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Abstract 

In this deliverable, we summarize the intermediate results of Task 6.2 on Sustainable RIS 
Solutions Design for EE, EMFEU and SSE and Task 6.3 on assessment methods of EE, 
EMFEU and SSE Improvements. 
We present eight solutions and innovations to boost the EE, EMFEU or SSE metrics and three 
new models to assess these metrics. Final results will be provided in the upcoming deliverable 
D6.3. 
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1 Introduction 

RISE-6G is a 5G-PPP project funded by the European Commission under the H2020 
framework. The project’s vision hinges on the latest advances on reconfigurable intelligent 
surfaces (RISs) technology for radio wave propagation control, with the aim of improving this 
technology, and conceiving sustainable, programmable, and goal-oriented wireless 
environments. The main objectives of RISE-6G are: (i) the definition of novel architectures and 
control strategies incorporating multiple RISs; (ii) the study of the fundamental limits of the RIS 
technology based on realistic and validated radio wave propagation models; (iii) the design, by 
three different workpackages (WPs), of algorithmic frameworks based on RIS-empowered 
smart wireless environments providing enhanced connectivity and reliability (WP4), enhanced 
localisation accuracy (WP5), and enhanced sustainability and security (WP6); (iv) the 
prototyping of the proposed innovation via two complementary trials with verticals. Deployment 
scenarios and use cases are defined by WP2. 

Within RISE-6G, WP6 proposes innovative Physical (PHY) layer and Medium Access Control 
(MAC) layer technical enablers to improve the sustainability and security of wireless networks. 
More precisely, WP6 proposes solutions to boost the performance of wireless networks in terms 
of energy-efficiency (EE), electromagnetic-field (EMF) exposure (EMFE) utility (EMFEU), and 
secrecy spectral efficiency (SSE) metrics, as defined in Deliverable D2.4. WP6 aims at 
improving these metrics focusing on spatially localised areas. Such performance “boosted 
areas” have been defined in Deliverable D2.3 and identified for various deployment scenarios 
and use cases listed in the same deliverable. It is expected that the EE, EMFEU, and SSE 
metrics require specific and novel network architectures & deployment strategies with RISs, as 
well as novel assessment methods of their consideration. 

D6.1 provides the intermediate results from WP6, on network architectures and deployment 
strategies with RIS to boost the EMFEU and SSE metrics defined in Deliverable D2.4, for the 
use cases listed in D2.3. The deliverable lists several architectural options, RIS control 
strategies, as well as related data flows and control signalling, all derived from various technical 
contributions and innovations proposed within WP6.  

To summarize, the following concepts apply to both EMFEU- and SSE-boosted networks and 
guide the way we design our solutions: 

- Radio waves are desirable at the position of an intended entity (device, user, person, or 
object), because this entity is receiving data from the network or is sensed by the 
network. 

- Radio waves are undesirable at the position of a non-intended entity (device, user, 
person, or object) which can be either an exposed entity for which EMFE is undesirable, 

or an eavesdropper towards whom signal reception is undesirable. 

- A non-intended entity (device, user, person, or object) can be either not helping or 
helping the network to boost the EMFEU or the SSE. 

- In the case of EMFEU, the helping non-intended entity can help intentionally by 
participating to the protocol reducing the EMFE.  

- In the case of SSE, the non-intended entity is always helping in a non-intentional 
manner. The network simply exploits an existing connection and the corresponding 
control information exchanged between the non-intended entity and itself. 

Also, in this deliverable, the impact of the designed schemes on the EE metric is discussed. 

Most proposed schemes rely on hybrid RISs that can switch between different modes, including 
at least a reflecting and a receiving mode, and for some schemes, a transmitting mode as well 
as a transparent mode. 



 

Document: H2020-ICT-52/RISE-6G/D6.2  

Date: 30/06/2022 Security: Public 

Status: FINAL Version: 6 

 

RISE-6G Public 12 
 

 

1.1 Deliverable objectives & methodology 

This document provides the intermediate results from WP6, on Task 6.2 and 6.3. 

In Task 6.2, we design innovations in PHY-MAC layers to reach the target objectives in the 
target “EE/EMFEU/SSE boosted areas”. We also propose innovative schemes to optimize the 
trade-off between EE and EMFEU or the trade-off between EE and SSE, in the particular cases 
where EMFEU and/or SSE is improved at the expense of EE. We recall that the EE, EMFEU, 
SSE metrics and the boosted areas have been defined in D2.3 (deployment scenarios and use 
cases) and D2.4 (metrics), and D6.1 (initial views on architecture and control signalling aspects).  

The main objective of Task 6.3 is to assess the improvement in terms of EE, EMFEU and SSE 
brought by RISE network with architectures identified in Task 6.1 (see Deliverable D6.1) and 
innovations from Task 6.2 (See Section 2) based on advanced realistic models provided by 
WP3. To do so, we exploit our measurements of actual RIS (built by the project) and a true 5G 
BS in a Reverberating Chamber (RC), advanced modelling tools developed in WP3, FDTD or 
Finite Elements simulations, and new mathematical frameworks, exploiting a Random Coupling 
Model (RCM). 

Each of the proposed schemes aimed at boosting EMFEU, is based on general principles 
explained in D6.1 and recalled hereafter.  

First of all, the control of EMFE towards humans, other living beings as well as certain objects 
that should have a limited EMFE needs to be reflected in specific protocol operations that take 
place in a RIS-aided communication system. In general, the communication system needs to 
differentiate between spatial points where the radiation is desirable and undesirable. The spatial 
points with desirable radiation are the ones occupied by an intended entity: an intended receiver 
(for instance held by an intended user of the communication link) that will receive the radio 
waves, an intended object or person that needs to be illuminated by radio waves in order to be 
sensed by the network. Hence, radio waves are desirable at the position of intended receivers, 
intended users and intended sensed humans or objects. At the spatial points with undesirable 
radiation, the EMFE needs to be kept below a certain value. The International Commission on 
Non-Ionizing Radiation Protection (ICNIRP) (D6.1) provides recommendation regarding such 
threshold, based on the analysis of scientific studies. However, it can happen that some 
countries or cities adopt more constraining limits than the ICNIRP guidelines [GSMA]. Also, 
some use cases presented in D2.3 and D2.4 propose to provide “EMFEU boosted areas” as a 
service, for instance, in a Train Station. Therefore, the threshold can be set arbitrarily low, either 
by a city, a country, or a building owner. Note that according to the local regulation, the threshold 
usually must be ensured in a statistical sense (for instance on average and during a given pre-
defined period) (D6.1). The spatial points with undesirable radiation are the ones occupied by a 
non-intended exposed entity: a non-intended exposed user (a user of the communication 
network having subscribed to a low EMFE service), a non-intended exposed person or object. 
There are two main ways in which the communication system can detect and control 
undesirable EMFE at the non-intended exposed entity (user, person, or object), depending on 
the level of participation of non-intended exposed entity to the communication system protocol:  

 The non-intended exposed entity is not helping: In this case the non-intended entity does 
not provide information about its positioning or status of EMFE, such that the 
communication system needs to infer it based on its own sensing capabilities, or by 
interfacing to application programming interface (APIs) and systems that can provide 
such information. For example, there could be a different system that measures room 
occupancy and based on that information the communication system can adjust the 
calculation of the induced EMFE. 
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 The non-intended exposed entity is intentionally helping: This is the case in which the 
non-intended exposed entity explicitly provides information to the communication 
system to assist the control of EMFE. For example, the device associated with a non-
intended exposed user can use some of its signalling messages to indicate the level of 
EMFE or, simply, to make itself known to the communication system in order to force it 
to limit the EMFE at that spatial location. Such active methods for EMFE control may 
require dedicated protocol messages that can initiate certain action, such as change of 
the RIS pattern or decrease of the transmit power. 

 Note that there could also be a non-intended exposed user helping non-intentionally 
(similarly as eavesdropper, i.e. limited to the control info). 

