the semidefinite relaxation (SDR) method to
relax this constraint and reformulate problem (P1.3) as

(P1.4): max
Q

tr (ΞQ) (3.29)

s.t. [Q]g,g = 1, g = 1, 2, . . . , G+ 1 (3.30)

Q ⪰ 0 (3.31)

which is a standard convex semidefinite programming (SDP) problem and can be well
solved via existing convex optimization solvers such as CVX [69]. It is worth pointing
out that after the relaxation, the optimal solution Q∗ to problem (P1.4) may not be a
rank-one solution. Therefore, we retrieve φ̃∗ from Q∗ as follows.

φ̃∗ =

{
UD1/21G+1, rank (Q∗) = 1

UD1/2κκκ, rank (Q∗) ̸= 1
(3.32)

where Q∗ = UDUH is the eigenvalue decomposition of Q∗ and κκκ ∼ CN (0G+1, IG+1) is
a random vector. Finally, the suboptimal solution φ∗ to problem (P1.2) is given by

φ∗
g =

[φ̃∗]g

/
[φ̃∗]G+1∣∣∣∣[φ̃∗]g

/
[φ̃∗]G+1

∣∣∣∣ , g = 1, 2, . . . , G. (3.33)

The algorithm proceeds by iteratively solving subproblems (P1.1) and (P1.4) in an al-
ternating manner until the convergence criterion is met, i.e., the fractional increase of
(3.17) is less than a small positive number ϵ, or the maximum number of iterations has
been carried out in practice. Algorithm 3.2 summarizes the above procedures. The
convergence of the proposed algorithm can be guaranteed by the fact that the objec-
tive value of problem (P1) is non-decreasing over iterations and upper-bounded by a
finite value due to the limited transmit power. On the other hand, problem (P1.1) involv-
ing the eigenvalue decomposition of an N ×N matrix can be solved with a complexity
of O(N3), and the SDP problem (P1.4) can be solved with a worst-case complexity of
O((G+1)4.5) [70]. Given the number of iterations I, the total complexity for solving prob-
lem (P1) is thus given by O

(
(N3 + (G+ 1)4.5)I

)
. After getting the optimized phase-shift

vector φ∗, the RIS performs passive beamforming with φ∗
I only (while the RIS elements

belonging to the remaining (G− K̄) groups are set to be OFF, i.e., φ∗
G\I=0G−K̄) accord-

ing to the selection of I by RIS.
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3.4 Beamforming Design Based on Instantaneous ON/OFF
State Information

In this section, we characterize the upper bound on the received signal power, which
serves to compare the above beamforming design based on the statistical ON/OFF
state information of the RIS. We assume that the AP knows the ON/OFF state infor-
mation of the RIS exactly in real time. It is worth mentioning that this assumption is
similar to that in [62]. Under this assumption, we formulate an optimization problem
to maximize the received signal power by jointly designing the active beamforming at
the AP and passive beamforming at the RIS based on instantaneous ON/OFF state
information of the RIS.

Given the indices of the ON-state groups I, the corresponding optimization problem
based on the estimated CSI can be formulated as follows (with Pt omitted for brevity).

(P2): max
w,θ

∣∣∣∣(θT Ĥ+ ĥH
d

)
w

∣∣∣∣2 (3.34)

s.t. ∥w∥2 ≤ 1, (3.35)∣∣θg∣∣ = 1, ∀ g ∈ I, (3.36)
θg = 0, ∀ g ∈ G \ I. (3.37)

By eliminating the constraint of (3.37), problem (P2) is equivalent to

(P2.1): max
w,θI

∣∣∣∣(θTI ĤI + ĥH
d

)
w

∣∣∣∣2 (3.38)

s.t. ∥w∥2 ≤ 1, (3.39)∣∣θik∣∣ = 1, ik ∈ I, k = 1, 2, . . . , K̄ (3.40)

where θI is the sub-vector consisting of the K̄ entries of θ indexed by I, and ĤI is
the sub-matrix consisting of the K̄ rows of Ĥ indexed by I. It can be readily verified
that problem (P2.1) is non-convex as well, since the objective function of (3.38) is non-
concave with respect to both w and θI, as well as the constraint of (3.40) is not convex.
Apparently, problem (P2.1) can be solved suboptimally by leveraging the alternating
optimization technique similarly to Algorithm 3.2. Specifically, based on the alternating
optimization technique, one of w and θI is optimized with the other being fixed in each
iteration. For given active beamforming w, problem (P2.1) can be reformulated as

(P2.2): max
θI

∣∣∣∣∣∣
K̄∑
k=1

θik
ˆ̄hH
ik
w + ĥH

d w

∣∣∣∣∣∣
2

(3.41)

s.t.
∣∣θik∣∣ = 1, ik ∈ I, k = 1, 2, . . . , K̄. (3.42)

By exploiting the triangle inequality, we have∣∣∣∣∣∣
K̄∑
k=1

θik
ˆ̄hH
ik
w + ĥH

d w

∣∣∣∣∣∣ ≤
K̄∑
k=1

∣∣∣θik ˆ̄hH
ik
w
∣∣∣+ ∣∣∣ĥH

d w
∣∣∣ (3.43)
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with equality if and only if ∠
(
θik

ˆ̄hH
ik
w
)
= ∠

(
ĥH
d w
)

for all ik ∈ I. Therefore, the optimal

phase shift for the k-th (k = 1, 2, . . . , K̄) ON-state group is given by

ϕ∗
ik
= ∠

(
ˆ̄hH
ik
w
)
− ∠

(
ĥH
d w
)
, ik ∈ I. (3.44)

For given θ∗I in (3.44), it can be readily obtained that the optimal active beamforming
w∗ is given by

w∗ = wMRT ≜

(
θTI ĤI + ĥH

d

)H∥∥∥θTI ĤI + ĥH
d

∥∥∥ (3.45)

which is the well-known maximum-ratio transmission (MRT). θI and w are iteratively op-
timized according to (3.44) and (3.45) in an alternating manner until the convergence
criterion is met. Note that the above solution is guaranteed to converge since the objec-
tive value of problem (P2) is non-decreasing over iterations and the optimal objective
value of problem (P2) is finite.

3.5 Performance Analysis

In this section, we investigate the proposed RIS-RPM scheme in terms of the outage
probability and achievable rate.

3.5.1 Outage Probability

For ease of exposition, we assume N = 1 with G ≡ g and hH
d ≡ h†d, such that the

active beamforming vector w can be dropped. Moreover, we consider the Rician fading
channel model for all the channels involved, where each channel coefficient equals the
superposition of a determined line-of-sight (LoS) component and a non-LoS compo-
nent (characterized by a complex Gaussian random variable). Let κAR, κRu, and κAu

denote the Rician factors of the AP-RIS, RIS-user, and AP-user links, respectively. In
particular, the RIS is generally installed on the walls/ceilings to establish a LoS link with
the AP to boost the signal strength in its vicinity, while the user is usually in a relatively
rich scattering environment. Therefore, we assume κAR = ∞, κRu = 0, and κAu = 0, so
that the AP-RIS channel has only a fixed LoS component while the AP-user and RIS-
user channels can be well characterized by Rayleigh fading. Let σ2

g denote the power
in the LoS component of the AP-RIS channel and assume hH

r ∼ CN (0L, σ
2
hIL) as well

as h†d ∼ CN (0, σ2
d). As such, we have H ≡ h ∼ CN (0G, σ

2
rIG) with σ2

r = L̄σ2
hσ

2
g . For

ease of notation, we assume σ2
d = σ2

r = 1. Moreover, we resort to a unified definition
of signal-to-noise ratio (SNR) as γ = Pt/σ

2 to draw essential insights. Then the outage
probability in (3.9) can be simplified as

pout(R) = P

{∣∣∣sTΦh+ h†d

∣∣∣2 < 2R − 1

γ

}
. (3.46)
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Let ϕ0 = ∠(h†d) and χ ≜ [χ0, χ1, . . . , χG]
T =

 h†d

Φh

. First, we assume perfect CSI

available at the AP for setting the phase shifts of RIS elements. The optimal phase
shifts for N = 1 are solutions that arrange the signals reflected by RIS elements to align
in phase with the signal over the direct link at the user, regardless of the ON/OFF-state
information of the RIS. Thus, we have χ = ejϕ0

[
|χ0|, |χ1|, . . . , |χG|

]T , where {|χg|}Gg=0

are i.i.d. Rayleigh random variables with parameter
√
1/2. Let X =

∣∣∣sTΦh+ h†d

∣∣∣2,
which is the square of the sum of (K̄ + 1) independent Rayleigh random variables and
has a Gamma distribution with parameters

kx =
E{X}2

E{X2} − E{X}2
, θx =

E{X2} − E{X}2

E{X}
(3.47)

where

E{X} =(K̄ + 1)(1 +
π

4
K̄) (3.48)

E{X2} =2(K̄ + 1) + (
3π

2
+ 3)(K̄ + 1)K̄ +

3π

2
(K̄ + 1)K̄(K̄ − 1)

+
π2

16
(K̄ + 1)K̄(K̄ − 1)(K̄ − 2). (3.49)

Its probability density function is

pX(x) = xkx−1 e−x/θx

(θx)kxΓ(kx)
, x ≥ 0. (3.50)

Approximating e−x/θx by 1 for x→ 0, we have

P {X < δ} ≈ δkx

(θx)kxΓ(kx + 1)
(3.51)

for a small positive value δ → 0. Hence at high SNR the outage probability can be
approximated by

pout(R) ≈ pU
out(R) ≜

(2R − 1)kx

(θx)kxΓ(kx + 1)
γ−kx . (3.52)

From (3.52), we see a diversity gain of kx. It can be readily verified that kx linearly
increases with K̄ and satisfies 1 ≤ kx ≤ K̄ + 1 with equality if and only if K̄ = 0. As
shown in Fig. 2, pU

out(R) tracks very well the trend of pout(R) in the high SNR region, and
the increase of K̄ leads to an increase in the diversity gain.

Next, we consider the benchmark case with unit phase shifts at the RIS, i.e., Φ = IG,
which does not require any CSI for setting the phase shifts and thus can dispense with
the channel acquisition. In this case, X is the square of the sum of K̄ + 1 independent
CN (0, 1) random variables and follows Gamma distribution with parameters kx = 1 and
θx = K̄ + 1. Hence at high SNR the outage probability with the unit phase shift design
can be approximated by

punit
out (R) ≈

2R − 1

(K̄ + 1)γ
. (3.53)

Comparing (3.52) with (3.53), we can see an increase in the diversity gain due to the
properly designed RIS phase shifts.
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Figure 3.3: Outage rate of the proposed RIS-RPM scheme in the case of N = 1 as-
suming σ2

d = σ2
r = 1 and perfect CSI available at the AP, where G = 4, R = 1 and K̄

varies from 0 to G.

3.5.2 Achievable Rate

For practical implementation, constellation A is typically a finite and discrete complex
signal set of cardinality M with normalized power, i.e., A ≜ {am}Mm=1 with E{|am|2} = 1,
where the constellation points are independent and equiprobable. Let S ≜

{
Sj

}J
j=1

denote the index set of all the possible combinations of the K̄ ON-state groups with
the cardinality of J =

(
G
K̄

)
, where Sj is the j-th element of set S representing the j-th

index combination realization. Assume that all the combination realizations in S are
independent and equiprobable.

Beamforming Design Based on Statistical ON/OFF State Information

First, we focus on the RIS-RPM scheme with the practical beamforming design based
on statistical ON/OFF state information of the RIS. We rewrite the system model of
(4.49) as

y =
√
Pt

(
sTΦHw + hH

d w
)
x+ n. (3.54)

Let g̃r = ΦHw, whose entries are the effective channels of the cascaded AP-RIS-user
links perceived by the user associated with the corresponding RIS-elements groups.
Let g̃d = hH

d w denote the effective channel of the direct AP-user link perceived by
the user. Before recovering the information to be sent by the AP and RIS, the user
generally has to acquire the knowledge of g̃r and g̃d. Note that the knowledge of g̃r can
be obtained at the user based on downlink pilot training by using Φ as the RIS reflection
pattern, while the knowledge of g̃d can be obtained by applying conventional channel
estimation methods with all RIS-elements groups turned OFF. Therefore, we assume
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R̄RIS-RPM= log2 J + log2M − log2 e

− 1

J

1

M

J∑
j=1

M∑
m=1

Eg̃r,g̃d,v


log2

J∑
j′=1

M∑
m′=1

e
−

∣∣∣∣∣∣∣∣
v√
Pt

+

 ∑
k∈Sj

[g̃r]k+g̃d

am−

 ∑
k∈Sj′

[g̃r]k+g̃d

am′

∣∣∣∣∣∣∣∣
2

σ2/Pt


(3.56)

that the knowledge of g̃r and g̃d is available at the user side, and the achievable rate of
the RIS-RPM scheme with the practical beamforming design is given by

R̄RIS-RPM =Eg̃r,g̃d

{
I
(
I, x; y|g̃r, g̃d

)}
(3.55)

where I (X, Y ;Z) denotes the mutual information between the random vector (X, Y )
and random variable Z.

Proposition 1. The achievable rate of the RIS-RPM scheme with the practical beam-
forming design is given by (3.56), which is shown at the top of the page, where v is a
complex Gaussian random variable following CN (0, σ2).

Proof. According to the definition of mutual information, (3.55) can be derived as

R̄RIS-RPM = H (I, x)− Eg̃r,g̃d

{
H
(
I, x|y, g̃r, g̃d

)}
(3.57)

where H (·) and H
(
·|·
)

denote the marginal entropy and conditional entropy, respec-
tively. Due to the independence between the selection of I and symbol modulation at
the AP, we have H (I, x) = log2 J + log2M . The last term at the right hand side of (3.57)
can be expressed according to the definition of conditional entropy as

H
(
I, x|y, g̃r, g̃d

)
=
1

J

1

M

J∑
j=1

M∑
m=1

∫
y

p
(
y|I = Sj, x = am, g̃r, g̃d

)
× log2

p (y)
1
J

1
M
p
(
y|I = Sj, x = am, g̃r, g̃d

)dy (3.58)

where

p
(
y|I = Sj, x = am, g̃r, g̃d

)
=

1

πσ2
e−

∣∣∣∣∣∣∣y−
√

Pt

 ∑
k∈Sj

[g̃r]k+g̃d

am

∣∣∣∣∣∣∣
2

σ2 (3.59)

and

p (y) =
1

J

1

M

1

πσ2

J∑
j′=1

M∑
m′=1

e−

∣∣∣∣∣∣∣∣y−
√

Pt

 ∑
k∈Sj′

[g̃r]k+g̃d

am′

∣∣∣∣∣∣∣∣
2

σ2 . (3.60)
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R̄UB
RIS-RPM = log2 J + log2M − log2 e

− 1

J

1

M

J∑
j=1

M∑
m=1

EH,hd,v

log2

J∑
j′=1

M∑
m′=1

e−
|v+√Ptf(Sj ,H,hd)am−

√
Ptf(Sj′ ,H,hd)am′|2

σ2


(3.64)

Replacing y with v ≜ y −
√
Pt

(∑
k∈Sj

[g̃r]k + g̃d

)
am yields

H
(
I, x|y, g̃r, g̃d

)
= − log2 πσ

2 +
1

J

1

M

J∑
j=1

M∑
m=1

∫
v

p(v)

×log2

J∑
j′=1

M∑
m′=1

e
−

∣∣∣∣∣∣∣∣
v√
Pt

+

 ∑
k∈Sj

[g̃r]k+g̃d

am−

 ∑
k∈Sj′

[g̃r]k+g̃d

am′

∣∣∣∣∣∣∣∣
2

σ2/Pt dv +
1

J

1

M

J∑
i=1

M∑
j=1

∫
v

p(v) log2
1

p(v)
dv

(3.61)

where p(v) = 1
πσ2 exp(− |v|2

σ2 ) is the PDF of a complex Gaussian random variable with
zero mean and variance σ2. Since the last term at the right hand side of (3.61) is
the differential entropy of a CN (0, σ2) random variable, which is equal to log2 πσ

2e, we
finally obtain the expression of R̄RIS-RPM as (3.56).