Our proposed design solutions for boosted SSE are based upon the same general principles as 
for EMFEU boosting.  Indeed, an eavesdropper is similar to a non-intended exposed user. 
Again, there are two main ways in which the communication system can detect and control 
undesirable signal at the eavesdropper, depending on the level of participation of the 
eavesdropper to the communication system protocol:  

 The eavesdropper is not helping: In this case the eavesdropper does not provide 
information about its positioning or status of received signal, such that, as for the 
exposed user, the communication system needs to infer it based on its own sensing 
capabilities. In the worst case, i.e., without any knowledge regarding the eavesdropper, 
the network would simply try to reduce the level of signal in general; note that such 
eavesdropper is complex. 

 The eavesdropper is non-intentionally helping: This is the case in which the 
eavesdropper is itself a User Equipment (UE), such as a smartphone, connected to the 
communication network. In this case, like any UE connected to the network, the 
eavesdropper exchanges data, control signals and pilots with the network. However, 
contrary to a normal UE, the eavesdropper tries to demodulate messages sent over 
radio resources allocated to another user equipment. To avoid such type of 
eavesdropping, the network could use pilot, control and data signals circulating between 
itself and the eavesdropper. In this case, the eavesdropper non-intentionally helps the 
network to improve its SSE; note that such eavesdropper is less complex as it is very 
close to a standard commercial device. 

Figure 1-1 below illustrates the aforementioned concepts with one example where a RISE 
network emits radio waves with the Intended User as a target, in the presence of four Non-
Intended entities:  

1. A Non-Intended User who uses his/her UE (connected to the network) to eavesdrop; the 
network uses the connection with the eavesdropper to avoid eavesdropping, and thus 
the eavesdropper unintentionally helps the network.  

2. A Non-Intended User who is exposed to the radio waves emitted by the RISE network, 
and who uses his/her UE (connected to the network) to help intentionally, the network 
to reduce his/her exposition. 

3. A Non-Intended person, who is exposed to the radio waves emitted by the RISE network 
but is not helping the network to reduce his/her exposition. 

4. A Non-Intended person, who uses a device (which is not connected to the network) to 
eavesdrop, without helping the network to prevent him/her from eavesdropping.  
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Figure 1-1 Example where the RISE network emits radio waves with the Intended User as a 
target, in the presence of four different types of Non-Intended entities (Figure extracted from 

D6.1). 

 

Finally, we recall that there are two types of EMFE (as defined in D2.4): 

- Inter-EMFE: exposure of a Non Intended User to waves, in uplink (UL) or downlink (DL) 
transporting data for another Intended User. 

- Self-EMFE: exposure of a User to waves (in UL or DL) transporting his/her own data (in 
this case the user is at the same time Intended and Non Intended). 
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1.2 Deliverable structure 

The deliverable is organised as follows. 

In Section 2, for each of the various PHY-MAC solutions or innovations proposed by WP6, Task 
6.2, to boost SSE or EMFEU, a brief description is provided. Table 1-1 lists the proposed 
solutions and the metric on which they are focused. 

 
Section Metric  Proposed Innovation 

2.1 Inter-EMFEU & 
EE 

Inter-EMFE aware beamforming (BF) assisted by RIS: 
Directional Spreading, Truncation and Boosting 

2.2 Inter-EMFEU Inter-EMFE aware BF assisted by RIS: Using an Angularly 
Equalized Virtual Propagation Channel 

2.3 Inter-EMFEU Inter-EMFE aware BF assisted by RIS: the Multi-User 
Multiple Input Multiple Output (MU-MIMO) case   

2.4 Inter-EMFEU The RIS opportunity to reduce EMFE, using optimization tools 
2.5 EE & Self-

EMFEU 
Energy Efficiency Optimization of Reconfigurable Intelligent 

Surfaces with self-EMFE Constraints 
2.6 Inter-EMFEU & 

EE 
RIS Solution for enhanced EE and EMFEU 

2.7 EE Energy efficiency maximization of Massive MIMO (MMIMO) 
communications with dynamic metasurface antennas 

2.8 SSE On Maximizing the Sum Secret Key Rate for Reconfigurable 
Intelligent Surface-Assisted Multiuser Systems   

Table 1-1 Task 6.2 solutions or innovations, and metric on which they are focused 

 
Section 3 provides progress status on the following new models, which were developed within 
Task 6.3: 

- 3.1: Battery recharging time models for reconfigurable intelligent surfaces-assisted 
wireless power transfer systems  

- 3.2: Development of modeling tools by FDTD methods, and integration with framework 
provided by WP3 .  

- 3.3: Power balance model for RIS-assisted RC (method for estimating the average 
EMFEU in complex scattering environments). 
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2 Sustainable RIS Solutions Design for EE, EMFEU and SSE 
In this section, we summarize the work performed within Task 6.2. For each of the various 
contributions, the following brief description is provided:  

 Objective.  

 System model.  

 Initial performance results (if available). 

 Conclusion. 

Note that for more mature schemes, the detailed description of the proposed schemes and their 
performance is available in submitted/accepted papers. For other schemes, at an earlier stage 
of study, only initial views on expected performance are provided. For those latter schemes, 
finalized results will be provided in the upcoming deliverable D6.3.  

Note that, although the proposed schemes have been identified to have an impact on the 
metrics of EE, EMFEU and SSE as defined in D2.4, their descriptions, in the current deliverable, 
do not necessarily use exactly the same metrics. The link between the metrics used in the 
descriptions and the D2.4 metrics will be clarified in the upcoming D6.3 deliverable. 
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2.1 Inter-EMFE aware BF assisted by RIS: Directional Spreading, Truncation 
and Boosting 

 
The current sub-section summarizes a study that is detailed in [APV21] and [APV+22-1]. 

2.1.1 Introduction 

MMIMO systems and adaptive BF enable mobile networks to deliver high throughput [MHM+18] 
[R+13]. As an example, a Base Station (BS) transmitting with its maximum power maximizes 
the received power and the delivered data rate at the target UE thanks to Maximum Ratio 
Transmission (MRT) BF scheme [L99] and an MMIMO antenna [VGT14]. Additionally, the 
regulation specifies a maximum EMFE threshold. This threshold must not be exceeded, beyond 
a limit region (typically a circle in environment without obstacles close to the BS), with a given 
probability or on average, during a time window, depending on the regulation. However, when 
the BS must serve the same user for a long period, in some cases, MMIMO and MRT BF could 
generate an over-exposed area exceeding the limit circle, in some directions, and cannot be 
used or deployed as such [TFC+17] [DTT16] [XZY+19] [PCE+18] [C+19] [CEA21]. As illustrated 
in Figure 2-1-a), these strong directions correspond to prime propagation paths between the 
antenna and the receiver. Also, we foresee that in the future, even arbitrarily larger limit circles 
and more stringent thresholds could be requested in the future by some cities. One simple 
solution to comply with the EMFE constraint consists in using a reduced transmit power at the 
BS (whilst keeping using MRT BF) that ensures that the entire over-exposed area gets inside 
the circle, even in its strongest directions, and for a long period. Unfortunately, as illustrated in 
Figure 2-1-b), such a Reduced MRT BF scheme reduces the received power at the target UE 
and degrades the received QoS. To overcome this drawback, we propose a first new EMF 
aware BF scheme, named Truncated MRT. It truncates the MRT BF radiation pattern, only in 
the directions where the over-exposed area would exceed the limit circle otherwise. The other 
directions already inside the circle are not impacted by the truncation. Compared to the Reduced 
MRT BF scheme, the Truncated MRT BF scheme uses a transmit power that is higher and 
delivers a received power at the target UE that is stronger, whilst remaining compliant with the 
EMFE constrain. To further improve the performance, we propose a second novel RIS-aided 
scheme, named Truncated and Boosted MRT BF scheme. As illustrated in Figure 2-1-d), this 
scheme boosts the remaining directions inside the circle until they meet the circle. Finally, to 
further enhance the performance of the aforementioned BF schemes, we propose to exploit the 
nascent concept of smart radio environments for the future 6th generation network (6G), by 
shaping the propagation environment itself (according to some Channel State Information (CSI)) 
thanks to RISs [R+19] [BRR+19] [S+21] [IEA+22] [ZR22] [R+21-1]. Note that in [IEA+22] [ZR22], 
RISs are used to reduce self-EMFE due to the smartphone UL, whereas we use RISs for EMFE 
reduction in the DL. More precisely, a RIS with continuous (instead of discrete) phase-shifting 
capability as in [R+21-1] [R+21-2] and sensing capability, first measures the propagation 
channel between the target UE and itself, and then, self-configures to ‘turn itself electronically’ 
in the direction of the target UE. Several sensing and self-tuning RISs of such type are deployed 
in the environment. Hence, without any communication with the RISs, MRT BF, Reduced MRT 
BF, and Truncated MRT BF schemes (all derived from MRT) naturally spread their radiation 
patterns in additional directions. As illustrated in Figure 2-1-a), b) and c), these directions are 
the directions of the RISs. 
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Figure 2-1 Studied BFs and corresponding over-exposed areas, assuming that the same UE is 
served by the BS for a long period 