Beamforming Design Based on Instantaneous ON/OFF State Information

Next, we characterize the upper bound on the achievable rate of the RIS-RPM scheme,
where the active and passive beamforming vectors are optimized based on the instan-
taneous ON/OFF state information of the RIS. In this case, beamforming w and θI
highly depend on the selection of I. Define

f(I,H,hd) ≜
(
θTI HI + hH

d

)
w (3.62)

which is the effective channel perceived by the user and can be obtained by downlink
channel training. By assuming that the knowledge of f(I,H,hd) is available at the
user side, the achievable rate of the RIS-RPM scheme with the beamforming design
presented in Section 3.4 is given by

R̄UB
RIS-RPM = EH,hd

{
I
(
I, x; y|H,hd

)}
. (3.63)

Proposition 2. The achievable rate of the RIS-RPM scheme with the beamforming
design presented in Section 3.4 is given by (3.64), which is shown at the top of the next
page, where v is a complex Gaussian random variable following CN (0, σ2).

Proof. The proof is similar to (3.56) and omitted for brevity.
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3.6 Simulation Results and Discussions

In this section, simulation results are presented to evaluate the performance of our
proposed schemes. We consider a three dimensional coordinate system, where the
centers of the AP and RIS are located at (0, 0, 0) and (0, d0, 0), respectively, and the
user is located at (0, dy, dz). For the AP, we consider a uniform linear array of N = 4
antennas with an antenna spacing of half-wavelength, located in x-axis. For the RIS,
we consider a uniform square array of L = 12 × 12 = 144 elements with an element
spacing of half-wavelength, deployed in x-z plane. The fading channel model for all the
channels involved is given by

h =

√
κϖ

κ+ 1
e−j2πd/ϑ +

√
1

κ+ 1
CN (0, ϖ)

where κ is the Rician factor, ϖ is the path loss, d is the signal propagation distance, and
ϑ is the signal wavelength. We resort to the simplified path loss model, i.e., ϖ = C0d

−α,
where C0 is the path loss at a reference distance of 1 meter (m), and α is the path
loss exponent. The Rician factors of the AP-user, AP-RIS, and RIS-user links are set
as κAu = 0, κAR = ∞, and κRu = 0, respectively, as in Section 3.5.1. The path loss
exponents of the AP-user, AP-RIS, and RIS-user links are set as 3.8, 2.2, and 2.4,
respectively. The noise power is set as σ2 = −80 dBm. Other parameters are set as
follows: d0 = 50 m, dz = 2 m, ϑ = 0.1 m, Tc = 150 symbol sampling periods, C0 = 30
dB, and quadrature phase-shift keying (QPSK) for symbol modulation at the AP. We
consider the Zadoff-Chu sequence as the pilot sequence and set Pp = 10 dBm for
channel estimation. The maximum iteration number in Algorithm 3.2 is set as I = 5
and the threshold is set as ϵ = 10−4. The values of G and K̄ as well as the AP’s transmit
power level will be specified later to study their effects on the system performance. In
the following simulations, the results are obtained by averaging over more than 1000
independent channel realizations.

3.6.1 Performance of Algorithm 1

To evaluate the effectiveness of Algorithm 3.2, we consider the following schemes with
fixed G = 4 and Pt = 20 dBm: 1) Benchmark scheme without information transfer
(IT) [48] where all RIS elements are turned ON and problem (P2) with I = G is solved
to obtain the active and passive beamforming vectors; 2) Conventional MISO scheme
without RIS in which w = ĥd

/∥∥∥ĥd

∥∥∥; 3) Random phase shift scheme where the phase
shifts of diagonal entries in Φ are randomly drawn from (0, 2π] and then problem (P1.1)
is solved to obtain the active beamforming vector; 4) Upper bound that solves problem
(P2); 5) PBIT scheme where elements in the ON/OFF-state vector s are independently
drawn from the set {0, 1} with equal probability. For the PBIT scheme, the active and
passive beamforming vectors are obtained by solving problem (P1) with A = 1

4
(1G ·1T

G+
IG) and a = 1

2
· 1G. The number of ON-state groups in Algorithm 3.2 is set as K̄ = 3.

Note that schemes 1) and 2) can be recognized as two special cases of Algorithm 1
with K̄ = G and K̄ = 0, respectively. Firstly, it can be observed that when the user
locates in the vicinity of the RIS, all the RIS-assisted schemes significantly enhance the
average received power at the user as compared to the scheme without RIS. Secondly,
as shown in Fig. 3.4 and Fig. 3.5 , Algorithm 3.2 significantly outperforms the random
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Figure 3.4: Average received signal power at the user versus AP-user horizontal dis-
tance dy, where G = 4, Pt = 20 dBm, and K̄ = 3 in Algorithm 3.2.Perfect CSI at the AP

phase shift scheme. Moreover, as expected in Section 3.4, the average received power
achieved by Algorithm 1 is upper-bounded by the beamforming design based on the
instantaneous ON/OFF state information of the RIS. On the other hand, it is worth
pointing out that Algorithm 3.2 incurs small received signal power loss as compared
to the scheme without IT. This is expected since in Algorithm 3.2, one RIS-elements
group is turned OFF deliberately to convey additional information of the RIS, while all
RIS-elements groups are used for enhancing the reflected signal power in the latter
scheme. The impact of channel estimation error on the performance of active and
passive beamforming is also shown in Fig. 3.4 and Fig. 3.5. We can observe that as
compared to the upper bound, Algorithm 3.2 with perfect CSI at the AP achieves nearly
the same performance, while with estimated CSI it performs worse when the user is
far away from both the AP and RIS. This can be explained by the fact that given the
same transmit power at the user, received training signal power is lower when the user
moves far away from both the AP and RIS, and thus the channel estimation accuracy
is reduced.

3.6.2 Outage Rate Performance

In Fig. 3.6, we consider the PBIT scheme where elements in s are independently drawn
from the set {0, 1} with equal probability. Under the PBIT scheme, the average number
of ON-state groups at the RIS is E{sT s} = G/2. The outage rates of our proposed RIS-
RPM scheme with K̄ = G− 1 and K̄ = G/2 are plotted. Two benchmark schemes are
considered: 1) Benchmark scheme without IT; 2) Conventional MISO scheme without
RIS. Fig. 3.6 shows the outage rate performance of different schemes versus the AP’s
transmit power, where G = 6, R = 1 and dy = 45 m. We can observe that the outage
rate performance of the proposed RIS-RPM scheme with K̄ = G/2 = 3 outperforms
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Figure 3.5: Average received signal power at the user versus AP-user horizontal dis-
tance dy, where G = 4, Pt = 20 dBm, and K̄ = 3 in Algorithm 3.2.Estimated CSI at the
AP, Pp = 10 dBm
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Figure 3.6: Performance comparison between the proposed RIS-RPM scheme and the
PBIT counterpart, where G = 6, R = 1, and dy = 45 m.

that of the PBIT counterpart. This can be understood by the fact that different from the
PBIT counterpart that suffers from large fluctuation in the reflected signal power due
to the varying number of ON-state elements, the RIS-RPM scheme keeps the number
of ON-state elements at each time constant to reduce such power fluctuation, thus
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Figure 3.7: Effect of AP-user horizontal distance dy on the achievable rate, where G =
4, and Pt = 0 dBm.

showing better outage rate performance. Moreover, by increasing the number of ON-
state groups K̄, the outage rate performance of the RIS-RPM scheme can be further
improved.

3.6.3 Achievable Rate Performance

To evaluate the achievable rate performance of the RIS-RPM scheme, the following
schemes are considered: 1) Benchmark scheme without IT; 2) Conventional MISO
scheme without RIS; 3) Upper bound that computes the achievable rate of (3.64); 4)
PBIT scheme where elements in s are independently drawn from the set {0, 1} with
equal probability. In the sequel, the active and passive beamforming vectors are ob-
tained based on the estimated CSI.

Effect of AP-User Horizontal Distance dy

In Fig. 3.9, we evaluate the effect of dy on the achievable rate, where G = 4, K̄ = {2, 3}
and Pt = {0 dBm, 20 dBm}. One can observe from Fig. 3.7 that, when the transmit
power of the AP is very low, the achievable rate of the scheme without RIS decreases
as the user moves away from the AP, and approaches zero. In contrast, the achievable
rates of those schemes assisted by the RIS increase drastically as the user moves
toward the RIS, and decrease as the user moves away from both the AP and RIS. This
is because when the user is close to either the AP or RIS, it is able to receive stronger
transmitted/reflected signals from the AP/RIS. This phenomenon implies that the cell-
edge user can benefit from an RIS deployed in its neighborhood, i.e., the rate of the
cell-edge user can be enhanced by deploying an RIS, instead of improving the AP’s
transmit power or deploying an expensive AP/relay. On the other hand, we observe
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Figure 3.8: Effect of AP-user horizontal distance dy on the achievable rate, where G =
4, and Pt = 20 dBm.

from Fig. 3.7 that the RIS-RPM scheme with K̄ = 3 has the potential to outperform
the one without IT despite that the received signal power achieved by the RIS-RPM
scheme is lower than that achieved by the one without IT as shown in Fig. 3.5. For
the RIS-RPM scheme with K̄ = 2, since a large number of RIS elements are turned
OFF deliberately for information transfer, the additional information from the RIS cannot
compensate for the information reduction caused by the loss of received signal power,
thus leading to a smaller achievable rate than the scheme without IT. Moreover, it can
be observed from Fig. 3.8 that when the AP’s transmit power is high, the RIS-RPM
scheme exhibits significantly superior rate performance over the scheme without IT,
which is attributed to the additional information delivered by the RIS. This implies that
the RIS-RPM scheme provides a mechanism to enable a flexible tradeoff between the
received signal power and achievable rate performance by varying the number of OFF-
state groups at the RIS. Moreover, when the transmit power of the AP is high, the PBIT
scheme achieves the maximum achievable rate, as expected.

Effect of Number of ON-State RIS-elements Groups K̄

We compare the achievable rate of the RIS-RPM scheme versus K̄ in Fig. 3.9, where
G = 9, dy = 45 m, and Pt = {10 dBm, 30 dBm} are considered. One can observe that
there exists an optimal K̄, which varies with different AP’s transmit power levels. For
Pt = 30 dBm, the optimal K̄ is 5 whereas the optimal K̄ for Pt = 10 dBm is 6. Generally,
it is expected that when the AP’s transmit power is high enough, the optimal K̄ is more
likely to be

⌈
G/2

⌉
, since the entropy of the RIS is maximized. Furthermore, when the

AP’s transmit power is very high, due to the assumption of finite-alphabet input, the
achievable rate at different K̄ values will be the sum of the corresponding uncoded
transmitted information rates of the AP and RIS. In contrast, when the AP’s transmit
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Figure 3.9: Effect of K̄ on the achievable rate, where G = 9, dy = 45 m, and Pt equal
to 10 dBm and 30 dBm are considered.

Table 3.2: Grouping Ratio and Channel Estimation Overhead Ratio

G 2 4 6

ρ 1/72 1/36 1/24

ξ 3/150 5/150 7/150

Lx × Lz 12× 6 6× 6 6× 4

Each group consists of L̄ = Lx × Lz elements with Lx elements along x-axis and Lz elements along
z-axis.

power becomes very low, the optimal K̄ is more likely to be (G− 1), since the reflected
signal power is maximized while the RIS still can convey its information through RPM.

Effect of RIS-elements Grouping Ratio

The RIS-elements grouping ratio is defined by ρ ≜ 1/L̄. Let ξ ≜ (G+ 1)/Tc denote the
ratio of time overhead for channel estimation to the coherence time normalized to the
symbol sampling period. In Fig. 3.10, we examine the effect of ρ on the achievable rate,
where dy = 45 m, G = {2, 4, 6}, and K̄ = G/2 = {1, 2, 3} for the proposed RIS-RPM
scheme. Note that the average number of ON-state RIS elements keeps constant for
different schemes. As can be seen, the RIS-RPM scheme with large G can achieve
better achievable rate performance. This phenomenon can be explained by the fact
that with large grouping ratio, not only the degrees of freedom for RIS reflection design
increases, achieving high passive beamforming gain, but also more additional infor-
mation can be conveyed through the index combination of RIS-elements groups, both
improving the sum achievable rate. However, as shown in Table 3.2, the pilot overhead
ratio ξ increases with the grouping ratio, which results in more time for channel estima-
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Figure 3.10: Effect of RIS-elements grouping ratio on the achievable rate, where dy =
45 m and the average number of ON-state RIS elements at each time is L̄× K̄ = 72.

tion and less time for data transmission, thus reducing the average achievable rate. On
the other hand, we can observe that a large AP’s transmit power level is needed for the
PBIT scheme to be competitive.

3.7 Conclusions

In this section, we considered an RIS-enhanced MISO wireless communication sys-
tem and proposed the RPM scheme for the dual-use of passive beamforming and
information transfer of the RIS. A practical beamforming design based on the RIS’s
statistical ON/OFF state information was proposed to maximize the average received
signal power at the user, for which an efficient algorithm based on the alternating opti-
mization technique was proposed to obtain a high-quality solution. Next, we formulated
an optimization problem to maximize the instantaneous received signal power by de-
signing active and passive beamforming based on the RIS’s instantaneous ON/OFF
state information, which characterized the upper bound on the received signal power
of the RIS-RPM scheme. Moreover, the asymptotic outage probability of the RIS-RPM
scheme over Rayleigh fading channels was derived in closed-form. In particular, the
RIS was shown to be able to increase the diversity gain by properly designing the phase
shifts of its elements. The achievable rate of the RIS-RPM scheme has been analyzed
for the case where the transmitted symbol was drawn from a finite constellation. Finally,
simulation results corroborated the effectiveness of Algorithm 3.2 as well as the RIS-
RPM scheme and revealed the effect of different system parameters on the achievable
rate performance of the RIS-RPM scheme. It was shown that the RIS-RPM scheme
was able to improve the achievable rate performance despite the loss in received signal
power as compared to the conventional RIS-assisted system with full-ON reflection.
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Chapter 4

Reconfigurable Intelligent
Surface-Aided Quadrature Reflection
Modulation for Simultaneous Passive
Beamforming and Information
Transfer

Reflection modulation based on RIS is considered to be a promising information trans-
fer mechanism without requiring any additional radio frequency chains. However, ex-
isting reflection modulation schemes consider manipulating the ON/OFF states of RIS
elements, which suffers from power loss. In this section, we propose a new scheme,
called RIS-aided quadrature reflection modulation (RIS-QRM), for harvesting the re-
flection power based on an RIS-aided downlink MISO wireless system. To this end,
RIS-QRM partitions RIS elements into two subsets for reflecting impinging signals into
two orthogonal directions as well as passive beamforming and encodes its local data
onto the element partition options. A closed-form expression for the unconditional pair-
wise error probability of RIS-QRM in Rician fading is derived assuming the maximum-
likelihood detection. Moreover, we propose a low-complexity detection method with
compromised performance for decoupling the joint search of the constellation symbol
and the RIS element partition. Computer simulation results corroborate the effective-
ness of RIS-QRM and validate the analytical results. It is shown that RIS-QRM is
able to improve the error performance of the additional bits delivered by the RIS with-
out deteriorating that of the bits carried on the constellation symbol, as compared to
ON/OFF-based schemes.