2.1.2 System Model 

In this study, we consider the DL data transmission between a M-MIMO BS equipped with 64 
antenna elements and a target UE. The BS is aided by 3 RISs randomly positioned, of 16 
elements each. We consider a multipath propagation environment with 3 random scatterers. 
The propagation channel between the BS, the RIS and the target UE is modelled using the 
planar wave approximation, as illustrated in Figure 2-2-a). The propagation between the BS and 
a point Q close to the BS, is modelled using spherical waves, assuming free space propagation. 
As illustrated in  Figure 2-2-b), the following two-step procedure applies:  

 during the RIS Self-Configure procedure, the target UE sends pilots, and the RIS 
estimates the UE-to-RIS channel phases and self-configures its weight to “turn itself 
electronically” towards the UE.  

 During the BS BF procedure, the target UE sends pilots again, and the BS estimate the 
UE-to-BS channel (under the influence of the RIS) and computes the MRT BF scheme.  

The propagation between the BS and any point onto the limit circle is assumed to be perfectly 
known by the BS (for instance, thanks to previous measurements). Hence, knowing the BF 
precoder expression, the BS can predict the exposure onto the limit circle. 
For reduced BF scheme, the BS uses the MRT BF scheme with a reduced transmit power 
ensuring that the EMFE target constraint is met onto the limit circle. For the truncated BF 
scheme, the BS projects the MRT BF scheme onto a codebook of DFT beams to enable a per-
beam (and per-direction) control of the radiation pattern of the BF precoder. Then, the BS 
truncates beams that exceed the limit circle. For the truncated and boosted BF scheme, the BS 
modifies the truncated BF precoder, by boosting the beams (directions) remaining inside the 
circle, until they meet the limit circle. 
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Figure 2-2 System Model. 

 
The channel random parameters are drawn, and for each simulation sample, the following 
performance metrics are computed: 

 The received power at the target UE. 

 The BS transmit power. 

 The percentage of positions exceeding the EMFE constraint beyond the limit circle 
(calculated inside a square surrounding the circle). 

The mathematical details of the channel model and the procedures and simulation assumptions 
are provided in [APV21] and [APV+22-1]. 

2.1.3 Results 

Figure 2-3 illustrates statistics of the performance metrics introduced in 2.1.3, over random 
channels. Figure 2-3-a) illustrates the CDF of the percentage of positions exceeding the EMFE 
constraint (assuming the same UE is targeted for a long period), beyond the limit circle. Figure 
2-3-b) illustrates the CDF of the BS transmit power and Figure 2-3-c) illustrates the CDF of 
received power at the target UE. Performance with and without RIS assistance is plotted. MRT 
BF alone is not deployable. Reduced BF is compliant with the EMFE constrains but provides a 
low received power at the target UE. The Truncated and Boosted BF scheme maximises the 
received power at the target UE and better matches the constrain. However, it uses a large 
transmit power at the BS side. The truncated BF scheme alone perfectly matches the constraint 
and is more energy-efficient. Detailed results and assumptions are available in [APV21] and 
[APV+22-1]. 
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Figure 2-3 System Model CDFs of a) positions around BS (inside a square around the BS) 
exceeding the threshold b) BS transmit power and c) target UE received, assuming the same UE 

is targeted for a long period. 

 

2.1.4 Conclusion 

In this study, we propose two novel RIS-aided BF schemes called Truncated BF scheme and 
Truncated and Boosted BF scheme. They are built based on the projection of the MRT BF on 
the DFT codebook to allow truncation and boosting of individual beams (directions). We 
compare them to the MRT BF scheme (which is exceeds the EMFE constrain, when the same 
UE is targeted for a long period) and the Reduced MRT BF scheme (which delivers a poor 
received power at the target UE). Truncated BF scheme provides a better throughput than 
Reduced BF scheme, it perfectly matches the EMFE constrain, and it is more energy efficient 
than Truncated and Boosted BF scheme. Therefore, the Truncated BF scheme boosts the inter-
EMFEU and the EE. 
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2.2 Inter-EMFE aware BF assisted by RIS: Using an Angularly Equalized Virtual 
Propagation Channel 

The current sub-section summarizes a study that is detailed in [APV+22-2]. 

2.2.1 Introduction 

In this study, we address the same problem as already presented in Section 2.1. However, we 
propose another novel RIS-aided BF scheme, named Equalized BF scheme, exploiting the 
channel sounding capability of the MMIMO BS [WK14][TP16][W+20] to provide high throughput 
under EMFE constraint. In this study, instead of the using the CSI of the true channel, to 
compute the MRT BF precoder, we propose to use the CSI of a virtual propagation. The virtual 
propagation channel is computed based on a sounding of the true channel. Compared to the 
true channel, the virtual channel, has the same scatterers, in the same directions. However, the 
virtual channel, is equalized in the angular domain: the path gain of all scatterers is set to 1. As 
a consequence, the radiation pattern of the MRT BF will also be equalized in the angular 
domain. The BS computes the transmit power to ensure that the EMFE constraint is met on the 
limit circle. The same self-configuring RISs as those used in Section 2.1 are added in the 
environment to spread the radiation pattern of the BS in the angular domain, and provide 
additional propagation paths in the environment, to reach the target UE. As illustrated in Figure 
2-4, we compare the Equalized BF scheme to the MRT BF and the Reduced BF scheme 
(introduced in Section 2.1). 

 

Figure 2-4 Studied BF schemes. 

 

2.2.2 System Model 

The same propagation model and RIS-aided BF procedures as in Section 2.1 are used. 
However, the RIS-aided BF procedure is slightly modified as follows, for the Equalized BF 
scheme. Instead of using the true CSI, the BS computes a virtual propagation channel as 
follows. As illustrated in Figure 2-5, the virtual propagation channel is computed based on a 
sounding of the true channel. Compared to the true channel, the virtual channel, has the same 
scatterers, in the same directions. However, the virtual channel, is equalized in the angular 
domain: the path gain of all scatterers is set to 1. As a consequence, the radiation pattern of the 
MRT BF will also be equalized in the angular domain. As in Section 2.1, the BS is assumed to 
perfectly know the channel between itself and locations on the limit circle. The BS therefore 
computes the transmit power to ensure that the EMFE constraint is met on the limit circle, with 
the Equalized BF precoder. 
As in Section 2.1, the channel random parameters are drawn, and for each simulation sample, 
the following performance metrics are computed: 
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 The received power at the target UE. 

 The BS transmit power. 

 The percentage of positions exceeding the EMFE constraint beyond the limit circle 
(calculated inside a square surrounding the circle). 

The mathematical details of the channel model and the procedures and simulation assumptions 
are provided in [APV+22-2]. 

 

Figure 2-5 Angularly equalized virtual propagation model. 

 

2.2.3 Results 

Figure 2-6 illustrates statistics of the performance metrics introduced in 2.1.3, over random 
channels. Figure 2-6-a) illustrates the CDF of the percentage of positions exceeding the EMFE 
constraint (assuming the same UE is targeted for a long period), beyond the limit circle. Figure 
2-6-b) illustrates the CDF of the BS transmit power and Figure 2-6-c illustrates the CDF of 
received power at the target UE. Performance with and without RIS assistance is plotted. MRT 
BF alone is not deployable. Reduced BF is compliant with the EMFE constrains but provides a 
low received power at the target UE. The Equalized BF scheme maximises the received power 
at the target UE and perfectly matches the constrain.  

Detailed results and assumptions are available in [APV+22-2]. 
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Figure 2-6 Results. 

 

2.2.4 Conclusion 

In this study, we propose a novel RIS-aided BF scheme called Equalized BF. It is built based 
on a virtual angularly equalized propagation channel. Equalized BF scheme provides a better 
throughput than Reduced BF scheme, and perfectly matches the EMFE constrain. Therefore, 
the proposed scheme boosts the inter-EMFEU.  
Next studies will provide a comparison with the novel schemes presented in Section 2.1. 
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2.3 Inter-EMFE aware BF assisted by RIS: the MU-MIMO case  

This section summarizes the work detailed in the submitted paper [YIP22].  

2.3.1 Introduction 

RISs are one of the key emerging 6G technologies that are expected to improve the link budgets 
between transmitters and receivers by adding artificial propagation paths. In such re-configured 
propagation environment, DL MU-MIMO brings capacity improvement to cellular networks. It 
benefits from the spatial dimension offered by MIMO systems to enable simultaneous 
transmission of independent data streams to multiple users on the same Radio Resources 
(RRs) by applying appropriate BF schemes. However, in some cases, serving the same subset 
of users for a long period of time may cause some undesired regions where the average EMFE 
exceeds the regulatory limits. To address this challenge, we propose a novel inter-EMF aware 
MU-MIMO BF scheme that aims to optimize the overall capacity under EMFE constraints in 
RIS-aided cellular networks. This work was submitted to the Globecom 2022 [YIP22]. 

 

Figure 2-7 A MU-MIMO RIS-aided network model. 

 

2.3.2 System Model 

We consider the DL communication of a RIS-aided MU-MIMO network. As depicted in Figure 
2-7, there are a BS and 𝐿 different UEs in the cellular network, they are all equipped with multiple 
antennas. Assume that the BS has a linear antenna array of 𝑀 antenna elements and each UE 
has 𝑁  antenna elements. Thus, the total number of received antennas is 𝑁௧ = 𝐿𝑁 . Those 
antenna elements are spaced by 0.5𝜆 to the adjacent ones either on the BS or a single UE side, 
where 𝜆 indicates the wavelength of the carrier frequency. We assume that the BS must serve 
the UEs for a long period with the same BF scheme and power allocation, during the entire 
period. Therefore, the EMFE constrains must also be met instantaneously, to be met in average. 
Besides, there are 𝑆 scatterers and 𝑍 RISs randomly located in the given space, respectively. 
Each RIS has a linear array of 𝐾 elements with a spacing of 0.5𝜆. For simplicity, we consider 
here the far-field calculation method, i.e., both scatterers and RISs are far from the BS and the 
UEs. In the far-field, the electromagnetic waves propagate at the speed of light and electric and 
magnetic fields are mutually perpendicular. 
Here, we consider an Orthogonal Frequency Division Multiplexing (OFDM) waveform and 
random Rayleigh fading. With spatial multiplexing, multiple streams are sent from the BS to 
distinct active UEs simultaneously, which are separated by using precoding schemes. In our 
case, the ZF linear precoding scheme adapted to multiple receiving antennas is applied. The 
network adopts TDD mode and thus the channel reciprocity is feasible. 
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First, the BF at the RIS side is selected based on the following procedure: (i) each UE sends 
some pilots which allow the RIS to estimate the UE-to-RIS channels, (ii) then based on this 
channel estimation, each RIS computes the BF reflection weight 𝑤 ௭ =  ℂ௄×ଵ, reconfigures the 
weights and freezes. The phase shift weight is multiplied by a reflection amplitude 𝑟௥௜௦, where 
0 ≤ 𝑟௥௜௦ ≤ 1 is a constant value depending on the hardware structure of the RIS. Here we set 
𝑟௥௜௦ = 1/𝐾.  𝑟௥௜௦ = 1 means that the RIS is reflecting as much as a natural scatterer. Once the 
RIS is configured, the UE sends pilots again, the BS can estimate the DL channel considering 
the RIS configuration and determine the appropriate BS BF to be used for data transmission. 
 

 

Figure 2-8 DL MU-MIMO Scheme. 

2.3.3 Results 

In this work, we focus on RIS-aided MU-MIMO scenario and aim to design efficient BF scheme 
to optimize the DL network capacity while satisfying EMFE constraints. In our scenarios, some 
RISs are randomly distributed as reflective surfaces to work on transmitting the incident signal 
to specified UE. First, we examine the “reference” MU-MIMO BF scheme that maximizes the 
DL capacity with full power transmission and without any EMFE constraint. It corresponds to a 
Zero-Forcing (ZF) precoding with a water-filling power allocation strategy. Then, we propose 
the “reduced” EMF-aware BF which consists of decreasing the overall transmit power until the 
EMFE limits are fulfilled. Moreover, we propose a novel “enhanced” EMF-aware BF with a per 
layer power control mechanism that is designed to meet EMFE constraints and achieve higher 
capacity performance. Here, we numerically evaluate the performance of the reduced and the 
enhanced EMF-aware BF schemes. 
 

Name Symbol Value 
Number of antenna 

elements at BS 
M 64 

Number of antennas at 
each UE 

N 4 

Number of RISs Z 3 
Number of Scatterers S 3 

Number of antennas at 
each RIS 

K 4 

Maximum transmit power 𝑃௠௔௫ 200 Watt 
Radius of Safety Circle R 50 m 

EMFE threshold 𝐸𝑀𝐹௧௛ -5 dBm 

Table 2-1 Simulation Parameters. 
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Figure 2-9 Numerical results. 

 
We consider different number of UEs, i.e., from 𝐿 = 2, to 7. There are 1000 samples of channels 
corresponding to each number 𝐿 in the simulation. In Figure 2-9, the left figure plots the average 
DL capacity of the cellular network with respect to different BF schemes. The enhanced EMF-
aware BF can maintain more than 70% of the capacity, which is 7% higher than the reduced 
BF. The right figure presents the percentage of average transmit power at the BS for the two 
proposed BF schemes compared to the reference BF. The enhanced EMF-aware BF can still 
guarantee the EMFE limits with about 10% higher transmit power than the reduced one. 

2.3.4 Conclusion 

In this work, we modelled the DL communication in a RIS-aided MU-MIMO systems. Two BF 
schemes are proposed to address EMFE regulation: (i) reduced and (ii) enhanced EMF-aware 
MU-MIMO BF. We compare the simulation performance of these two schemes. The enhanced 
EMF-aware scheme achieves a higher system capacity compared to the reduced one which 
has a lower average transmit power. In the near future, we will jointly optimize the transmit 
precoding weight and the power allocation scheme in order to achieve higher capacity 
performance while satisfying EMFE regulation. Therefore, the proposed scheme boosts the 
inter-EMFEU.  
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2.4 The RIS opportunity to reduce EMFE, using optimization tools 

 
This section summarizes the work detailed in the submitted paper [ACS22]. 