4.1 Introduction

By properly adjusting the phase shifts of all the elements of a RIS, the reflected sig-
nals can be added constructively at the receiver to improve the SNR or destructively
to mitigate interference/eavesdropping, which is similar to the functionality of traditional
beamforming and is referred to as passive beamforming. RISs resemble multi-antenna
amplify-and-forward relays with a full-duplex protocol but without signal amplification.
In particular, RISs do not require any costly RF chains for signal reception and re-
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transmission, nor complex signal processing techniques for self-interference cancella-
tion; thereby greatly reducing hardware cost and energy consumption [46, 71]. These
appealing advantages have driven a variety of wireless communications empowered
by RISs, such as RIS-aided MIMO systems [72–74], RIS-aided energy transfer [52],
RIS-aided orthogonal frequency division multiplexing (OFDM) systems over frequency-
selective channels [59], and so on. The authors of [75] realized an RIS-based 8-phase
shift-keying (8-PSK) transmitter that uses an RIS with 256 reconfigurable elements
instead of an RF chain. In [76], the authors realized an RIS-based 16-quadrature am-
plitude modulation (16-QAM) transmitter and an RIS-based space-down-conversion
receiver for a 2×2 MIMO transmission. In particular, a theoretical performance compar-
ison between orthogonal multiple access (OMA) and non-orthogonal multiple access
(NOMA) in RIS-aided downlink communications was investigated in [77]. Moreover,
since the proper configuration of RIS elements needs channel state information (CSI)
of all links involved in RIS-aided systems, various RIS channel estimation methods
have been proposed, e.g., [49,53,55,78,79].

4.1.1 Prior Works

Spatial modulation (SM), which uses only a single RF chain to transmit a constellation
signal and conveys additional information by the ON/OFF states of transmit antennas,
has also received much attention as it is capable of striking an attractive tradeoff be-
tween energy efficiency and spectral efficiency [80, 81]. A well-known variant of SM,
called quadrature SM, improves its overall throughput by extending conventional SM to
in-phase and quadrature dimensions [82, 83]. A recent generalization is to implement
SM by an RIS. In [61], the author proposed to carry out SM on receive antenna indices
by an RIS that steers a beam towards a particular receive antenna according to the
input information bits. Nonetheless, this work still focused on using the RIS to improve
communication spectral efficiency. In particular, the authors of [62] demonstrated that
a fixed RIS configuration which maximizes the SNR at the receiver is a suboptimal
scheme in terms of achievable rate, and proposed to jointly encode information in the
transmitted signal and in the RIS configuration [84,85].

On the other hand, a new scenario where an RIS needs to upload its local data to
a base station (BS) was considered in [86] and [66], for which a passive beamforming
and information transfer (PBIT) scheme was proposed to improve the communication
performance from the user to the BS using passive beamforming at the RIS and simul-
taneously deliver additional information from the RIS to the BS by the ON/OFF states of
RIS elements. There are many prospective sources of RIS local data [64]. For exam-
ple, if an RIS is embedded into a wall/ceiling with sensors for environment monitoring or
into an object (e.g., a smart t-shirt) for health monitoring, it needs to report the sensed
data to an intended receiver, e.g., the wireless network or a mobile phone [63]. The
PBIT scheme, however, suffers from a relatively high link outage probability, since the
number of activated RIS elements varies over time, causing significant fluctuations in
the reflected signal power. To minimize the outage probability of the communication link
between transceivers, the authors of [87] proposed to fix the number of RIS elements
switched on at each time, which is referred to as the RIS-based reflection pattern mod-
ulation (RIS-RPM) scheme. Existing RIS-based SM schemes [66, 87, 88] that use the
ON/OFF states of RIS elements to carry information, however, have two main draw-
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backs. Firstly, since only a portion of the available RIS elements are switched on at
each time, the aperture gain provided by the RIS is reduced, which limits the effective
received signal power. Secondly, due to the inherent randomness of the RIS configu-
ration dependent on the incoming random bits, joint optimization of the beamforming at
the transmitter/receiver and the RIS configuration is a stochastic optimization problem
that is difficult to solve in general.

4.1.2 Main Contributions

To address the above issues, we consider in this chapter an RIS-aided downlink MISO
wireless communication system, for which a new reflection modulation scheme is pro-
posed to maximize the SNR at the user by using passive beamforming at the RIS and
simultaneously convey additional information from the RIS to the user in a passive and
full-on reflection1 manner. Our main contributions are summarized as follows:

• We propose a new reflection modulation scheme, referred to as RIS-QRM, for
simultaneous passive beamforming and information transfer of RIS. To be spe-
cific, the reflecting elements of the RIS are randomly partitioned into two subsets
according to its local data: the phase shifts of the first subset are tuned to make
the signals reflected by the first subset in phase or aligned with the signal coming
directly from the AP, while the phase shifts of the second subset are designed to
make the reflected signals by the second subset orthogonal to those reflected by
the first subset, where the RIS element partition carries the local data of RIS. Un-
like ON/OFF-based reflection modulation schemes (e.g., [66] and [87]) in which
only a portion of the available RIS elements reflect impinging waves at each time
instance, the proposed RIS-QRM scheme leverages the large-scale aperture gain
of RIS by keeping all the RIS elements activated. Moreover, the joint optimization
of the active beamforming at the AP and the phase shifts of RIS elements to max-
imize the SNR no longer needs the knowledge of the real-time RIS configuration,
getting rid of difficult stochastic optimization.

• We derive a closed-form expression for the unconditional pairwise error proba-
bility (PEP) of the RIS-QRM scheme for an RIS-aided single-input single-output
(SISO) setting over Rician fading channels, by assuming the maximum-likelihood
(ML) detection and that the AP-user direct link is blocked, which is used to cal-
culate tight upper bounds on the average bit error probabilities (BEPs) of the
conventional constellation modulation and the RIS-modulated data through the
element partition. It is worth noting that from the perspective of practical imple-
mentation, adjacent RIS elements are usually grouped to have the same config-
uration for reducing complexity [55]. As a result, the number of effective channels
is greatly reduced, and the framework for the calculation of the BEP developed
in [61] may be not applicable to our case as the number of effective channels
may be insufficient to satisfy the hypothesis of the central limit theorem. In addi-
tion, we propose a low-complexity detection method with lower performance for
decoupling the joint detection of the constellation symbol and the RIS element
partition.

1All of the available RIS elements reflect impinging signals at all time.
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• Finally, extensive computer simulation results are presented to corroborate the
effectiveness of the proposed RIS-QRM scheme and validate our analytical re-
sults. Particularly, in simultaneous passive beamforming and information transfer
schemes, there exists a fundamental tradeoff between the error performance of
the bits carried on the constellation symbol and that of the additional bits mod-
ulated by the RIS through the element partition. Moreover, it is shown that the
RIS-QRM scheme not only improves the error performance of the bits carried on
the constellation symbol, but also improves that of the additional bits carried on
the element partition of the RIS, as compared to the PBIT scheme. Compared
to the RIS-RPM scheme, the RIS-QRM scheme is able to improve the error per-
formance of the additional bits carried on the element partition of the RIS without
deteriorating that of the bits carried on the constellation symbol.

4.1.3 Organization and Notation

The rest of this chapter is organized as follows. In Section 4.2, we present the system
model and the main idea of RIS-QRM. In Section 4.3, we derive closed-form expres-
sions for the upper bounds on the BEPs of the constellation symbol and the RIS ele-
ment partition. In Section 4.4, we generalize the RIS-QRM scheme for application to
the MISO case where there is a direct channel between the transceivers and propose
a low-complexity detector. Computer simulation results are provided in Section 4.5.
Finally, Section 4.6 concludes the chapter.

In this chapter, italic letters, uppercase and lowercase boldface letters (e.g., x, X
and x) denote scalars, matrices and column vectors, respectively. Uppercase black-
board bold letters (e.g., A) denote discrete and finite sets. Superscripts †, T , H , and
−1 represent complex conjugate, transpose, Hermitian transpose, and inversion oper-
ations, respectively. In, 1n×m, and 0n×m denote an identity matrix of size n × n, an
all-one matrix of size n ×m, and an all-zero matrix of size n ×m, respectively. Cn×m

denotes the space of n×m complex-valued matrices. For a complex number x, |x| and
∠x denote the absolute value and phase, respectively, and Re(x) and Im(x) denote the
real and imaginary parts of x, respectively. For a complex-valued vector x, ∥x∥ denotes
the Euclidean norm, and diag(x) denotes a diagonal matrix with the elements in x on
the main diagonal. ⌊·⌋ returns the largest integer less than or equal to the argument.(
n
m

)
denotes the binomial coefficient. ⟨·, ·⟩ denotes the inner product. A \ B, A ∪ B, and

A ∩ B denote the relative complement of set B in set A, the union and intersection of
set A and set B, respectively. E{·} and Var{·} denote the expectation and variance of
a random variable, respectively. tr(·) denotes the matrix trace. N (µ, σ2) represents the
normal distribution with mean µ and variance σ2. CN (µ,Σ) represents the distribution
of a circularly symmetric complex Gaussian random vector with mean vector µ and
covariance matrix Σ.

4.2 System Model and Principle of RIS-QRM

4.2.1 System Model

As illustrated in Fig. 4.1, we consider an RIS-aided wireless communication system
in the downlink, where an RIS composed of L0 reflecting elements is deployed to as-
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Figure 4.1: An illustration of the proposed RIS-QRM system, where the RIS focuses
reflected signals towards the user while conveying additional information by the RIS
partition. By adjusting the phase shifts at the RIS, the cascaded channel via green
elements and that via blue elements are orthogonal.

sist the transmission from an AP to a user near the RIS. For ease of exposition, we
assume in this section that both the AP and the user are equipped with a single an-
tenna and the direct link between them is blocked due to the presence of obstacles.
To reduce channel estimation overhead and implementation complexity, we recall the
RIS-elements grouping method in [55], where the L0 reflecting elements are divided
into L groups, denoted by the set L ≜ {1, 2, . . . , L}, each consisting of L1 = L0/L
(assumed to be an integer for notational convenience) adjacent elements to share the
same reflection coefficient. Moreover, the RIS is connected to a smart controller, which
is responsible for exchanging information with the AP via a separate feedback link and
dynamically adjusting the reflection coefficient of each RIS element. Suppose that the
RIS is equipped with sensors for monitoring/collecting environmental data (typically
low-rate bursty data), so it needs to report sensed data to an intended receiver, e.g.,
the user.

In this chapter, we consider a quasi-static block fading channel model for all indi-
vidual links, where the channel coefficients remain constant within each fading block
and are independent and identically distributed (i.i.d.) across different fading blocks.
Without loss of generality, we focus on the downlink communication in one particular

fading block. Let g ∈ CL0×1 ≜
[
gH
1
,gH

2
, . . . ,gH

L

]H
and hH

r ∈ C1×L0 ≜
[
hH
r,1,h

H
r,2, . . . ,h

H
r,L

]
denote the element-wise baseband channels of the AP-RIS and RIS-user links, respec-
tively, where g

l
∈ CL1×1 and hH

r,l ∈ C1×L1 consist of the corresponding channel coeffi-

cients associated with the l-th group, l = 1, 2, . . . , L. Let θ ≜
[
β1e

jθ1 , β2e
jθ2 , . . . , βLe

jθL
]H

denote the reflection coefficients of the RIS, where j =
√
−1, βl ∈ [0, 1] and θl ∈ [0, 2π)

respectively denote the common reflection amplitude and phase shift within the l-th
group: all elements in this group share the same reflection coefficient βlejθl. In order to
maximize the reflected power of each element and simplify the hardware design, the
reflection amplitudes are fixed to the maximum value, i.e., βl = 1, ∀l = 1, 2, . . . , L. The
baseband received signal at the user is given by

y =
L∑
l=1

hH
r,le

jθlg
l
x+ n (4.1)

where x is the transmitted symbol drawn from an M -ary discrete signal constellation
with transmit power equal to Pt, and n ∼ CN (0, N0) is the additive white Gaussian noise
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(AWGN) with noise power equal to N0. Let hl = hH
r,lgl

denote the effective (aggregated)
channel coefficient of the link between the AP and user via group l with the common
phase shift equal to zero. By stacking hl with l = 1, . . . , L into h = [h1, h2, . . . , hL]

T as
the AP-RIS-user cascaded channel, we have

y = θHhx+ n. (4.2)

Since a channel estimation method has been proposed in [57] to acquire the CSI of h,
we assume in this chapter that the AP has perfect knowledge of h and consequently is
able to optimize the reflection coefficients for performing passive beamforming at the
RIS.

4.2.2 Principle of RIS-QRM

In order to implicitly convey the RIS information, we propose a mapping method that
selects p (1 ≤ p < L) out of the L groups according to the incoming information bits,
and then tunes the phase shifts of the selected groups to align the phases of the corre-
sponding effective channels, while tuning the phase shifts of the remaining L−p groups
so that the effective channels associated with the remaining groups are orthogonal to
the effective channels associated with the selected groups. In this manner, additional
information is carried by the RIS partition. Let I = {i1, i2, . . . , ip} denote the indices of
p selected groups, where i∂ ∈ L for ∂ = 1, 2, . . . , p; accordingly, the remaining groups
are indexed by R = L \ I. With the proposed RIS-QRM scheme, the phase shifts of the
RIS are given by

ϕl =

{
θ∗l , l ∈ I
θ∗l + π/2, l ∈ R

, l = 1, 2, . . . , L (4.3)

where θ∗l = −∠hl. The reflection coefficients of the RIS can be expressed as

ϕ ≜
[
ejϕ1 , ejϕ2 , . . . , ejϕL

]H
= diag(θ∗)s (4.4)

where θ∗ =
[
ejθ

∗
1 , ejθ

∗
2 , . . . , ejθ

∗
L

]H and s ≜ [s1, s2, . . . , sL]
H with each entry given by

sl =

{
1, l ∈ I
ejπ/2, l ∈ R

, l = 1, 2, . . . , L. (4.5)

In (4.4), the vector s describes the RIS partition. In particular, given L and p, there are
in total

(
L
p

)
different RIS partition realizations. As such, a total of b = ⌊log2

(
L
p

)
⌋ infor-

mation bits can be conveyed by the RIS partition, and therefore I has B = 2b possible
realizations. A look-up table of size B providing a one-to-one mapping between the b
bits and the p indices can be stored at the controller of the RIS and at the user. Table
4.1 provides an example of a look-up table with L = 4, p = 2, and b = 2.

Under the RIS-QRM scheme, the baseband received signal at the user is given by

y = ϕHhx+ n = sHdiag(θ∗)Hhx+ n. (4.6)
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Table 4.1: A Look-up Table Example for L = 4, p = 2, and b = 2.

Bits Indices I / R Partition vector s

00 {1, 2} / {3, 4}
[
1, 1, ejπ/2, ejπ/2

]H
01 {2, 3} / {1, 4}

[
ejπ/2, 1, 1, ejπ/2

]H
10 {1, 3} / {2, 4}

[
1, ejπ/2, 1, ejπ/2

]H
11 {1, 4} / {2, 3}

[
1, ejπ/2, ejπ/2, 1

]H
By letting v ≜ [v1, v2, . . . , vL]

T = diag(θ∗)Hh, we have

y = sHvx+ n =

∑
l∈I

vl + j
∑
l∈R

vl

x+ n. (4.7)

It is worth pointing out that although the proposed RIS-QRM scheme has the same
spectral efficiency as the RIS-RPM scheme (i.e., b + log2M ), the former improves the
received power by reactivating the inactive elements of the latter, thus increasing the
achievable rate in the low SNR regime. We assume that the CSI of v is perfectly
known at the user, which can be obtained by downlink pilot training. By considering
a joint search for all possible RIS partition realizations and signal constellation points,
the ML detector of the RIS-QRM system is given by

(x̂, ŝ) = arg min
x∈M, s∈S

∣∣∣y − sHvx
∣∣∣2 (4.8)

where M and S are sets of all possible realizations of x and s, respectively. It can be
observed that the search complexity of the ML detector in (4.8) is ∼ O(MB).