2.4.1 Introduction 

In this study, we investigate the synergy between RISs and multi-access edge computing 
(MEC)-aided wireless networks for enabling computation offloading tasks via low EMF 
communications. 
We consider for this purpose an RIS-assisted scenario of MIMO system aware BF. We focus 
on the typical case of computation offloading, i.e., the UL traffic, which generally pertains to the 
continuous transfer of capillary data from extreme edge devices such as sensors and cars, to 
enable computational demanding services in real-time, at the edge of wireless communication 
networks. This drastic growth calls indeed, for new optimization metrics that include energy, 
service delay, and EMFE. 
In line with this, we deal in this analysis with the EMFE under end-to-end delay constraints of a 
computation offloading service. We formulate thus, the blue (i.e. low EMFE) communications 
edge computing problem as a long-term optimization aiming to minimize the average EMFE, as 
per ICNIRP recommendations, under MEC service delay constraints. We design an online 
algorithm able to dynamically configure RIS parameters, transmitter precoding, receiver 
combiner, and transmit power, with theoretical guarantees on system stability and asymptotic 
EMFE optimality. Note that, precoding, combining, and RIS parameters are selected from 
generic codebooks. 

2.4.2 Description and objective 

System Model  

We consider a MIMO system where a single user aims to offload his computation tasks to a 
mobile edge host (MEH) collocated at his serving access point (AP), through an RIS-aided 

wireless link. We consider time as organized in slots τ= 1, 2, . . . of equal duration τ. At the 
beginning of each slot, new offloading data are generated, new radio channels are observed 
and, based on these and other observations, a new resource allocation decision is taken. 
Accordingly, while instantaneous instances of the EMFE may reach high values, the long-term 
average is finally minimized to achieve low exposure, under service delay guarantees. 

General optimization problem 

As illustrated in Figure 2-10, for EMFE evaluation, space is considered as divided in pixels of 
equal size. Then, assuming that humans possibly exist in one or more of these pixels, our 
objective is to minimize a weighted sum of the EMFE in each pixel. In this way, if humans are 
not generally present in one pixel, the EMFE problem can be neglected in that particular location 
in space, assigning weight 0. This way, it is possible to customise on a case-by-case need. 

 The p-th pixel EMFE: 
In this case, we deal with the scenario of one human placed in pixel p, then, the objective 
becomes the p-th pixel EMFE, to achieve a blue communication area. Note that, this is the 
example represented in the numerical results. Otherwise, the overall method is more general 
and applies to multiple humans sojourning in multiple pixels. To cope with ICNIRP 
recommendations [ICN20], we consider the incident power density, as a metric for EMFE 
evaluation. Then, taking into account, the impact of both the direct and the reflected paths, we 
represent the overall instantaneous power density as 

                                       𝑃ௗ,௣(𝑡) =
ସగ

ఒమ 𝑃௧௫(𝑡)หℎ௣(𝑡)𝑤௨(𝑡)ห² 

Where ℎ௣(𝑡) = ℎௗ,௣(𝑡) + ℎ௥,௣(𝑡)𝛩(𝑡)𝐻௨,௥(𝑡)  is representing the overall channel between the 
user and pixel p, comprising both the direct channel vector between the UE and pixel p and the 
channel vector between the RIS and pixel p.  𝑤௨  is the user precoding vector and 𝑃௧௫ is the 
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user transmit power at time t. As already mentioned, the goal of this investigation is to minimize 
the long-term average EMFE in selected areas across space under service delay constraints, 
by dynamically and adaptively controlling the user precoding vector, the transmit power, the RIS 
reflectivity parameters, and the combining vector. 
Then thanks to the theoretical foundations of Lyapunov stochastic optimization, we decompose 
a long-term complex optimization problem and solve it in a per-slot basis, thus performing an 
exhaustive search over the codebooks (designed for the precoder, the combiner, and the RIS 
parameters), with corresponding closed form solutions for the transmit power. This is possible 
thanks to the definition of a suitable function (an instantaneous objective that weights service 
queue states and EMFE) to be minimized in each time slot, based only on instantaneous 
observations. This guarantees the queue stability constraints (communication and computation 
buffers), while asymptotically approaching the global optimal solution through one tuning 
parameter that trades off average EMFE optimality and service delay.  
 

 

Figure 2-10 System Model. 

 

2.4.3 Results 

The antenna patterns used to build 𝑤௨,  𝑤௔, and T (respectively, the precoder, the combiner, 
and the RIS codebooks), are taken from [RH10], with each element modelled as in [CLS+12]. A 

range of ʷ60◦ to 60◦, with a step of 10◦ is considered for the UE and the AP, while a range 

of ̫ 30◦ to 30◦ with a step of 5◦is considered for the RIS, with 0◦ the direction perpendicular 
to the array. At the MEC side, we assume the MEH to be able to accommodate all requests on 
average, however with an instantaneous random f(t) (the amount of resources in central 
processing unit (CPU) cycles/s) uniformly distributed. In particular, denoting by (x, y, z) the 
three-dimension (3D) coordinates of an element, we model the scenario deployment depicted 
in  Figure 2-10 using the following positions: the AP at (50,50,1), the UE at (0,50,1), the RIS at 
(4,48,1), and the man at (1,50,1). 
 

Name Symbol Value 
Bandwidth B 800 MHz 
Carrier frequency f 28 Ghz 
Noise power spectral density N0 -174 dBm/Hz 
Slot duration τ 10 ms 

Arrival rate 𝐴௞(𝑡)/𝑠 10 Gbps 
The user maximum transmit power 𝑃௧௫

௠௔௫ 100 mw 
Transmit and receive antennas 𝑁௨ and 𝑁௔ 8 
RIS elements M 20 
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Table 2-2 Simulation Parameters                                                   

 

Figure 2-11 Results. 

Numerical results show the effectiveness of our method and the benefits of the RIS in enabling 
blue communications for computation offloading services, due to which the UL direction of 
communication will be exploding in future 6G systems. 
For instance, as one of obtained results, Figure 2-11, shows the trade-off between the EMFE 
and the average end-to-end (E2E) delay. For this simulation, we consider four different 
benchmark comparisons: i) the no RIS aided case, with the UE always transmitting towards the 
AP, and with transmit power optimized; ii) the RIS-aided case, with the UE always transmitting 
towards the AP, and with transmit power optimized; iii) the RIS-aided case, with the UE always 
transmitting towards the RIS, and with transmit power optimized; iv) the case without the RIS, 
but applying our optimization method. Finally, we term our full optimization algorithm as BOA 
(blue optimization algorithm). Results show how the use of the RIS offers the opportunity to 
reduce the level of EMFE for a given service delay, also in the case the UE always transmits 
towards the RIS. However, this gain is considerably enhanced when BOA is applied, due to the 
increased degrees of freedom introduced by the adaptive selection of precoding, combining, 
and RIS parameters. 

2.4.4 Conclusion 

We proposed an online method able to adaptively and jointly optimize precoding, combining, 
RIS parameters, and transmit power in a RIS-aided MEC offloading scenario. As objective, we 
considered the average EMFE in selected areas within the service coverage, with constraints 
on the E2E service delay. We reduced a long-term problem to a per slot optimization, which 
allowed us to solve it through a low complexity procedure involving an exhaustive search over 
low cardinality sets, coupled with a closed form solution for the transmit power. 
Therefore, the proposed scheme boosts the inter-EMFEU. 
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2.5 EE Optimization of Reconfigurable Intelligent Surfaces with self-EMFE 
Constraints 

This section summarizes a study that is detailed in [ZR22]. 

2.5.1 Introduction 

This work considers the problem of EE maximization in a RIS-based communication link, subject 
to not only the conventional maximum power constraints, but also additional constraints on the 
maximum exposure to electromagnetic radiations of the end users. In [IEA+22], EMF-aware 
scheme for RIS-based wireless networks has recently been developed. Therein, the users’ 
electromagnetic exposure is minimized subject to quality-of-service constraints. Instead, in this 
work we consider a different, more general problem of maximizing the EE in an RIS-assisted 
communication MIMO link, enforcing both maximum power constraints and maximum EMFE 
constraints. The optimization problem is tackled with respect to the RIS phase shifts, the 
transmit BF, the linear receive filter, and the transmit power. The EMF constraints are formulated 
in terms of maximum acceptable values for the specific absorption rate (SAR), which measures 
the rate of electromagnetic energy absorption per unit mass of human body when it is exposed 
to a radio frequency electromagnetic field [W+11][C+21]. 

2.5.2 System Model 

Consider a single-user system in which a transmitter with 𝑁் antennas and a receiver with 𝑁ோ 
antennas communicate through an RIS. The direct link between the transmitter and receiver is 
assumed to be weak enough to be ignored. Denote by the end-to-end path loss, 𝐻 and 𝐺 the 
fading channels from the transmitter to the RIS and from the RIS to the receiver, respectively, 
𝑝 the transmit power, 𝑞 and 𝑤 the unit-norm transmit beamformer and receive combiner. The 
RIS has 𝑁  elementary passive scatterers, which can independently reflect the radio wave 
impinging upon them according to a unit amplitude reflection coefficient 𝑒௝థ೙ , 𝑛 = 1, … , 𝑁 and 𝑗 
denoting the imaginary unit. Under these assumptions, the system bit-per-Joule EE is 
expressed as 

𝐸𝐸 =
஻ ௟௢௚మ(ଵା

೛

ഃ഑మ|௪ಹீ𝚽ு௤|మ)

ఓ௣ା௉೎
                                              (2.5.1) 

with 𝜇 the inverse of the transmit amplifier efficiency, 𝑃௖  the static power consumption of the 
system, 𝐵 the communication bandwidth, and 𝜎ଶ the receive noise power. 

The objective of this work is to optimize the RIS matrix 𝚽, the BF vector 𝑞, the receive filter 𝑤, 
and the transmit power 𝑝, for EE maximization, subject to both power and EMF constraints. 

𝑚𝑎𝑥
𝚽,௤,௪

  𝐸𝐸                                                         (2.5.2) 

𝑆. 𝑡.      𝜙௡ ∈ [0,2𝜋], 0 ≤ 𝑝 ≤ 𝑃௠௔௫ 

෍ 𝑐௡|𝑞௡| ≤ 𝑃௤

ே೅

௡ୀଵ

, ෍ |𝑞௡|ଶ ≤ 1

ே೅

௡ୀଵ

 

෍ 𝑑௡|𝑤௡| ≤ 𝑃௪

ேೃ

௡ୀଵ

, ෍ |𝑤௡|ଶ ≤ 1

ேೃ

௡ୀଵ

 

wherein 𝑃௠௔௫ is the maximum transmit power, 𝑃௤ and 𝑃௪ are the maximum EMF constraints at 
the transmitter and receiver side, respectively, while {𝑐௡}௡ୀଵ

ே  and {𝑑௡}௡ୀଵ
ே  are the EMF 

absorption coefficients.  
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A suitable approach to tackle Problem (2.5.2) is the alternating optimization (AO) of the RIS 
phase shift matrix 𝚽, the BF vector 𝑞, the receive filter 𝑤, and the transmit power 𝑝. The overall 
optimization algorithm can be stated as in Algorithm 1. 

 

𝑚𝑎𝑥
{௫೙ஹ଴}೙

෍|𝜈௡|𝑥௡

ே೅

௡ୀଵ

   , 𝑠. 𝑡.  ෍ 𝑐௡𝑥௡ ≤ 𝑃௤

ே೅

௡ୀଵ

, ෍ 𝑥௡
ଶ ≤ 1

ே೅

௡ୀଵ

     (3)   

𝑚𝑎𝑥
{௬೙ஹ଴}೙

෍|𝑢௡|𝑦௡

ேೃ

௡ୀଵ

   , 𝑠. 𝑡.  ෍ 𝑑௡𝑦௡ ≤ 𝑃௪

ேೃ

௡ୀଵ

, ෍ 𝑦௡
ଶ ≤ 1

ேೃ

௡ୀଵ

     (4) 

𝑚𝑎𝑥
௣

𝑙𝑜𝑔ଶ(1 + 𝑝𝑐)

𝜇𝑝 + 𝑃௖
   𝑠. 𝑡.   0 ≤ 𝑝 ≤ 𝑃௠௔௫        (5) 

𝑤ℎ𝑒𝑟𝑒 𝑥௡ = |𝑞௡| , 𝜈ு =  𝑤ு𝐺𝚽𝐻, 𝑦௡ = |𝑤௡| , 𝑢 =  𝐺𝚽𝐻𝑞  𝑎𝑛𝑑 𝑐 =
|𝑤ு𝐺𝚽𝐻𝑞|ଶ

𝛿𝜎ଶ
 

A special case of problem (2.5.2) is for typical co-located multi-antenna devices where the 
human body has the same SAR for every antenna of the array. The global optimization of this 
special case can be stated as in Algorithm 2. 

 

2.5.3 Results 

In our numerical analysis, we set 𝐵 = 5 𝑀𝐻𝑧,  𝛿 = 110 𝑑𝐵, 𝑁଴ = −174 𝑑𝐵𝑚/𝐻𝑧, 𝑁் = 𝑁ோ = 4, 
𝑃௖ =  30 𝑊, 𝑃௠௔௫ =  20 𝑊. As for the fading channels, a Rician model is considered, wherein 
ℎ௡ ∼ 𝐶𝒩(𝜐௛ , 1) and 𝑔௡ ∼ 𝐶𝒩(𝜐௚ , 1) with 𝜐௛ and 𝜐௚ such that the power of the line-of-sight path 
is four times larger than the power of all the other paths. All results are averaged over 10ଷ 
independent channel realizations. Moreover, 𝑐௡ = 𝑐 = 1

𝑁்
ൗ  and 𝑑௡ = 𝑑 = 1

𝑁ோ
ൗ . For simplicity, 

thus, we consider the isotropic EMF setup. Figure 2-12 and Figure 2-13 show the system EE 

and the EMFE 𝑐 ∑ |𝑞௡|ே
௡ୀଵ , respectively, as a function of 

𝑃௤
𝑐ൗ  for 𝑁 = 100, and as a function of 
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𝑁  for 
𝑃௤

𝑐ൗ = 0.85 . From Figure 2-12 and Figure 2-13, we observe that enforcing an EMF 
constraint on the SAR of the human body reduces the EE level, since it restricts the feasible set 
of the problem. The use of RISs offers, however, the opportunity of achieving the desired EE 
while ensuring SAR compliant communications. Figure 2-12 shows that, by increasing N, we 
can attain the same EE as the benchmark systems in the absence of EMF constraints. 

 

Figure 2-12 Average EE as a function of (top) 𝑷𝒒/𝒄 for 𝑵 = 𝟏𝟎𝟎 and (bottom) 𝑵 for 𝑷𝒒/𝒄 = 𝟎. 𝟖𝟓. 
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Figure 2-13 EMF constraint as a function of (top) 𝑷𝒒/𝒄 for 𝑵 = 𝟏𝟎𝟎 and (bottom) 𝑵 for 𝑷𝒒/𝒄 =

𝟎. 𝟖𝟓. 

 

2.5.4 Conclusion 

Low-complexity optimization algorithms have been proposed for EE maximization subject to 
EMF constraints. The analysis has shown that the use of a RIS can keep under control the 
end-users’ EMFE while ensuring the desired EE level. Notably, this is obtained by using nearly 
passive RISs that do not increase the amount of electromagnetic radiation over the air. 
Thus, the proposed scheme boosts the self-EMFEU and the EE.  
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2.6 RIS Solution for enhanced EE and EMFEU 

This section summarizes a study that will be detailed in the paper under preparation [GS+22]. 

2.6.1 Introduction 

5G and beyond systems call for improved service qualities in terms of, e.g., data rate, EE, and 
latency. With more radio resources at millimeter wave (mmWave) or even THz frequencies, 
more opportunities have been revealed to improve the end-to-end throughput and at the same 
time, reach good trade-off with EE. However, signals at high frequencies can be significantly 
affected by the penetration loss, together with severe path loss and BF mismatch. State-of-the-
art research studies on, e.g., advanced massive MIMO BF, deploying small cells, and various 
spatial and temporal resource allocation methods, could reach different performance-complexity 
trade-offs. From another perspective, these advanced wireless communication schemes trigger 
renewed attention to EMFE from both regulation authorities and populations. Although currently 
there is no scientific evidence that EMFE could have adverse effects on the environment and 
the population health at levels below what is already regulated, it is becoming more and more 
important to design sustainable and health-guaranteed wireless systems to satisfy both current 
and potential strict regulations due to increasing public acceptance requirements. 
 