4.3 Analysis of BEP

In this section, we characterize the BEP performance of the proposed RIS-QRM scheme
in Rician fading assuming the ML detection. A Rician fading channel can be expressed
as the superposition of a deterministic line-of-sight (LoS) component and a non-LoS
(NLoS) component (characterized by a complex Gaussian random variable). Thus, the
AP-RIS channel g and the RIS-user channel hr are given by

g =

√
κ1

κ1 + 1
gLoS +

√
1

κ1 + 1
gNLoS (4.9)

hr =

√
κ2

κ2 + 1
hLoS
r +

√
1

κ2 + 1
hNLoS
r (4.10)

where κ1 and κ2 are the Rician factors of the AP-RIS and RIS-user channels, respec-
tively, gLoS and gNLoS ∼ CN (0L0×1, 2σ

2
1IL0) denote the deterministic LoS and non-LoS

(Rayleigh fading) components of the AP-RIS channel, respectively, hLoS
r and hNLoS

r ∼
CN (0L0×1, 2σ

2
2IL0) denote the deterministic LoS and Rayleigh fading components of the
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RIS-user channel, respectively. For ease of exposition, we assume gLoS = µ11L0×1 and
hLoS
r = µ21L0×1, where µ1, µ2 ∈ C are of channel power |µ1|2 = ν̄21 and |µ2|2 = ν̄22 ,

respectively. Note that κ1 = ν̄21/2σ
2
1 and κ2 = ν̄22/2σ

2
2, where 2σ2

1 and 2σ2
2 are the aver-

age powers in non-LoS components gNLoS and hNLoS
r . Although the following analysis

is based on the assumption that the AP-user direct link is blocked, it can be applied
to the case with a direct link, by assuming that the direct and cascaded channels are
independent random variables.

Without loss of generality, we assume that x is transmitted by the AP and that s is
selected at the RIS. Based on (4.8), the conditional PEP of detecting (x, s) in lieu of
(x̂, ŝ) (x, x̂ ∈ M and s, ŝ ∈ S) is given by

P{x, s → x̂, ŝ|v} = P

{∣∣∣y − ŝHvx̂
∣∣∣2 < ∣∣∣y − sHvx

∣∣∣2}
= P

{
|ϖ + n|2 < |n|2

}
(4.11)

where ϖ = sHvx − ŝHvx̂ denotes the Euclidean distance between (x, s) and (x̂, ŝ).
From the above, we see that the probability of detecting (x, s) in lieu of (x̂, ŝ) is equal
to the probability that n is closer to point ϖ than to the origin point. Let n̄ = ⟨n,ϖ⟩/|ϖ|
denote the projection of n onto the direction of ϖ, which follows a Gaussian distribution
with zero mean and variance N0/2. Then, we have

P{x, s → x̂, ŝ|v} = P

{
n̄ >

|ϖ|
2

}
= Q

√ |ϖ|2
2N0

 . (4.12)

In order to obtain the unconditional PEP, the conditional PEP expression given in (4.12)
needs to be averaged with respect to v, i.e., P{x, s → x̂, ŝ} = Ev

{
P{x, s → x̂, ŝ|v}

}
.

Defining Z = |ϖ|2 and considering the alternative form of the Q-function, we obtain the
following unconditional PEP expression:

P{x, s → x̂, ŝ} =

∫ ∞

0

1

π

∫ π
2

0

exp

(
−z

4N0 sin
2 φ

)
fZ(z)dφdz

=
1

π

∫ π
2

0

MZ

(
− 1

4N0 sin
2 φ

)
dφ (4.13)

where fZ(·) and MZ(·) are the probability density function (PDF) and moment gener-
ating function (MGF) of random variable Z, respectively.

Proposition 3. Z can be approximated with a Gamma distribution with PDF

fZ(z) = zk̄−1 e
−z/θ̄

θ̄k̄Γ(k̄)
, z ≥ 0 (4.14)

where k̄ and θ̄ are given in (4.31) in the following proof.

Proof. Let ϖr and ϖi denote real and imaginary parts of ϖ, which are given by

ϖr = xr
∑
l∈I

vl − xi
∑
l∈L\I

vl − x̂r
∑
l∈Î

vl + x̂i
∑
l∈L\Î

vl (4.15)

ϖi = xi
∑
l∈I

vl + xr
∑
l∈L\I

vl − x̂i
∑
l∈Î

vl − x̂r
∑
l∈L\Î

vl (4.16)
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where xr and xi denote real and imaginary parts of x, respectively, and x̂r and x̂i denote
real and imaginary parts of x̂, respectively. We define A1 = I∩ Î, A2 = I\A1, A3 = Î\A1,
and A4 = L \ {A1 ∪ A2 ∪ A3}. Note that A1, A2, A3, and A4 are disjoint to each other.
Then, (4.15) and (4.16) are rewritten as

ϖr =(xr − x̂r)
∑
l∈A1

vl + (xr + x̂i)
∑
l∈A2

vl

+ (−xi − x̂r)
∑
l∈A3

vl + (−xi + x̂i)
∑
l∈A4

vl (4.17)

ϖi =(xi − x̂i)
∑
l∈A1

vl + (xi − x̂r)
∑
l∈A2

vl

+ (xr − x̂i)
∑
l∈A3

vl + (xr − x̂r)
∑
l∈A4

vl. (4.18)

It is clear that the real and imaginary parts of ϖ are different linear combinations of L
i.i.d. random variables v1, . . . , vL. Therefore, (4.17) and (4.18) are re-expressed in a
generic form as

ϖr = āTv, ϖi = b̄Tv (4.19)

where āT = [ā1, ā2, . . . , āL] and b̄T = [b̄1, b̄2, . . . , b̄L] are the corresponding coefficient
vectors.

Define g
l
≜
[
g
l,1
, g

l,2
, . . . , g

l,L1

]H
and hH

r,l ≜
[
hr,l,1, hr,l,2, . . . , hr,l,L1

]
. Under the as-

sumption of Rician fading, elements in gH
l

and hr,l can be described by

g
l,m

= µ1 + CN (0, 2σ2
1) (4.20)

hr,l,m = µ2 + CN (0, 2σ2
2) (4.21)

with m = 1, 2, . . . , L1. Defining Ym = hr,l,mg
†
l,m

, then we have E{Ym} = µ†
1µ2 ≜ µ and

Var{Re(Ym)} = Var{Im(Ym)} = ν̄21σ
2
2 +σ

2
1(ν̄

2
2 +2σ2

2). As L1 ≫ 1, we resort to the central
limit theorem to approximate the distribution of vl. Specifically, the real and imaginary
parts of hl =

∑L1

m=1 Ym are two independent Gaussian random variables distributed
according to N (L1Re(µ), σ2) and N (L1Im(µ), σ2) with σ2 ≜ L1ν̄

2
1σ

2
2 + L1σ

2
1(ν̄

2
2 + 2σ2

2).
Then, vl = |hl| is a Rician random variable with PDF

fvl(z) =
z

σ2
exp

(
−z

2 + ν̄2

2σ2

)
I0

(
zν̄

σ2

)
, z ≥ 0 (4.22)

where ν̄ = L1ν̄1ν̄2 and I0(·) is the modified Bessel function of the first kind with order
zero. The first four moments of vl are given by

E{vl} =σ

√
π

2
1F1

(
−1

2
; 1;− ν̄2

2σ2

)
(4.23)

E{v2l } =2σ2 + ν̄2 (4.24)

E{v3l } =3σ3

√
π

2
1F1

(
−3

2
; 1;− ν̄2

2σ2

)
(4.25)

E{v4l } =8σ4 + 8σ2ν̄2 + ν̄4 (4.26)
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where 1F1(a; q; p) is the confluent hypergeometric function of the first kind.
Based on (4.19), Z can be expressed as

Z = āTvvT ā+ b̄TvvT b̄ = tr(āāTvvT + b̄b̄TvvT )

= tr(CV) = vTCv (4.27)

where C = āāT + b̄b̄T and V = vvT . The first moment of Z is given by

E{Z} =tr(C · E{V}) (4.28)

and its second moment is given by (4.30), shown at the top of the next page,

E{Z2} = E


 L∑

ι=1

L∑
ȷ=1

vιCιȷvȷ

2
 =

L∑
ι=1

L∑
ȷ=1

L∑
ι′=1

L∑
ȷ′=1

CιȷCι′ȷ′E{vιvȷvι′vȷ′}

=
∑
ι∈L

C2
ιιE{v4ι }+

∑
ι∈L

∑
ȷ∈L\{ι}

4CιιCιȷE{v3ι }E{vȷ}

+
∑
ι∈L

∑
ι′∈L\{ι}

∑
ȷ∈L\{ι,ι′}

(2CιιCι′ȷ + 4Cιι′Cιȷ)E{v2ι }E{vι′}E{vȷ} (4.29)

+
∑
ι∈L

∑
ȷ∈I\{ι}

(CιιCȷȷ + 2C2
ιȷ)E{v2ι }E{v2ȷ }

+
∑
ι∈L

∑
ι′∈L\{ι}

∑
ȷ∈L\{ι,ι′}

∑
ȷ′∈L\{ι,ι′,ȷ}

Cιι′Cȷȷ′E{vι}E{vι′}E{vȷ}E{vȷ′}

where Cιȷ denotes the entry on the ι-th row and ȷ-th column of C. Define V̄ = E{V}.
Based on (4.23) and (4.24), the elements of V̄ are given by

V̄ιȷ =


2σ2 + ν̄2, ι = ȷ

σ2
π

2
1F

2
1

(
−
1

2
; 1;−

ν̄2

2σ2

)
, ι ̸= ȷ

(4.30)

where 1F
2
1 (·; ·; ·) denotes the square of the confluent hypergeometric function 1F1(·; ·; ·),

and ι, ȷ = 1, 2, . . . , L. According to the Gamma second order moment matching approx-
imation method [89], a Gamma distribution with the same first and second moments
has parameters

k̄ =
E{Z}2

E{Z2} − E{Z}2
, θ̄ =

E{Z2} − E{Z}2

E{Z}
. (4.31)

Based on the PDF of Z in (4.14), the MGF of Z can be written as

MZ (τ)=
1

(θ̄)k̄Γ(k̄)

∫ ∞

0

e(τ−1/θ̄)zzk̄−1dz=
(
1− τ θ̄

)−k̄ (4.32)
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where the closed-form expression is obtained by using formula [90, eq. (3.326.2)] to
the integral. By substituting (4.32) into (4.13), the unconditional PEP can be derived in
closed-form as follows:

P{x, s → x̂, ŝ}=1

π

∫ π
2

0

(
1 +

θ̄

2N0 (1− cos 2φ)

)−k̄

dφ

(a)
=

1

2π

∫ π

0

(
1 +

θ̄

2N0 (1− cosψ)

)−k̄

dψ

(b)
=

1

2π

∫ ∞

1
2

(
1 +

θ̄

2N0

t

)−k̄

t−1(2t− 1)−
1
2dt

(c)
=

1

2π

(
4N0

θ̄

)k̄ (
4N0

θ̄
+ 1

) 1
2
−k̄

× B
(
1

2
+ k̄,

1

2

)
2F1

(
1,

1

2
;
1

2
;−4N0

θ̄

)

=
1

4

(
θ̄

πN0

)1
2
(
1 +

θ̄

4N0

)− 1
2
−k̄

Γ
(
1
2
+ k̄
)

Γ
(
1 + k̄

) (4.33)

where (a) holds by applying substitution ψ = 2φ, (b) holds by applying substitution t =
1/(1− cosψ), (c) holds by using formula [90, eq. (3.197.2)] to the integral, B(·, ·) is the
beta function [90, eq. (8.384.1)], and 2F1(−ϱ1, ϱ2; ϱ2;−ϱ3) is the Gauss hypergeometric
function [90, eq. (9.121.1)]. Finally, the upper bounds on the BEPs for detecting x and
s are given by

P AP
b ≤ 1

MB

∑
x

∑
x̂

∑
s

∑
ŝ

P{x, s → x̂, ŝ}e (x, x̂)
log2M

(4.34)

PRIS
b ≤ 1

MB

∑
s

∑
ŝ

∑
x

∑
x̂

P{x, s → x̂, ŝ}e (s, ŝ)
b

(4.35)

where e (·, ·) denotes the number of bits in error for the corresponding pairwise error
event. The BEP that combines x and s is upper bounded by

Pb ≤
∑
x

∑
s

∑
x̂

∑
ŝ

P{x, s → x̂, ŝ}e (x, s → x̂, ŝ)

MB(b+ log2M)
. (4.36)

In particular, let us compare the Euclidean distances of the proposed RIS-QRM
scheme and the RIS-RPM counterpart. When the SNR approaches infinity, the prob-
ability of confusing x with x̂ approaches zero so that it is valid to assume x = x̂. Con-
ditioned on the correct detection of the constellation symbol, the Euclidean distance
between s and ŝ of RIS-QRM is given by

Ds
QRM =

√
2|x|

∣∣∣∣∣∣
∑
l∈A2

vl −
∑
l∈A3

vl

∣∣∣∣∣∣ (4.37)
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and that of the RIS-RPM counterpart is given by

Ds
RPM = |x|

∣∣∣∣∣∣
∑
l∈A2

vl −
∑
l∈A3

vl

∣∣∣∣∣∣ . (4.38)

Therefore, the Euclidean distance of the RIS-QRM scheme is
√
2 times that of the

RIS-RPM counterpart due to the quadrature component, as it will be confirmed by the
simulations.

4.4 Extension to MISO Setting and Low-Complexity De-
tector

4.4.1 Extension to MISO Setting

In this section, we consider a more general case, where the AP is equipped with N
transmit antennas and there exists a direct channel between the AP and the user. Let
hH
d ∈ C1×N and G ∈ CL0×N ≜

[
GH

1 ,G
H
2 , . . . ,G

H
L

]H
denote the baseband channels

of the AP-user direct link and the AP-RIS link, respectively, where Gl ∈ CL1×N are
element-wise channel coefficients associated with the l-th group for l = 1, 2, . . . , L. We
denote the AP-RIS-user cascaded channel matrix as H =

[
h̄1, h̄2, . . . , h̄L

]H , where
h̄H
l = hH

r,lGl with l = 1, 2, . . . , L denotes the effective channel from the AP to user via
group l with the common phase shift equal to zero. We assume that the knowledge of
hH
d and H is perfectly known at the AP.

Due to the presence of the AP-user direct channel as well as multiple antennas at
the AP, two questions need to be answered:

• Q1 : How to design the active beamforming of the AP to cooperate with the phase
shifts at the RIS?

• Q2 : How to design the reflection coefficients at the RIS to implicitly convey addi-
tional information?

To answer the first question, we consider the RIS reflection coefficients without in-
formation transfer (i.e., θ), and get the baseband received signal at the user, which is
given by

y =
(
θHH+ hH

d

)
wx+ n (4.39)

where w ∈ CN×1 denotes the active beamforming vector of the AP with ∥w∥ = 1.
Hence, the received SNR is given by

SNR =
Pt

N0

∣∣∣∣(θHH+ hH
d

)
w

∣∣∣∣2 . (4.40)

In order to fully reap the three-dimensional beamforming gain, the active beamforming
vector of the AP usually needs to be jointly optimized with the phase shifts of the RIS
based on the knowledge of hH

d and H. In this chapter, our objective is to maximize the
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received SNR by jointly optimizing the active beamforming at the AP and the phase
shifts of the RIS, subject to the unit-modulus reflection constraint on each RIS element.
Note that this is effective in improving the error performance of the bits carried on x as
well as s, as will be shown in the simulations. The optimization problem is formulated
as (irrelevant terms are omitted for simplicity)

(P1): max
w,θ

∣∣∣∣(θHH+ hH
d

)
w

∣∣∣∣2 (4.41)

s.t. ∥w∥2 = 1 (4.42)
0 ⩽ θl < 2π, l = 1, 2, . . . , L. (4.43)

It is easily verified that this problem is always feasible, since there exists at least
one solution that satisfies the constraints in (4.42) and (4.43), e.g., θ = 1L×1 and
w =

(
11×LH+ hH

d

)H /∥∥11×LH+ hH
d

∥∥ . However, it is non-convex since the objective
function of (4.41) is not jointly concave with respect to w and θ, and the constraints
in (4.42) and (4.43) are both non-convex. Problem (P1) can be sub-optimally solved
by leveraging the alternating optimization (AO) technique. An AO algorithm has been
provided in [91], which iteratively optimizes the phase shifts of the RIS and the active
beamforming of the AP in an alternating manner until the convergence is achieved.
Specifically, for a given phase-shift vector θ, the maximum-ratio transmission (MRT)
solution is optimal, i.e.,

w∗ =

(
θHH+ hH

d

)H∥∥θHH+ hH
d

∥∥ . (4.44)

For a given active beamforming vector w∗ in (4.44), problem (P1) is reduced to

(P2): max
θ

∣∣∣∣(θHH+ hH
d

)
w∗
∣∣∣∣2 (4.45)

s.t. 0 ⩽ θl < 2π, l = 1, 2, . . . , L. (4.46)

The optimal solution to problem (P2) is given by θ∗ =
[
ejθ

∗
1 , . . . , ejθ

∗
L

]H
, where the l-th

phase shift is given by

θ∗l = ∠(hH
d w

∗)− ∠(h̄H
l w

∗), l = 1, 2, . . . , L. (4.47)

The vectors w and θ are iteratively optimized in an alternating manner, until the frac-
tional increase of (4.41) is less than a sufficiently small value ϵ > 0 or the maximum
number of iterations is reached. By a slight abuse of notation, we denote the outputs of
the AO algorithm as w∗ and θ∗. After obtaining w∗ and θ∗, the AP reports the optimal
phase shifts (i.e., θ∗) to the RIS controller via the feedback link.

We note that the preferred phase shifts in (4.47) co-phase the signals from the AP
to the user via the RIS with the signal over the AP-user direct link in order to achieve
coherent signal combination. To implicitly convey additional information, we extend the
principle of the RIS-QRM described in Section 4.2.2, by arranging the signals reflected
by the RIS to be aligned either in phase or in quadrature with the signal over the direct
link. Specifically, the phase shifts of the RIS-QRM scheme are given by

ϕ
l
=

{
θ∗l , l ∈ I
θ∗l + π/2, l ∈ R

, l = 1, 2, . . . , L (4.48)
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where θ∗l is given in (4.47), so that, at the user, the signals reflected by the p selected
groups are aligned in phase with the signal over the direct link and the signals reflected
by the L − p remaining groups are orthogonal to the signal over the direct link. Based
on the RIS phase shifts in (4.48), the baseband received signal at the user can be
expressed as

y =
(
sHdiag(θ∗)HHw∗ + hH

d w
∗
)
x+ n (4.49)

= s̃H ṽx+ n (4.50)

where s̃H = [1 sH ] and ṽ ≜ [ṽ0, ṽ1, . . . , ṽL]
T =

 hH
d w

∗

diag(θ∗)HHw∗

. Letting ϕ0 ≜

∠(hH
d w

∗), we have ṽ =
[
ejϕ0|ṽ0|, ejϕ0|ṽ1|, . . . , ejϕ0|ṽL|

]T , and therefore

y = ejϕ0

 ∑
l∈{0,I}

|ṽl|+ j
∑
l∈R

|ṽl|

x+ n. (4.51)

It is worth pointing out that by dividing the RIS into multiple small-sized RISs, each
of which is paired with one single receive antenna, the RIS-QRM scheme can be read-
ily extended to single-input multiple-output (SIMO) and multiple-input multiple-output
(MIMO) cases. Specifically, when the user is equipped with Nr receive antennas, the
RIS is equally divided into Nr small-sized RISs. Without loss of generality, we assume
that the k-th small-sized RIS and the k-th receive antenna are paired, k = 1, . . . , Nr.
Then, each small-sized RIS can independently perform the QRM scheme by steering
the signal impinging on it towards its paired receive antenna. Furthermore, by con-
sidering a time division multiple access (TDMA) method, the proposed scheme can
be applied to the downlink of a multi-user MISO system. Specifically, the AP and RIS
sequentially communicate with multiple users over consecutive time resource blocks.

4.4.2 Low-Complexity (LC) Detector

In this subsection, we propose a low-complexity detector to separately retrieve x and s
from y. We assume that the effective channel vector ṽ is perfectly known at the user.
Define λ ≜

∑L
l=0 |ṽl|, which is a known constant and is used to estimate the transmitted

constellation symbol. To be specific, we define

r(x̃) ≜ Re
(
e−jϕ0y

⟨1− j, x̃⟩
|x̃|

)
, x̃ ∈ M (4.52)

where x̃ is one of M possible constellation points.
By denoting y =

(∑
l∈{0,I} |ṽl|+ j

∑
l∈R |ṽl|

)
x as the noise-free received signal, we

obtain

r(x̃) = Re
(
y
⟨1− j, x̃⟩

|x̃|

)
+ ñ (4.53)
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where ñ = Re
(
e−jϕ0n⟨1− j, x̃⟩/|x̃|

)
∼ N (0, N0). From (4.53), we see that r(x̃) with dif-

ferent x̃ values are independent but non-identically distributed Gaussian random vari-
ables. In particular, if x̃ = x (x is the transmitted constellation symbol), the mean of
r(x̃) is given by λ|x̃|. Otherwise, we have

Re
(
y
⟨1− j, x̃⟩

|x̃|

)
̸= λ|x̃|. (4.54)

Therefore, the decision rule for x is to choose the symbol achieving the maximum
posterior probability, i.e.,

x̂0 = argmax
x̃∈M

1√
2πN0

exp

−
(
r(x̃)− λ|x̃|

)2
2N0

 . (4.55)

Equivalently, x is estimated as

x̂0 = argmin
x̃∈M

∣∣∣∣Re
(
e−jϕ0y ⟨1−j,x̃⟩

|x̃|

)
− λ|x̃|

∣∣∣∣ . (4.56)

In this manner, x can be detected without knowing s. To better understand how (4.56)
works, hereafter we give an example with binary phase shift keying (BPSK). Consider
BPSK, i.e., x̃ = ±Pt. Without loss of generality, we assume that x = Pt is transmit-
ted. Given the observation y, the LC detector calculates (4.52) for all the constellation
points, i.e., r(Pt) = λPt + ñ and r(−Pt) = −λPt − ñ, where ñ = Re

(
e−jϕ0n(1− j)

)
∼

N (0, N0). Obviously, it is more likely that |r(Pt)−λPt| = |ñ| < |r(−Pt)−λPt| = |2λPt+ñ|,
and when it is true, according to (4.56), we have x̂0 = Pt. By utilizing the estimate of x,
the estimate of s is given by

ŝ0 = argmin
s∈S

∣∣∣∣y − [1 sH ]ṽx̂0
∣∣∣∣ . (4.57)

Owing to the disjoint detection of x and s, the search complexity is reduced to ∼ O(M+
B).

To further improve the error performance, an iterative algorithm can be applied to
update the estimates of x and s based on the initial decisions (i.e., x̂0 and ŝ0). Specifi-
cally, x and s can be estimated alternately in an iterative manner, until the given number
of iterations, denoted by I, has been carried out. In iteration r, the estimates of x and
s are given by

x̂r = argmin
x∈M

∣∣∣∣y − [1 (
ŝr−1

)H]
ṽx

∣∣∣∣ (4.58)

ŝr = argmin
s∈S

∣∣∣∣y − [1 sH ]ṽx̂r
∣∣∣∣ (4.59)

where ŝr−1 is the estimate of s in iteration (r − 1), r = 1, 2, . . . , I. Therefore, the search
complexity of the LC detector is ∼ O

(
(M +B)(I + 1)

)
. We will show in the following

section that the optimal number of iterations in balancing the error performance and
detection complexity is 1.
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D

D

D

Figure 4.2: The simulation setup (top view), where D1 = 50 m and D2 = 5 m.

4.5 Simulation Results and Discussions

In this section, we present computer simulation results to numerically evaluate the per-
formance of our proposed RIS-QRM scheme in terms of bit error rate (BER) and val-
idate our analytical results in (4.34)-(4.36). The total number of RIS elements is set
as L0 = 160. The channel path loss is chosen according to the 3GPP Indoor (InH)
model [92, Table B.1.2.1-1]. In particular, the channel path loss γ as a function of the
distance D is

γ =

{
42.3 + 16.9 log10D, if LoS
21 + 43.3 log10D, if NLoS

(4.60)

where D is given in meters (m). We consider the simulation setup in Fig. 4.2. The
distance between the AP and RIS is set as D1 = 50 m and the user is placed in the
vicinity of the RIS at a distance of 5 m, i.e., D2 = 5 m. As such, the minimum and
maximum distances between the AP and the user are given by 45 m and 55 m, i.e.,
45 m ≤ D3 ≤ 55 m. We set D3 = 54 m in the following simulations. As for the small-
scale fading, we consider the Rician fading channel model for all individual links. The
Rician factors of the AP-RIS, RIS-user, and AP-user links are denoted by κ1, κ2, and
κ3, respectively. We set κ1 = 1 in Figs. 4.5-4.14, and show the effect of κ1 on the
error performance in Fig. 4.16. The Rician factor of the RIS-user channel is κ2 = 1.
We assume a non-LoS (Rayleigh fading) channel between the AP and the user, i.e.,
κ3 = 0. The user’s noise power level is N0 = −80 dBm. For the AO algorithm in Section
4.4.1, the maximum number of iterations is 10 and ϵ = 10−4. The simulation results are
averaged over 10, 000 independent fading channel realizations.

We first evaluate the effectiveness of the proposed RIS-QRM scheme. Two bench-
mark schemes are considered for comparison: 1) the RIS-RPM scheme where the
elements in vector s indexed by R take the value of 0, i.e., sl = 0,∀l ∈ R; 2) the PBIT
scheme where the elements in vector s are independently drawn from the set {0, 1}
with equiprobability. In Figs. 4.5 and 4.8, we compare the error performance of differ-
ent schemes versus the SNR, where the parameters are chosen as: N = 1, L = 4,
64-QAM for the PBIT scheme, and 256-QAM for the RIS-QRM and RIS-RPM schemes
with p = 1 in Fig. 4.5; N = 4, L = 2, 128-QAM for the PBIT scheme, and 256-QAM for
the RIS-QRM and RIS-RPM schemes with p = 1 in Fig. 4.8. Particularly, in Fig. 4.5,
the AP-user direct link is blocked. The lower bound (LB) on the BER of x is obtained
by assuming that s is perfectly known when detecting x. The LB on the BER of s is
obtained by assuming that x is perfectly known when detecting s. The BEP upper
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Figure 4.3: BER of x and s versus SNR
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Figure 4.4: BER of x versus SNR

bounds (UBs), given in (4.34)-(4.36), are also plotted as benchmarks. In Fig. 4.5, it
is observed that the theoretical analysis results are consistent with the simulation re-
sults. Moreover, one can observe from Figs. 4.3 and 4.6 that the RIS-QRM scheme
shows superior error performance as compared with the RIS-RPM and PBIT schemes.
Compared to the RIS-RPM scheme, the proposed RIS-QRM not only improves the
error performance of x (shown in Fig. 4.7), but also improves the error performance
of s (shown in Fig. 4.8). This is attributed to the use of the quadrature component of
the combined AP-user channel, which enhances the received SNR and increases the
minimum Euclidean distance between all the possible realizations of s. As shown in
Figs. 4.7 and 4.8, the RIS-QRM scheme greatly outperforms the PBIT scheme as far
as the error performance of x is concerned, which is attributed to the full reflection of
the RIS at any transmission instance.

In Fig. 4.9, we compare the error performance of the RIS-QRM scheme by using dif-
ferent beamforming designs versus the SNR with N = 4, L = 4, p = 3, and 256-QAM.
The following beamforming schemes are considered for comparison: 1) the AP-user
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Figure 4.5: Error performance of different schemes versus SNR with N = 1, L = 4, and
p = 1 for RIS-QRM and RIS-RPM schemes, where the AP-user direct link is blocked,
i.e., γ3 = 0.
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Figure 4.6: BER of x and s versus SNR

channel MRT scheme where the active beamforming at the AP is steered toward the
AP-user direct path, i.e., w = hd

/
∥hd∥; 2) the strongest path MRT scheme where

the active beamforming at the AP is steered to the path of the largest channel power
gain among the cascaded channels of all groups and the AP-user direct channel, i.e.,
w = hmax

/
∥hmax∥ with hmax = argmax{∥h1∥2, . . . , ∥hL∥2, ∥hd∥2}; 3) the weakest path

MRT scheme where the active beamforming at the AP is steered toward the path of the
smallest channel power gain among the cascaded channels of all groups and the AP-
user direct channel, i.e., w = hmin

/
∥hmin∥ with hmin = argmin{∥h1∥2, . . . , ∥hL∥2, ∥hd∥2}.

We can observe that the AO algorithm significantly outperforms the other schemes,
which can be well understood by the fact that the AO algorithm can dynamically adjust
the active beamforming to strike an optimal trade-off between the signal power to the
RIS and that directly to the user. On the other hand, it is observed that the perfor-
mance of the strongest path MRT scheme is better than that of the AP-user channel
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Figure 4.7: BER of x versus SNR
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Figure 4.8: BER of s versus SNR

MRT scheme and the weakest path MRT scheme. This can be understood since the
minimum Euclidean distance between all the possible realizations of s is maximized by
maximizing the power of signal over the strongest path. In Fig. 4.12, we examine the
performance of the LC detector with I ∈ {0, 1, 2}, N = 4, L = 4, p = 3, and 256-QAM.
One can observe a significant BER improvement of the LC detector by increasing the
value of I from 0 to 1. Compared to the LC detector with I = 1, the LC detector with
I = 2 achieves nearly the same performance but with higher complexity, which implies
that the optimal I in balancing the error performance and detection complexity is 1.

We disclose the impact of p on the error performance of the RIS-QRM and RIS-
RPM schemes in Fig. 4.14, where p varies from 1 to 3 and other simulation parameters
are N = 4, L = 4, and 256-QAM. For clarity, the lower bounds are omitted. From
Fig. 4.13, we observe that the RIS-QRM scheme with p = 1 slightly outperforms that
with p = 2 in terms of the error performance of x, which can be understood by the fact
that E

{
(a+ b+ c)2 + d2

}
≥ E

{
(a+ b)2 + (c+ d)2

}
, where a, b, c, d > 0 are independent

and identically distributed random variables. In other words, the more signals are in
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Figure 4.9: Error performance of RIS-QRM using different beamforming designs versus
SNR with N = 4, L = 4, p = 3, and 256-QAM.
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Figure 4.10: BER of x and s versus SNR

phase, the greater the average received power. Moreover, the RIS-QRM scheme with
p = 3 outperforms that with p = 1 due to the AP-user direct channel, which makes the
in-phase component of the combined AP-user channel more important. As far as the
detection of s is concerned, it is observed from Fig. 4.14 that the error performance of
the RIS-QRM scheme is almost insensitive to the value of p. We point out that in the
case where there is no direct link between the AP and user, the optimal p can be 1 or
L− 1, while in the case of a direct AP-user link, the optimal p is more likely to be L− 1.
From Fig. 4.13, for p = 3, we observe a significant performance improvement of the
RIS-QRM scheme over the RIS-RPM scheme in the high SNR regime. In the low SNR
regime, on the other hand, the error performance of the RIS-QRM scheme is slightly
worse than that of the RIS-RPM scheme. This can be understood by the fact that at
low SNR, with L− p = 1, the received power contributed by the quadrature component
of the combined AP-user channel is too small to compensate for the negative impact
of the phase variations induced by the quadrature component of the combined channel
on symbol detection. We reveal the impact of κ1 on the error performance of the RIS-
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Figure 4.11: BER of x versus SNR
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Figure 4.12: Performance of low-complexity detector versus SNR with I ∈ {0, 1, 2},
N = 4, L = 4, p = 3, and 256-QAM.

QRM and RIS-RPM schemes in Fig. 4.16, where the simulation parameters are N = 4,
L = 2, p = 1, κ1 = {−30, 30} dB and 256-QAM. One interesting observation is that
the effects of κ1 on the error performance of x and on that of s are different. The
error performance of x is improved when κ1 = 30 dB, while the error performance of
s is improved when κ1 = −30 dB. This can be understood by the fact that the AP-RIS
channel is a deterministic LoS channel when κ1 = 30 dB and is a Rayleigh fading
channel when κ1 = −30 dB. The deterministic LoS channel facilitates the transmission
of x while channel variations are used to convey additional information via the reflection
modulation scheme. This observation implies that the appropriate deployment of an
RIS needs to take into account the trade-off between the error performance of x and
that of s.
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Figure 4.13: BER of x versus SNR
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Figure 4.14: Effect of p on the error performance of RIS-QRM and RIS-RPM schemes
with N = 4, L = 4, and 256-QAM.