RIS has emerged as a promising future technical candidate thanks to its capabilities to program 
the radio environment and utilizing the desired propagation paths. It is extremely helpful when 
the direct link from the access point to a user faces deep fading and/or blockage. Moreover, 
with a proper deployment, RIS can cover different areas with different service requirements, 
which makes it possible to bypass certain blockage/users with no need for handover, 
backhauling, and wired energy supply. Inspired by these features, with the EMF aspect being 
considered, one can use RIS to create additional paths to avoid exceeding EMF powers in 
certain area or directions. 
 

 

Figure 2-14 Problem and proposed solution. 

 

BS

RIS

NIU IU

EMF constraint

Problem formulation:
How to allocate the power between
1) the direct link and
2) the RIS-assisted link
with EMF constraint on NIU being
considered?

Proposed Solution:
1) Obtain different level of EMF constraint

with different positions of NIU
2) Jointly optimize the active beamforming

and passive beamforming at the BS and
the RIS, respectively

3) Design various power allocation methods
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Recent research studies have addressed the BF design at both the BS and the RIS with limited 
beam power requirements as EMF constraints. In this work, we consider various cases, where 
the relative positions of the non-intended user (noted NIU in this current sub-section) with 
respect to the intended user (noted IU in this current sub-section) are different. Specifically, we 
investigate the potential of EMF-constrained RIS-assisted networks with proper power 
allocation between the direct BS-IU and the in-direct BS-RIS-IU paths. The problem formulation 
and the contributions can be seen in Figure 2-14. 
 

2.6.2 System Model 

We consider a small cell outdoor BS/AP operating with mmWave carrier frequencies. As 
illustrated in Figure 2-15, we consider an RIS-assisted DL MIMO network with one BS (NT 
antennas), one RIS (N elements) and a pair of single-antenna IU and NIU. Here, IU is the user 
who wants to receive service from the BS while the NIU has no need to connect to the BS. More 
importantly, NIU prefers to have limited EMFE given that it has no communication service. The 
NIU moves between the BS and the IU. Depending on the location of the NIU and the beam 
width from the BS, at some points/areas the NIU and IU receive the same transmission from 
the BS. We assume that the NIU does not decode the message or absorb the energy from the 
BS. RIS is assumed to be in the far field of target UEs and the BS. TDD mode is assumed, 
where perfect CSI could be obtained from channel reciprocity.  
 
As illustrated in Figure 2-15, we jointly optimize the RIS and the BS BF for the intended user, 
given that a non-intended user moves between the BS to the intended user along the x-axis, 
with some EMF constraints. Targeting on maximizing the data rate at the IU with limited power 
budget, we propose a closed-loop scheme based on the feedback from NIU with the direct link 
being considered, in order to fully explore the potential of RIS-assisted systems with EMF 
constraints. Hence, this scheme aims at improving the EMFEU metric. 

 

Figure 2-15 System Model 

In some scenarios, especially with large number of elements in RISs, computing the phase 
coefficients at the RIS and precoder at the BS with explicit CSI may not be practical. Inspired 
by the precoding scheme with predefined codebooks, we propose to use a DFT codebook-
based beam optimization where the RIS beam is selected from the pre-defined beam patterns 
while only the BS-RIS-IU concatenated channel is required to obtain the optimal beam. We 

NT antennas

N elements

IUNIU

x

y
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compare the proposed DFT-based beam optimization with the state-of-the-art AO scheme 
where the full knowledge of CSI is required. 

2.6.3 Expected Results 

Here, we present the numerical results of considered power allocation schemes: 

 Method 1: Allocate all power to the BS-RIS-IU link (DFT optimization) 

 Method 2: Allocate all power to the direct link, with respect to the EMF constraint 

 Method 3: First fill the direct link with the maximum possible power with respect to the 
EMF constraint, then transmit the remaining power to the BS-RIS-IU 

 Method 4: Exhaustively find the best power allocation considering the EMF constraint 

 Upper bound: No EMF constraint and transmit with the direct link 

Name Symbol Value 
Transmit antenna at BS NT 32 

RIS elements N 100 
Carrier frequency fc 28 GHz 

Bandwidth B 100 MHz 
Noise power N0 -174 dBm/Hz with 10 dB noise figure 

EMF constraint 𝑃ത 0.1 mW 
Total power P 43 dBm 
BS position - [-80m, 0] 
RIS position - [0, 50m] 
IU position - [80m, 0] 

Table 2-3 Simulation Parameters. 
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Figure 2-16 Expected results. 

2.6.4 Conclusion 

We designed an RIS-assisted EMF-constrained system with the same beam for both IU and 
NIU, and we designed different power allocation methods for the direct and RIS-assisted links. 
To optimize the RIS, we designed both AO- and DFT-based methods that can reach similar 
performance with full/limited CSI. Our results indicate that, although the EMF constraint would 
strongly benefit from an additional RIS link to meet the performance requirements of the IU, 
depending on the position of the NIU, the direct link is still useful to further improve the 
performance. Therefore, the proposed scheme boosts the inter-EMFEU. 
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2.7 Energy efficiency maximization of MMIMO communications with dynamic 
metasurface antennas 

This section summarizes the work detailed in papers [YXA+21-1], [YXA+21-2]. 

2.7.1 Introduction 

In this study, we investigate the optimization of the EE performance of Dynamic Metasurface 
Antennas (DMA)-assisted [SAI+21] massive MIMO wireless communications on the uplink 
direction. We consider the joint design of the transmit precoding of each multi-antenna user and 
the DMA tuning strategy at the BS to maximise the EE performance, considering the availability 
of either instantaneous or statistical CSI. Specifically, the proposed framework is shaped around 
Dinkelbach’s transform, AO, and deterministic equivalent methods. In addition, we obtain a 
closed-form solution to the optimal transmit signal directions for the statistical CSI case, which 
simplifies the corresponding transmission design for the multiple-antenna case. 
 

 

Figure 2-17 The considered DMA-assisted massive MIMO uplink system. 

2.7.2 System Model 

We consider a single-cell massive MIMO uplink system where the BS simultaneously 
receives signals from multiple users. In the following, we illustrate the input-output relationship 
of DMAs and the channel model.  
 
The considered system is composed of a DMA-based BS and 𝑈 users. The BS is equipped with 
a planar array consisting of 𝑀  metamaterial elements, and each user is equipped with 𝑁௨ 
conventional antennas in a fully digital architecture. We assume that the DMA array consists of 
𝐾 microstrips, e.g., the guiding structure whose top layer is embedded with metamaterials, and 
each microstrip consists of 𝐿  metamaterial elements, that is, 𝑀 = 𝐾𝐿 . Each metamaterial 
element observes the radiations from the channels, adjusts, and transmits them along the 
microstrip to the corresponding RF chain independently. The output signal of each microstrip is 
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the linear combination of all the radiations observed by the corresponding 𝐿  metamaterial 
elements. The output signals of DMAs can be formulated as  

 
𝒛 = 𝑸𝑯𝒚                                                      (2.7.1) 

where 𝒚 denotes the DMA input signals, 𝑯 is a diagonal matrix with entries the filter coefficients 
of the 𝑙th metamaterial in the 𝑘th microstrip, and 𝑸 is the configurable weight matrix of DMAS. 
In particular, 

(𝑸){௞భ,(௞మିଵ)௅ା௟ }  =  ൜
𝑞{௞భ,௟} , 𝑘ଵ = 𝑘ଶ

0, 𝑘ଵ ≠ 𝑘ଶ
,                     (2.7.2) 

 
where 𝑞{௞భ,௟} is the gain of the 𝑙th metamaterial in the 𝑘ଵth microstrip. We also define 𝒙௨ as the 
transmit signals from user 𝑢 with zero mean and the transmit covariance matrix 𝐸{𝒙௨𝒙௨

ு} = 𝑷௨. 
Additionally, 𝒙௨ satisfies 𝐸൛𝒙௨𝒙௨ᇲ

ு ൟ = 𝟎, ∀ 𝑢 ≠ 𝑢ᇱ, which indicates that the signals from different 
users are independent of each other. Then, the channel output signal 𝒚 is given by 
 

𝒚 = ∑ 𝑮௨𝒙௨
௎
௨ୀଵ + 𝒏 ,                                (2.7.3) 

 
where 𝑮௨ denotes the channel between user 𝑢 and the BS, and 𝒏 denotes the independently 
and identically distributed (i.i.d.) noise with covariance 𝜎ଶ𝑰ெ , where 𝜎ଶ  denotes the noise 
power. 