4.6 Conclusions

In this section, we proposed the RIS-QRM scheme for simultaneous passive beam-
forming and information transfer of RIS. In particular, for the SISO setting assuming
that the direct link is blocked, a closed-form expression for the unconditional PEP of
RIS-QRM in Rician fading was derived assuming the ML detection, which was used
to calculate tight upper bounds on the average BEPs of the conventional constellation
modulation and the RIS element partition. Moreover, we proposed a low-complexity
detection method with lower performance for decoupling the joint detection of the con-
stellation symbol and the RIS element partition. Computer simulation results have
corroborated the effectiveness of RIS-QRM and validated the analytical results. In
particular, RIS-QRM was shown to be able to improve the error performance of the
additional bits delivered by the RIS without deteriorating that of the bits carried on the
constellation symbol, as compared to ON/OFF-based reflection modulation schemes.
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Figure 4.15: BER of x versus SNR

Figure 4.16: Effect of κ1 on the error performance of RIS-QRM and RIS-RPM schemes
with N = 4, L = 2, p = 1, and 256-QAM.
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Chapter 5

Performance of Reconfigurable
Intelligent Surface-Aided Links

5.1 Analytical Performance Assessment of Beamform-
ing Efficiency in Reconfigurable Intelligent Surface-
Aided Links

5.1.1 Introduction

In recent years, the dramatic increase in demand for high data rates has lead the re-
search towards unallocated high frequency bands such as the millimeter-wave (mmWave)
(30-100 GHz) and terahertz (THz) bands (0.1-10 THz) [93–97]. However, with the in-
crease of frequency the transmitted signals are expected to be more vulnerable to the
presence of obstacles (blockage), as compared to operation in the low GHz, for ex-
ample [97–99]. Therefore, at such high frequencies, it is possible that the LoS link is
blocked even at relatively short distances (in the order of a few meters), thus limiting the
practicality of the mmWave and THz bands to mainly short range and LoS scenarios.
In order to expand their use to non-line-of-sight (nLoS) scenarios, the use of RISs has
been proposed for both indoor [100–103] and more general scenarios [26,104–118].

In view of the constantly increasing volume of related works, it becomes clear that
there are several parameters that need to be taken into account in order to assess the
performance of a RIS-aided link. For example, the received power will strongly depend
on the positioning of the RIS with respect to the transmitter and receiver, and will be
affected by the RIS size and the properties of the transmitter beam. Therefore, there
is a need for a simple analytical model that can clarify the crucial bounds imposed by
the system design parameters on the link performance. In this work, in an attempt to
provide a generalized approach, the efficiency of the RIS beamforming is studied in
terms of the received power. The main contributions are summarized as follows.

• The system performance is qualitatively divided into two regimes of operation,
with respect to the RIS size relative to the footprint of the transmitter beam on the
RIS.

• For relatively small footprint, a simple analytical model is derived, providing insight
on the interplay between crucial parameters, such as the positioning of the RIS
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with respect to the transmitter and receiver, and the properties of the transmitter
beam. The model clarifies why the received power does not increase monotoni-
cally with increasing gain, but rather acquires a maximum.

• For relatively large footprint, the impact of the RIS size on the maximum received
power is demonstrated through simulations.

• The approach followed in this work provides simple guidelines for the algorithmic
design of rules for optimized performance.

5.1.2 System Model

Figure 5.1: System model. (a) Schematic of a RIS-aided link, illustrating the positions
and relative angles between the AP, RIS and UE. The RIS consists of M ×N elements
(here shown 4 × 5 = 20 elements). (b) Details on the orientation of the RIS elements
and single unit cell with schematic representation of its radiation pattern. The angle
Θt

m,n(Θ
r
m,n) denotes the elevation angle from the transmitting (receiving) antenna to the

unit cell. The angles θtm,n, ϕt
m,n (θrm,n, ϕr

m,n) denote the elevation and azimuth angles
from the unit cell to the transmitting (receiving) antenna. Along the designated direc-
tion, the normalized power radiation pattern of the unit cell, URIS, acquires the value
URIS(θ

t/r
m,n, ϕ

t/r
m,n).

A RIS-aided system model is shown in Fig. 5.1, where the RIS is centered at the
origin of the coordinate system and consists of M×N elements (unit cells), periodically
arranged along the x− and y− axes, with periodicity dx and dy respectively. The AP is
located at (xAP , yAP , zAP ) and is equipped with a highly directional antenna with tunable
beam-width. The AP illuminates the RIS, which subsequently redirects the incident
beam to the UE, located at (xUE, yUE, zUE). In this work, misalignment between the
AP and RIS or the RIS and UE is not considered, however the results can be directly
extended to account for this possibility. The power received by the UE can be calculated
using the power density, Sr, at the UE position and the effective aperture of the UE, Ar,
as:

Pr = SrAr ≡
|Er|2

2Zo

Ar, (5.1)
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where Er is the electric field at the position of the UE, Zo is the characteristic impedance
of air and Ar = Grλ2

4π
, with Gr being the antenna gain of the UE and λ the free-space

wavelength. The total electric field at the UE position is:

Er =
M∑

m=1

N∑
n=1

Em,n, (5.2)

where the contribution of the (m,n) RIS element to the total electric field is given by
[26,106]:

Em,n =
√

2ZoPtGtARISGRIS

√
U tURIS,tURIS,rU r

4πltm,nl
r
m,n

|Rm,n| exp
(
−jϕm,n

)
exp

(
−j 2π

λ
(ltm,n + lrm,n)

)
.

(5.3)

In Eq.(5.3) Pt, Gt are the transmitted power and antenna gain of the AP, respec-
tively, ARIS, GRIS are the effective aperture and antenna gain of each RIS element,
respectively, ltm,n, lrm,n are the distances between the (m,n) RIS element and the AP
and UE, respectively; Rm,n = |Rm,n| exp(−jϕm,n) is the complex reflection coefficient
introduced by the (m,n) RIS element. The normalized power radiation pattern of the
AP, UE and the RIS element is denoted by U t, U r and URIS, respectively. In particular,
U t ≡ U t(Θt

m,n,Φ
t
m,n) is the value of U t along the direction defined by the AP and the

(m,n) element, as shown in Fig. 5.1(b), with the AP targeting the center of the RIS
(origin of coordinate system). Similarly, U r ≡ U r(Θr

m,n,Φ
r
m,n) is the value of U r along

the direction defined by the UE and the (m,n) element, with the UE also targeting the
center of the RIS. Last, URIS,t/r is the value of URIS along the direction defined by the
positions of the (m,n) element and the AP/UE, as denoted with the superscript t/r,
i.e. URIS,t/r ≡ URIS(θ

t/r
m,n, ϕ

t/r
m,n). Because the RIS elements are identical, they all share

a common radiation pattern URIS = cos2θ
t/r
m,n, with θ

t/r
m,n ∈ [0, π/2] and ϕ

t/r
m,n ∈ [0, 2π]

defined with respect to the coordinate system (x′, y′, z′) [see Fig. 5.1(b), right panel].
Note that, although URIS is common to all RIS elements, the angles θt/rm,n, ϕ

t/r
m,n change

with (m,n) and, therefore, URIS,t/r depends on the coordinates of each (m,n) element.
Last, regarding the phase introduced by the RIS, it should be noted that a RIS design
that aims to redirect a beam from the AP to the UE should provide the linear phase
gradient given by [26,106]:

ϕm,n =
2π

λ
[(sin θUE cosϕUE + sin θAP cosϕAP )xm

+ (sin θUE sinϕUE + sin θAP sinϕAP )yn],
(5.4)

where xm = m × dx,m = 1, ...,M and yn = n × dy, n = 1, ..., N are the coordinates of
the (m,n) RIS element.

5.1.3 RIS Illumination Regimes: RIS Size vs. AP Beam Footprint

In a conventional LoS link, the beam travels from the AP directly to the UE with in-
creasing width –due to free-space propagation– and therefore with decreasing power
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E =

√
2Zo

2Pt

πw2
RIS

|R|2√(
1− i zB

zR

)(
1− i zB

zR cos2 θB

)

× exp

− k0
2zR

x2B + y2B
1− i zB

zR

− sin2 θB
(xB cosϕB + yB sinϕB)

2(
1− i zB

zR

)(
1 + i zR cos2 θB

zB

)
− ik0Φ

 (5.5)

density, which can be further reduced by possible atmospheric absorption and scatter-
ing. As a result, for a certain emitted beam power, the narrower the beam-width at the
UE, the higher the power density and the more the power that can be received by the
UE. However, when an intermediate re-radiating element, such as a RIS, comes into
play, this intuitive picture can change entirely. The reason is that the RIS is essentially
a secondary antenna; it is driven by the incident field from the AP and is re-emitting a
secondary beam (towards the UE), the propagation characteristics of which depend on
both the incident power density on the RIS and the illuminated area.

For highly directional antennas, as considered here, the received power will be
largely defined by the main lobe of the AP antenna, regardless of the exact radiation
pattern, which will depend on the particular design specifications. Therefore, in order to
be able to examine a simple analytical model that can capture the overall performance,
beyond the antenna’s particular characteristics, a convenient way to approximate the
main lobe of a generalized AP antenna and to introduce tunability, is to consider a
Gaussian radiation pattern (see e.g. [119]) of the form GtU

t ≡ Gtexp(−Gt

4
sin2Θt

m,n),
with Θt

m,n ∈ [0, π/2] and Φt
m,n ∈ [0, 2π] defined with respect to the coordinate system

located at (xAP , yAP , zAP ) as shown in Fig. 5.1(b), with m = 1...M, n = 1...N . With the
AP targeting the center of the RIS, the AP gain becomes maximum (equal to Gt) for the
(m,n) element located at the origin (where Ut = 1). For highly directional beams, this
form for the radiation pattern ensures that the total power radiated from the AP remains
practically constant upon beam-width change, i.e.

∫∫
(Pt/4πd

2)GtU
tdS ≈ Pt, where dS

is the elementary surface element of a sphere of radius d centered at the AP.
In this notation, low Gt means a relatively wide AP beam that can illuminate the

entire RIS; therefore, the incident power residing beyond the RIS surface cannot be
captured by the RIS, leading effectively to power loss. Intuitively, to compensate for the
lost power, Gt must be increased, in order to reduce the area of the AP beam-footprint
on the RIS and achieve the utilization of the entire AP beam. Simultaneously, the power
density of the beam will increase, as now the same incident power will be concentrated
in a smaller region on the RIS, and more power is expected to be received by the
UE, similarly to what would happen in a LoS link with increasing AP gain. However, a
smaller AP footprint will lead the secondary beam (from the RIS to the UE) to undergo
stronger spreading in air, subsequently reducing its power density and possibly leading
to the opposite result.

From this discussion, it becomes apparent that, besides the incident power density,
the size of the RIS illuminated area plays a decisive role on the overall performance
of the RIS-aided link and, therefore, the trade-off between the RIS size, AP beam-
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Figure 5.2: Schematic representation of RIS-aided beam steering. (a) The AP illumi-
nates the RIS producing a Gaussian footprint of radius wRIS and peak power density
2Pt/πw

2
RIS [see Eq.(5.6)]. (b) The incident beam is reflected by the RIS and propagates

as a tilted Gaussian beam along the direction defined by the angles θB, ϕB. The non-
orthogonal local beam coordinate system follows the beam as it propagates; zB is the
origin location along the propagation direction and the transverse coordinates, xB and
yB, lie on a plane parallel to the x, y- plane.

width and AP power density, can lead to unexpected results with respect to the power
received by the UE. To study this trade-off, two regimes of operation can be identified
with respect to the RIS size. On the one hand, for relatively low Gt, the AP beam
illuminates the entire RIS and, therefore, the footprint of the secondary beam does not
depend on the AP beam width, rather it is determined by the actual area of the RIS
(the effective aperture of the RIS is determined by the finite area of the RIS); we refer
to this case as finite RIS regime. On the other hand, for relatively high Gt, the AP beam
illuminates only a portion of the RIS and, therefore, the width of the secondary beam
on the RIS is defined entirely by the AP beam footpint, i.e., the actual RIS size does
not matter (the effective aperture of the RIS is determined by the AP beam footprint);
in this case, the AP beam sees an effectively infinite RIS and we refer to this case as
infinite RIS regime.

5.1.4 Infinite RIS Regime

When the entire AP beam is captured by the RIS, we can follow an alternative approach
to model the RIS-aided link; we can leave aside the discrete nature of the RIS and treat
it as a continuous surface, i.e. we can treat the beam as a continuous distribution. The
advantage of this approach over the summation given by Eq.(5.2), is that the electric
field at the position of the UE can be expressed in a simple closed form, enabling
the derivation of analytical expressions that provide insight to the RIS operation. The
starting point in this approach is to identify the properties of the AP footprint on the RIS.
First, a beam of total power Pt illuminates the RIS, as illustrated schematically in Fig.
5.2(a). For a Gaussian beam, as considered here, the AP footprint on the RIS is also
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Gaussian with radius wRIS and power density:

Sinc
RIS =

2Pt

πw2
RIS

exp

(
−2

x2 + y2

w2
RIS

)
. (5.6)

Next, the AP footprint is reflected by the RIS and propagates as a tilted Gaussian beam
along the direction defined by the angles θB, ϕB as shown in Fig. 5.2(b). The non-
orthogonal local beam coordinate system follows the beam as it propagates; its origin is
located at distance zB from the center of the RIS along the beam propagation direction,
and the transverse coordinates, xB and yB, lie on a plane parallel to the x, y- plane. Due
to non-ideal reflection from the RIS, the power density of the reflected beam exactly at
the RIS plane is Sinc

RIS|R|2, where R ≡ |Rm,n| is the amplitude of the common reflection
coefficient of all RIS elements. Then, following a procedure as in [120], the electric field
of the tilted beam produced by such a Gaussian footprint is given by Eq.(5.5), where
zR is the Rayleigh length, k0 = 2π

λ
is the free-space wavenumber, and:

xB = x− zB sin θB cosϕB

yB = y − zB sin θB sinϕB (5.7)
zB = z/ cos θB.

The term Φ expresses the phase advance of the redirected beam and is given by:
Φ = xB sin θB cosϕB + yB sin θB sinϕB + zB. For θB = θUE, ϕB = ϕUE the RIS steers the
beam towards the UE and, therefore, exactly at the UE position (xUE,yUE,zUE) where
xB = 0, yB = 0 and zB = dUE, the power density at the UE is simply given with the aid
of Eq.(5.5) by:

Sinf
r =

2Pt

πw2
RIS

|R|2√√√√(1 + d2UE

z2R

)(
1 +

d2UE

z2R cos4 θUE

) , (5.8)

where the superscript inf emphasizes the fact that the result of Eq. (5.8) derives from
the continuous approach in the infinite RIS regime. Then, the power collected by the
UE is P inf

r = Sinf
r Ar, where Ar is the UE effective aperture introduced in Eq. (5.1).

The denominator of Eq. (5.8) implies that what is of importance is the RIS-UE
distance (dUE) relative to the Rayleigh length zR, which is a function of wRIS and the
wavelength (see Appendix 5.1.8 for details):

zR =
k0w

2
RIS

2
≡ 4k0d

2
AP

Gt

. (5.9)

In the limit dUE/zR ≪ 1, Eq. (5.8) acquires a simple form:

dUE ≪ zR : P inf
r = Ar|R|2

2Pt

λ

1

zR
, (5.10)

i.e. P inf
r ∼ Gt [see Eq. (5.9)], as in typical LoS links. However, in the other extreme:

dUE ≫ zR : P inf
r = Ar|R|2

2Pt

λ

cos2 θUE

d2UE

zR, (5.11)
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i.e. P inf
r ∼ 1/Gt, which means that P inf

r decreases with increasing Gt, contrary to what
might be intuitively expected, as in the previous case. The two limits imply that there
should be a maximum P inf

r for some value of Gt, which can be found by differentiating
Eq. (5.8) with respect to zR. The maximum power received by the UE is:

max(P inf
r ) = Ar|R|2

2Pt

λdUE

cos2 θUE

1 + cos2 θUE

(5.12)

and occurs when:

zR cos θUE = dUE. (5.13)

Interestingly, the maximum P inf
r does not depend on the position of the AP. This is

a direct consequence of the fact that the RIS size is much larger than the AP beam
footprint and, hence, the latter can be tuned without limitation. Furthermore, because
the Rayleigh length zR is the distance denoting the transition from the near-field to the
far-field of the beam, the result of Eq. (5.13) dictates that the maximum P inf

r occurs
when the UE resides in the vicinity of this transition. In essence, a change in Gt, the
gain of the AP, modifies the relative distance zR with respect to the position of the UE
[see Eq. (5.9)]. By increasing Gt, wRIS decreases, in turn reducing the distance zR and
effectively transferring the UE from the near- to the far-field of the beam. Therefore,
relatively low Gt essentially means that dUE < zR and increasing Gt will increase P inf

r

[see Eq.(5.10)] until the maximum P inf
r is reached [Eq. (5.12)]. Further increase in Gt

will lead to dUE > zR and to gradual reduction of P inf
r [see Eq.(5.11)]. The necessary

AP gain to reach the maximum P inf
r can be derived from Eq. (5.13) with the aid of Eq.

(5.9) as:

Ginf
t = 4k0 cos θUE

d2AP

dUE

. (5.14)

To demonstrate the above, a D-band in-door scenario is considered. The operating
frequency is 150 GHz and the AP is placed at distance dAP = 1 m from the RIS with
θAP = 0o, while the UE is placed at dUE = 2 m with θUE = 20o [see Fig. 5.1]. The
AP, RIS and UE are all on the plane y = 0, i.e. ϕAP = 180o and ϕUE = 0o. The AP
transmits a beam of tunable gain, Gt, and constant power Pt = 1 W, while the UE
gain, Gr, is 20 dB. For a theoretically infinite RIS, the power received by the UE is
found using Eq.(5.8) with the aid of Eq.(5.9) and is shown in Fig. 5.3(a), as a function
of the AP gain, Gt. The equivalent numerical calculation using the discrete model of
Eq.(5.3) is also shown, verifying the theoretically expected power levels. To account for
the theoretically infinite RIS in the numerical model, a panel with 1200× 1200 elements
of size dx = dy = λ/5 has been considered. For the AP-RIS distance and AP gain
levels used in this example, this size is adequate for the RIS to essentially capture
the entire AP beam and operate as an effectively infinite panel. In the same Figure,
Eq.(5.10) and Eq.(5.11) are shown as dashed lines, marking the asymptotic behavior
of the communication link in the limit of relatively low and high AP gain. Essentially, the
asymptotes serve as an upper threshold for the received power when the link resides
in the infinite RIS regime. The vertical dashed line marks the AP gain that provides
the maximum power at the UE and is extended to Fig. 5.3(b), to emphasize that this
is in agreement with Ginf

t as predicted by Eq. (5.14), which results from the crossing
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Figure 5.3: RIS-aided link in the infinite RIS regime. (a) Power received by the UE,
Pr, as a function of the AP gain, Gt, for an infinitely large RIS (dashed line) and a RIS
with M = N = 1200 (solid line). (b) Graphic solution of Eq. (5.13), marking Ginf

t , the
AP gain that maximizes the received power. The transmitted power is Pt = 1 W, the
UE gain Gr = 20 dB and the AP, RIS and UE lie on the same plane with dAP = 1 m,
θAP = 0o and dUE = 2 m, θUE = 20o.

of zR cos θUE with dUE [graphic solution of Eq.(5.13)] and marks the transition from the
near- to the far- field of the beam.

In Fig. 5.4 further examples for variable AP and UE positions are presented. In Fig.
5.4(a), the AP is at the position previously examined in Fig. 5.3 and the UE position
is scanned along the direction θUE = 20o. For high AP gain (dUE ≫ zR) the pathloss
increases with increasing dUE and the received power P inf

r decreases, as intuitively
expected and also predicted by Eq. (5.11). For low AP gain (dUE ≪ zR), however,
the received power is independent of the UE position, as also captured by Eq. (5.10);
this is a direct consequence of the fact that, because the beam propagation is deeply
in the near-field, the peak power of the secondary beam is practically constant and
the pathloss is therefore similar for all examined cases. Furthermore, with increasing
distance, dUE, the maximum received power drops and moves to lower AP gain, as
predicted by Eqs. (5.12),(5.14). Physically, this means larger AP footprint, i.e. weaker
beam spreading and higher power density at the UE, thus compensating for the in-
creased pathloss at the UE that is placed at larger distances from the RIS. In Fig.
5.4(b) the UE is at the position previously examined in Fig. 5.3 and the AP position is
scanned along the direction θAP = 0o. In this case, the maximum received power is
independent of the position of the AP [see Eq. (5.12)] and undergoes a shift towards
higher AP gain with increasing dAP [see Eq. (5.14)]. The reason is that, while an in-
creasing AP-RIS distance leads to an increasing AP footprint and lower power density,
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with higher AP gain, the same power levels can be restored at a fixed UE position, as
demonstrated here. In essence, in the infinite RIS regime, there is always a combina-
tion of AP-RIS distance and AP gain that can lead to practically the same power at the
UE. This does not hold always, as we will show next, when the finite RIS size comes
into play.

Figure 5.4: Received power, Pr, vs AP gain, Gt, for a RIS-aided link residing in the
infinite RIS regime, with a RIS of M = N = 1200 elements. (a) Variable RIS-UE
distance, dUE, along the direction θUE = 20o with fixed AP position (dAP =1 m, θAP =
0o). (b) Variable RIS-AP distance, dAP , along the direction θAP = 0o with fixed UE
position (dUE =2 m, θUE = 20o). The AP, RIS and UE lie on the same plane, the
transmitted power is Pt = 1 W and the UE gain is GUE = 20 dB.

Figure 5.5: Effect of finite RIS size on the AP power received by the RIS. (a) Variable
RIS size under constant AP gain (GAP = 40 dB). (b) Variable AP gain under constant
RIS size (M = N = 100 elements). The shading denotes that, with increasing AP gain,
the communication link gradually enters the infinite RIS regime.

5.1.5 Impact of Finite RIS Size: From Pencil Beams to Wide Beams
and Full RIS Coverage

Infinitely large RIS does not necessarily imply an actually infinite surface. In practice,
it suffices to have a finite-size RIS that is large enough, so that the incident beam
is captured entirely by the RIS surface and further increase in the RIS size does not
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impose any change on the propagation properties of the re-directed beam. Therefore,
a direct way to quantify the RIS size is via the percentage of the incident power that is
collected by the RIS, as shown in Fig. 5.5. Clearly, by increasing either the RIS size
with fixed AP gain [panel (a)] or the AP gain with fixed RIS size [panel (b)], the power
received by the RIS increases until the entire beam is captured. At this limit, the total
power captured by the RIS reaches 100% of the incident power and the communication
link enters the regime of infinitely large RIS.

Figure 5.6: Impact of finite RIS size on received power. (a) Received power, Pr, (b)
graphic solution of Eq. (5.13), and (c) power received by the RIS, vs AP gain, Gt, for
a RIS with M = N = 50, 100 and 1200 elements. The transmitted power is Pt = 1 W,
the UE gain Gr = 20 dB and the AP, RIS and UE lie on the same plane with dAP = 1 m,
θAP = 0o and dUE = 2 m, θUE = 20o.

To demonstrate the effect of the finite RIS size, the scenario of Fig. 5.3 is re-
examined in Fig. 5.6 under variable RIS size. Fig. 5.6(a) shows the received power
versus the AP gain, Gt, Fig. 5.6(b) shows graphically the solution of Eq. (5.13), which
predicts the AP gain for maximum Pr in the infinite RIS regime and Fig. 5.6(c) shows
the transition from the finite to the infinite RIS regime by means of the percentage of
the Pt power that is collected by the RIS, as a function of the AP gain. Starting with
a large RIS of M = N = 1200 elements, the system clearly resides in the infinite RIS
regime, as can be identified in Fig. 5.6(c). As a result, the numerically calculated power
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shown in Fig. 5.6(a) agrees with the theoretically expected for the infinite RIS, and the
maximum received power marked with the cyan dashed line in Fig. 5.6(b) is located
at the position predicted by Eqs. (5.12),(5.14). With decreasing RIS size the system
enters the finite RIS regime as can be identified in Fig. 5.6(c), with implications on
the power received by the UE. For low AP gain, the received power decreases with
decreasing RIS size [Fig. 5.6(a)], as the amount of Pt captured by the RIS is reduced.
For high AP gain, on the other hand, the received power is independent of the RIS
size as the footprint of the AP beam on the RIS is always smaller than the RIS size
(for the examples considered here) and, therefore, the propagation properties of the
secondary beam are not affected by the RIS size. Furthermore, with decreasing RIS
size, higher AP gain is required to reach the maximum Pr. This is a direct consequence
of the fact that the finite RIS size truncates the incident power and, to compensate for
the lost power, the AP footprint must become smaller, so that the entire incident power
can be captured by the RIS. Interestingly, the AP gain that restores the power lost due
to the finite RIS size is the gain that transfers the system to the infinite RIS regime, i.e.
where the power received by the RIS approaches 100% of Pt. Further increase in the
AP gain will result in no further power compensation, but to a smaller AP footprint and,
therefore, stronger beam spreading and lower power density at the UE.

Last, the example of a UE with variable position -previously studied in Fig. 5.4(a)
for an infinitely large RIS- is now examined in Fig. 5.7 for a small RIS consisting of
80× 80 elements. Here, in contrast to the infinitely large RIS case, the received power
drops with increasing AP-RIS distance, regardless of the AP gain and the maximum
Pr occurs for the same AP gain [panel (a)]. In accordance with the behavior observed
in Fig. 5.6, this is a direct consequence of the fact that, in all cases examined, the
theoretically expected AP gain that marks the maximum Pr [panel (b)] is located at
lower AP gain levels than the gain that marks the transition from the infinite to the finite
RIS regime [panel (c)]. In other words, the power loss from the AP footprint on the RIS
due to the finite (relatively small) RIS size dominates, leading to this more intuitive and
typical performance.

5.1.6 Example Algorithm for the Optimization of the Received Power
at a Moving UE

In a communication environment, where the AP beam properties and the RIS opera-
tion are tuned according to the UE requirements, there is a need for simple algorithmic
description of the possible decisions that have to be made in order to maximize certain
key performance indicators (KPIs). With the analysis presented in this work, the di-
mensionality of the multi-parameter communication space reduces to a few quantities,
such as the size of the RIS and the gain of the AP. Then, depending of the KPIs of the
particular link, decisions can be made based on these quantities.

For example, in a link where the power received by the UE must be maximized, the
entire problem can be expressed in terms of two parameters only, namely Ginf

t [given
by Eq. (5.14)] and the gain that marks the transition from the finite to the infinite RIS
regime, which we denote here as GM×N

t (the superscript emphasizes the dependence
on the RIS size). From the examples of Fig. 5.6 and Fig. 5.7 it becomes apparent that
if GM×N

t > Ginf
t , then Gt ≡ GM×N

t , while if GM×N
t < Ginf

t , then Gt ≡ Ginf
t . A simple

algorithm is shown in the flow chart of Fig. 5.8(a), where GM×N
t is calculated only once
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Figure 5.7: RIS-aided link residing in the finite RIS regime, with a RIS of M = N = 80
elements. (a) Received power, Pr, (b) graphic solution of Eq. (5.13), and (c) power
received by the RIS, vs AP gain, Gt, for variable UE positions along the direction θUE =
20o. The transmitted power is Pt = 1 W, the UE gain is GUE = 20 dB and the AP, RIS
and UE lie on the same plane, with the AP position fixed (dAP =1 m, θAP = 0o).

in the beginning and Ginf
t is evaluated in real-time, as the UE moves. Another example

is when the RIS can be separated in independent blocks, to serve multiple users. In this
case GM×N

t can be calculated a priory for the entire RIS and each block individually,
and be compared with Ginf

t in a similar manner, as shown in the example of Fig. 5.8(a).

As an implementation of the algorithm shown in Fig. 5.8(a), a scenario of a moving
UE is demonstrated in Fig. 5.8(b). As the UE moves, the algorithm decides on the AP
antenna gain that optimizes the received power at the UE, leading to an overall stronger
reception as compared to the power received under constant AP antenna gain. In this
example, two cases of constant gain are shown (45 and 50 dB), and the optimized gain
for each UE position is shown in the color bar. The size of the RIS is 500×500 elements,
the AP is located at θAP = 0o and dAP = 2 m, while θUE = 20o and dUE ranges from 0.1
to 3 m.
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Figure 5.8: Example algorithm for the optimization of the received power at the UE. (a)
Flow chart and (b) implementation of algorithm for a RIS of 500×500 elements, with the
UE moving along the line with θUE = 20o and the AP located at θAP = 0o and dAP = 2 m.
Ginf

t depends on both the AP-RIS and RIS-UE distance and is evaluated when a UE
movement is detected. GM×N

t depends only on the AP-RIS distance and the RIS size
and is, therefore, evaluated only once. For comparison, two examples with constant
gain are also shown.

5.1.7 Conclusion

The successful adoption of RISs in future wireless systems is highly dependent on
crucial choices for the optimal RIS placement and the efficient transceiver design. In
turn, these choices are closely related to certain design parameters that need to be
taken into account when designing a RIS-aided link. In this work, the interplay between
the RIS size and the properties of the transmitter beam was investigated in terms of
the RIS beamforming efficiency. The study revealed that, even for infinitely large RIS,
the increase of the transmitter gain does not always guarantee increased power at the
receiver, rather there is a maximum, which is further affected by the finite RIS size.
The performance of the RIS-aided link was evaluated as a function of the AP gain,
revealing two distinct operation regimes, with respect to whether the size of the AP
beam footprint is larger or smaller than the RIS area, termed here as finite RIS regime
and infinite RIS regime, respectively. In the infinite RIS regime, an analytical model
was presented, predicting the maximum received power and providing insight on the
underlying mechanism. The theoretically expected performance was also verified by
numerical examples of typical in-door scenarios, elucidating the role of variable RIS
size, AP-RIS distance and RIS-UE distance.

5.1.8 Appendix

The footprint of the AP beam on the RIS given by Eq. (5.6), can be written as:

Sinc
RIS =

2Pt

πw2
RIS

Ut, (5.15)
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with

Ut = exp

(
−2

x2 + y2

w2
RIS

)
(5.16)

expressing the AP radiation pattern at distance ∼ dAP , where the RIS is located. The
power density of Eq. (5.15) can be alternatively expressed in terms of Gt, the AP gain,
as:

Sinc
RIS = GtUt

Pt

4πd2
, (5.17)

where d is the radius of the sphere centered at the AP, and for pencil beams d ∼ dAP .
From Eq. (5.15) and Eq. (5.17) we find:

Gt = 8

(
dAP

wRIS

)2

. (5.18)

The result of Eq. (5.18) is used in Eq. (5.9) of the main text, to express zR in terms of
Gt. Additionally, the radiation pattern given by Eq. (5.16) can be simplified using the
result of Eq. (5.18) and the approximation

√
x2 + y2 ∼ dAP sin θ, leading to:

Ut = exp

(
−2

d2AP sin2 θ

w2
RIS

)
= exp

(
−Gt

4
sin2 θ

)
, (5.19)

where θ corresponds to the angle Θt
m,n shown in Fig. 5.1 and explained in the relevant

text.

5.2 An Analytical Framework for Reconfigurable Intel-
ligent Surfaces Placement in a Mobile User Envi-
ronment

5.2.1 Introduction

Depending on the RIS placement with respect to the AP and UE positions, different
power levels can reach the UE, thus affecting the quality of the communication. In
most works [110,115,117,121–126], the RIS placement is based on maximizing the cell
coverage, the SNR (worst-case or not), the SINR, the minimum user data rate, and the
minimization of the blockage probability in both the AP-RIS and RIS-UE links, however
with a fixed antenna gain on the transmitter. In this work, the optimal RIS placement
in a mobile user environment is studied on the basis of the interplay between three
crucial quantities, namely (a) the available AP gain, (b) the available positions for the
AP and RIS placement, and (c) the minimum desired power levels at the UE. With the
use of the analytical model derived previously in [127] the possibilities for both tunable
and non-tunable AP antenna gain are examined. The optimal RIS placement for a
fixed UE position is identified, whereas for the mobile UE case a multiplicity of RIS
placement solutions is shown to exist. The study is demonstrated through simulations
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Figure 5.9: System model. (a) Schematic of a RIS-aided link, illustrating the positions
and relative angles between the AP, RIS and UE. The red rectangles represent the RIS
elements (here shown 4 × 5 = 20 elements). (b) Example configuration in a typical in-
door scenario. The AP, RIS and UE positions are marked with the blue cross, black dot
and yellow box, respectively. A blocker interrupts the line-of-sight connection between
the AP and UE (dashed line) and the communication link is restored via the RIS (solid
lines).

for an indoor scenario, specifically a rectangular room, where a range of locations for
the AP and the RIS are tested for several power thresholds. The results demonstrate
that the optimal RIS placement relies on the AP antenna gain tunability and, as with
tunable antennas there is always an optimized AP gain that maximizes the received
power, the difference in the power delivered to the UE with using the optimized versus
non-optimized AP antenna gain is also examined. The results provide insight into the
parameters that play a crucial role for the optimal selection of the AP antenna gain and
the RIS placement.

5.2.2 System Model

A RIS-aided system model is shown in Fig. 5.9(a), where the RIS is centered at the
origin of the local coordinate system (with the RIS as frame of reference) and the red-
colored rectangles represent the RIS elements (or unit cells), which are periodically
repeated along x− and y− directions. The AP is located at distance dAP from the RIS
center, with elevation angle θAP and azimuth angle ϕAP , as seen by the RIS. The AP,
which is equipped with a highly directional antenna with tunable beam-width, illumi-
nates the RIS, which subsequently redirects the incident beam to any desired direc-
tion. Typically, the RIS elements are adjusted appropriately so that the incident beam
is redirected towards the UE, which is located at distance dUE from the RIS center, with
elevation angle θUE and azimuth angle ϕUE, as seen by the RIS. The flat surface of the
RIS makes it ideal for placement on a wall, as shown schematically in Fig. 5.9(b).

The power received by the UE can be calculated by Eq. (5.1), using the power
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density, Sr, at the UE position and the effective aperture of the UE, Ar. To calculate
Sr, the contribution from each unit cell to the total electric field at the UE position is
required, leading to an E-field summation over all unit cells, as adopted in several
works [26, 106]. Alternatively, due to the sub-wavelength nature of the RIS elements
(usually in the order of λ/5 or less), the RIS can be treated as a continuous surface,
i.e. the beam can be considered as a continuous distribution. The advantage of this
approach over the E-field summation is that the electric field at the position of the
UE can be expressed in a simple closed form, enabling the derivation of analytical
expressions that provide insight to the operation of the RIS. For relatively wide beams
it is possible that only a fraction of the incident beam is captured by the RIS, thus
altering its shape when impinging on the RIS. On the other hand, for pencil beams
produced by highly directional antennas, the entire AP beam is captured by the RIS,
and the beam from the AP to the UE can be therefore described entirely by the same
continuous distribution. Using a Gaussian distribution to describe the main lobe of the
AP antenna, in the previous section it was shown that, in the absence of misalignment
between the RIS beam and AP antenna, the power density at the UE is given by:

Sr =

2Pt

λzR
|R|2√√√√(1 + d2UE

z2R

)(
1 +

d2UE

z2R cos4 θUE

) . (5.20)

In this expression |R| is the common reflection amplitude of all RIS elements and zR
is the Rayleigh length, which can be expressed in terms of k0 = 2π

λ
, the free-space

wavenumber, and Gt, the AP antenna gain, by Eq. (5.9). Using Eqs.(5.1),(5.20), one
can calculate the power received by the UE, e.g. for the typical case where the AP
and RIS are at specific positions and the UE is mobile. Alternatively, if there are sev-
eral available positions for the RIS, one might want to assess the RIS placement that
maximizes the received power at the UE, for a certain UE position. In general, this will
depend on several parameters, including the available space for the RIS placement.

As an example, in Fig. 5.10, a D-band in-door scenario is considered. The operating
frequency is 150 GHz and the AP (marked with the blue cross) is placed at the corner of
a 4× 5 m2 rectangular room; the RIS can be placed anywhere at the top wall, which is
located at z = 4 m in the global coordinate system (with the room as frame of reference)
shown in Fig. 5.10(a). The AP transmits a beam of tunable gain, Gt, and constant
power Pt = 1 W, and the UE gain, Gr, is 20 dB. The position of the UE is marked with
the yellow square and all elements (AP, RIS, UE) are on the xz-plane, which coincides
with the xz-plane of the local coordinate system of the RIS, i.e. sinϕAP = sinϕUE = 0.
The line-of-sight path (dashed line) is interrupted by a blocker and is restored via the
RIS. The solid lines denote the propagation path from the AP to the UE for each of the
four RIS positions shown here and correspond to a total distance of dAP + dUE. The
power received by the UE for the four selected RIS positions is shown in Fig. 5.10(b) as
a function of the AP gain, Gt. Clearly, with a tunable AP antenna, Pr is maximized when
the UE is exactly in front of the RIS, i.e. for θUE = 0. Indeed, by scanning consecutive
RIS positions along the entire available space given by the top wall, it is found that
the optimal RIS placement is located at x = 3 m (purple dot). If the antenna is non-
tunable, i.e. provides a predefined fixed gain, the same conclusion practically holds for
relatively high Gt (relatively narrow beams), as can be identified in the high gain region
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of Fig. 5.10(b). Interestingly, if the AP antenna beam is relatively wide (low Gt), the
calculations reveal that placing the RIS closer to the AP is beneficial over pursuing its
placement closer to the UE; this can already be identified in the low gain region of Fig.
5.10(b).

Figure 5.10: Study of RIS placement in an indoor scenario. (a) Configuration, showing
a 4×5 m2 room with the AP and UE at fixed positions, where the top wall is available for
the RIS placement. The dashed line shows the line-of-sight path which is interrupted
by a blocker. The solid lines denote the restored propagation path from the AP to the
UE for variable RIS positions. (b) Power received by the UE as a function of the AP
antenna gain (Gt), for the four selected RIS positions shown in (a).

5.2.3 Optimal RIS Placement for Mobile UE

The example of Fig. 5.10 demonstrates how the analytical model presented in this work
can be used to locate the optimal RIS placement when the UE is immobile. However,
if the user is mobile, different UE positions will lead to the requirement for different
RIS placement and, due to the numerous possibilities, it becomes apparent that the
complexity of the problem can increase significantly.

A straightforward way to address this challenge is by scanning the available posi-
tions for the RIS as a function of the UE location within the expected region of mobility.
By imposing a threshold for the minimum acceptable power received by the UE, the
parametric scan will yield position ranges instead of isolated points at specific walls.
Under the discrete approach adopted in other works [26,106] this may lead to increas-
ingly long calculation times, because the E−field must be calculated at the UE as a
sum over all RIS elements; and this must be repeated for every UE and RIS position.
Importantly, the calculation complexity can increase severely for a tunable AP antenna,
if the problem must be solved repeatedly as a function of the AP gain. However, with
the analytical model presented in this work, the calculation complexity is limited to only
the extent of the spatial discretization for the possible RIS and UE positions.

Optimized AP Antenna Gain

When the AP antenna is tunable, there is always a maximum in the received power, as
shown in Fig. 5.10(b) and explained in detail in [127]. Therefore, the decision for the
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optimal RIS placement will be the outcome of the comparison among all such maxima
for the various RIS and UE positions. The maximum received power can be calculated
directly from Eq.(5.20) by differentiating with respect to zR and is given by the result of
Eq. (5.12), which we repeat here for convenience:

Pmax
r = Ar|R|2

2Pt

λdUE

cos2 θUE

1 + cos2 θUE

. (5.21)

The required gain to achieve this maximum is referred to as optimized gain. Using
the result of Eq.(5.21), the example of Fig. 5.10 can be revisited with the UE moving
freely within the 4 × 5 m2 area. For each possible UE and RIS position, the maximum
received power is calculated using Eq.(5.21) and is compared with a desired threshold.
The RIS positions that can deliver power above the threshold for all UE positions within
the designated area (except for a 0.25 m margin from the walls) are marked with a black
dot, yielding regions for the RIS placement as shown in Fig. 5.11, the extent of which
depends strongly on the imposed threshold. For example, in Fig. 5.11(a), top row,
where the AP is placed at the bottom left corner, the threshold is set to −10 dBm. Due
to the particular AP placement, the RIS cannot be illuminated by the AP if placed on the
left or bottom wall and, therefore, the solutions appear only for the top and right wall.
In Fig. 5.11(b), top row, the threshold is reduced to −7.5 dBm, leaving only the right

Figure 5.11: Optimal RIS placement for mobile UE, and optimized AP antenna gain.
The black dots mark the available positions for placing the RIS, which guarantee that
the minimum power received by the UE is at least (a) −10 dBm, (b) −7.5 dBm, and (c)
−5 dBm. The UE is free to move within the 4×5 m2 area designated by each rectangle,
and the blue cross marks the position of the AP.

wall for the RIS placement, with a narrower available region. Finally, in Fig. 5.11(c),
top row, the threshold is set to −5 dBm, leaving only one position on the right wall.
With further increase in the threshold, no available positions are found; on the other
hand, with decreasing the threshold below the values shown here, it is found that the
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entire top and right walls become available for the RIS when the threshold drops below
approximately −18 dBm. Similar conclusions can be drawn from the rest panels in Fig.
5.11, where the AP is placed in the middle of the left wall (second row), in the middle
of the bottom wall (third row), and in the middle of the room (last row).

Non-Optimized AP Antenna gain

When the AP antenna gain is not tunable, the received power can be calculated with
Eqs.(??-??), using the specific value of Gt. with the positions shown in Fig. 5.11(c),
i.e. those found using a tunable antenna. For the configurations examined in Fig. 5.11,
the optimal RIS placement under constant AP gain is found in several cases to agree
with the positions shown in Fig. 5.11(c), i.e. those found using a tunable antenna. The
thresholds, however, that determine the solutions are in general lower than those of the
tunable antenna and depend strongly on the value of Gt. This means that, while the
RIS position that maximizes the received power can always be located in the middle of
the right or left wall, for example, the maximum received power will depend on the AP
antenna gain.

Apparently, the received power cannot exceed the maximum power given by Eq.(5.21),
which is achieved with the optimized gain. To estimate the power improvement achieved
with optimized versus non-optimized AP antenna gain, the difference in the received
power between the two cases is shown in Fig. 5.12 for the AP and RIS positions
marked with the blue cross and black dot, respectively. Non-optimized gain refers to the
constant (non-tunable) AP gain that consequently cannot satisfy the maximum power
given by Eq.(5.21), and in the examples shown here is 40 dB [Fig. 5.12(a)], 50 dB [Fig.
5.12(b)] and 60 dB [Fig. 5.12(c)]. The results show that, overall, the use of tunable AP
antenna is advantageous. In particular, compared to relatively wide beams (low Gt) as
shown in Fig. 5.12(a), the power difference increases at UE locations close to the RIS
and towards small θUE angles. Compared to beams of higher gain, the UE locations of
increased power difference shrinks in the vicinity of the RIS [Fig. 5.12(b)], until for high
gain (relatively narrow beams), the picture changes entirely and the received power
difference increases as the UE moves away from the RIS [Fig. 5.12(c)]. Hence, from
the perspective of the non-tunable AP antenna, these results provide guidance with
respect to the choice for the constant AP gain: if the UE is mainly located relatively far
from the RIS, the optimized performance can be approached with a relatively low AP
gain [Fig. 5.12(a)], while in the opposite case where the UE is mainly located relatively
close to the RIS, a relatively high AP gain is more suitable [Fig. 5.12(c)].

5.2.4 Conclusion

In this work, the optimal RIS placement was studied on the basis of the available AP
gain, the available positions for the AP and RIS placement, and the minimum desired
power levels at the UE. With the use of an analytical model the possibilities for both
tunable and non-tunable AP antenna gain were examined in a mobile user environ-
ment. The optimal RIS placement for a fixed UE position was identified, whereas for
the mobile UE case a multiplicity of RIS placement solutions was shown to exist. It was
demonstrated that the optimal RIS placement relies on the AP antenna gain tunabil-
ity. The results illustrate that increasing the AP antenna gain does not guarantee an
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Figure 5.12: Difference in the received power between optimized and fixed AP antenna
gain, the latter being (a) 40 dB, (b) 50 dB, and (c) 60 dB. The blue cross marks the
position of the AP and the black dot marks the RIS position, which is chosen to imple-
ment the optimal placement shown in Fig. 5.11. In (a) the maximum power difference
reaches 18 dB, however the color map has been saturated to 10 dB to emphasize the
contrast with cases (b) and (c).

increase in received power and provide guidelines for the optimal selection of the AP
antenna gain and the RIS placement.

Page 88



H2020-2018-2020, ICT – ARIADNE (GA ID: 871464)
D2.3: Final Results in Directional Links Analysis,

and Algorithm Design

Conclusions of D2.3

This deliverable appends on the results given in D2.1 by giving further analysis and
beamforming algorithms for RIS-enabled communication links. Chapter 1 went through
the various HW imperfections and their modelling. Chapter 2 analysed the achievable
gain of the RIS as a function of the center frequency, size of the RIS, and distance.
It was shown that the performance of the RIS in some situations can be very low,
but also very high if the distance to and out of the RIS is small and the RIS is large.
Chapter 3 considered the RPM scheme for the dual-use of passive beamforming and
information transfer of the RIS. It was shown that the proposed RIS-RPM scheme was
able to improve the achievable rate performance despite the loss in received signal
power as compared to the conventional RIS-assisted system. Chapter 4 proposed
a RIS quadrature reflection modulation (RIS-QRM) scheme for simultaneous passive
beamforming and information transfer of RIS. The RIS-QRM was shown to be able
to improve the error performance of the additional bits delivered by the RIS without
deteriorating that of the bits carried on the constellation symbol. Finally, Chapter 5
looked into the optimal RIS placement based on the AP gain, the placement of the
AP and RIS, and the minimum desired power levels at the UE. It was shown that the
optimal RIS placement relies on the AP antenna gain tunability. The results illustrated
that increasing the AP antenna gain does not guarantee an increase in received power
and the chapter provided guidelines for the optimal selection of the AP antenna gain
and the RIS placement.

Putting together all the results from D2.1 and D2.3, we have a very comprehen-
sive look into directional communication links in Task 2.1. These results produced in
T2.1 can be further utilized (and have been utilized) in the other work packages and
tasks of ARIADNE. The most notable of those include the machine learning works in
WP4 and system performance assessments in WP1. Especially the system perfor-
mance assessments in T1.3 benefit from the works in these deliverables and gives the
link level modelling herein a context within ARIADNE use cases and scenarios. The
beamforming models with and without RIS, the HW imperfection models, as well as
the network node placement analysis combined with link models from D1.2 give a very
wide range of tools not only for the system level evaluations in T1.3, but also for WP4
for the machine learning algorithms. All these aspects are required for successful ARI-
ADNE system level evaluations that determine the performance of the use cases and
scenarios of interest for this project. Furthermore, even with the increasing research
interests on +100 GHz communications and various aspects therein, the specific re-
search problems at high frequency communications require a lot more research in and
outside of the ARIADNE project. As a whole, the results presented herein and in ARI-
ADNE project in general add to the body of knowledge and are very useful for various
research groups and companies across Europe and the world.
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