2.7.3 Problem Formulation with Instantaneous CSI 

The objective of this section is to design the transmit covariance matrices 𝑷௨, and the DMA 
weight matrix 𝑸  to maximize the system EE performance, considering instantaneous CSI 
[VAT18], [VAT19]. To define the system EE, we start with the Spectral Efficiency (SE) definition 
of the DMA-assisted uplink system. Assume that all metamaterial elements have the same 
frequency selectivity, then 𝑯 can be expressed as the identity matrix multiplied by a constant. 
Therefore, the achievable system SE is given by 
 

𝑅 = logଶ ቚ𝐼௄ + 
ଵ

ఙమ
∑ 𝑸 𝑮௨𝑷௨𝑮௨

ு𝑸ு(𝑸𝑸ு)ିଵ௎
௨ୀଵ ቚ.                    (2.7.4) 

 
The whole power consumption of the DMA-assisted system is given by 
 

𝑊 =  ∑ (𝜉௨𝑡𝑟(𝑃௨) + 𝑊௖,௨ ) + 𝑊஻ௌ + 𝐾𝑊ௌ,௎
௨ୀଵ                          (2.7.5) 

 
where 𝜉௨ = 𝜌௨

ିଵ with 𝜌௨ denoting the transmit power amplifier efficiency of user 𝑢. In addition, 
𝑊௖,௨ denotes the static circuit power dissipation of user u and 𝑊ௌ represents the dynamic power 
dissipation of each RF chain chain, including, e.g., power consumption in the ADCs, amplifier, 
and mixer. 𝑊஻ௌ incorporates the static circuit power dissipation at the BS. With the system SE 
in (2.7.4) and power consumption in (2.7.5), the EE of our considered DMA-assisted uplink 
system is defined as 

𝐸𝐸 = 𝐵
ோ

ௐ
,                                                     (2.7.6) 

 
where B is the channel bandwidth. So far, the EE maximisation problem of the DMA-assisted 
uplink system by designing the transmit covariance matrices 𝑷௨, ∀ 𝑢, and DMA weight matrix 𝑸 
is formulated as follows: 
 

𝑚𝑎𝑥
𝐐,𝐏

  𝐸𝐸                                                         (2.7.7) 

𝑠. 𝑡.     (2.7.2), 

𝑡𝑟(𝑷௨) ≤ 𝑃௠௔௫  , 𝑷௨ ≽ 𝟎, 
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where 𝑃௠௔௫ denotes the maximum available transmit power. 
 
To solve the optimization problem (2.7.7), we adopt an AO method to design 𝑷 and 𝑸 in an 
alternating manner. For the optimization of 𝑷, we adopt Dinkelbach’s transform to convert the 
concave-linear fraction in the constraint (2.7.2) into a concave one. For the optimization of 𝑸, 
we first neglect the second set of constraints (related to 𝑷 ) to obtain the corresponding 
unconstrained Q, and then adopt an alternating minimisation algorithm to reconfigure Q to be 
constrained by (2.7.2). 

2.7.4 Problem Formulation with Statistical CSI 

Channels might be fast time-varying in practical wireless communications, thus frequently 
tuning DMAs and reallocating transmit power with instantaneous CSI might be difficult. In such 
cases, utilizing statistical CSI to optimize the system EE performance is more efficient. In this 
section, we explore approaches to optimize the system EE by designing the transmit covariance 
matrices and DMA weight matrix via exploiting statistical CSI. 

To formulate the corresponding EE maximization problem, we firstly describe the system SE 
and power consumption metrics. For the statistical CSI case, we adopt the ergodic achievable 
SE metric defined as: 

𝑅ത = 𝐸 ቄlogଶ ቚ𝐼௄ +  
ଵ

ఙమ
∑ 𝑸 𝑮௨𝑷௨𝑮௨

ு𝑸ு(𝑸𝑸ு)ିଵ௎
௨ୀଵ ቚቅ,                    (2.7.8) 

 

where the expectation is taken over the channel realisations. In addition, we use (2.7.5) to model 
the overall power consumption. Then, the corresponding EE maximization problem can be 
formulated in a similar manner with the instantaneous CSI problem (2.7.7), using (2.7.8). 
However, it is challenging to tackle because the objective exhibits a concave-linear fractional 
structure. In addition, the expectation operation further increases the computational overhead. 
Nevertheless, this optimization problem can be solved by first deriving an optimal closed-form 
solution to the transmit signal directions of users. Then, we apply the deterministic equivalent 
method to asymptotically approximate the ergodic SE, aiming to reduce the computational 
overhead. Next, we adopt Dinkelbach’s transform to obtain the users’ power allocation matrices. 
Finally, we derive the weight matrix of DMAs with a similar method to the instantaneous CSI 
case. 

2.7.5 Results 

In our numerical analysis, we set the number of users as 𝑈 =  6 and each user is equipped with 
4 antennas, i.e., 𝑁௨  =  4, ∀𝑢 ∈  𝑈. The antennas of users are placed in uniform linear arrays 
spaced with half wavelength. We set the number of microstrips as 𝐾 =  8 and each microstrip 
is embedded with 𝐿 =  8 metamaterial elements. The space between metamaterial elements 
on the DMA array is set as 0.2 wavelength. We set the bandwidth as 𝐵 =  10 𝑀𝐻𝑧, the amplifier 
inefficiency factor as 𝜌 =  0.3, ∀𝑢, and the noise variance as 𝜎ଶ  =  −96 𝑑𝐵𝑚. For the power 
consumption, we set the static circuit power as 𝑊௖,௨  =  20 𝑑𝐵𝑚, ∀𝑢, the hardware dissipated 
power at the BS as 𝑊஻ௌ  =  40 𝑑𝐵𝑚, and the static power per microstrip as 𝑊ௌ  =  30 𝑑𝐵𝑚. 
Additionally, the entries of the DMA weight matrix Q are selected from the following four sets 
[SDE+19]: 

 UC: the complex plane, i.e., 𝑄 =  𝐶; 

 AO: amplitude only, i.e., 𝑄 =  [0.001, 5]; 

 BA: binary amplitude, i.e., 𝑄 =  {0, 0.1}; 

 LP: Lorentzian-constrained phase, i.e., 𝑄 =  ቄ
ఫା௘ఫథ

ଶ
∶  𝜙 ∈  [0, 2𝜋]ቅ. 
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In Figure 2-18, the DMA weights are chosen from the complex-plane set. We compare the EE 
performance of the DMA-assisted uplink system versus the power budget Pmax between the 
instantaneous and statistical CSI cases. As expected, the EE performance is better when the 
instantaneous CSI can be perfectly known in both the EE- and SE-oriented approaches. We 
also observe that the EE performance based on statistical CSI is quite close to that based on 
instantaneous CSI. Note that, the optimization process in the statistical CSI case is more 
computationally efficient than the instantaneous CSI one. Thus, in our DMA-assisted 
communication scenario, the statistical CSI is a good substitute for the instantaneous CSI to 
maximize the system EE. 

 

Figure 2-18 EE performance comparison between the instantaneous and statistical CSI cases 
versus the transmit power budget in both the SE- and EE-oriented approaches. 

2.7.6 Conclusion 

We studied the EE performance optimization of the DMA-assisted massive MIMO uplink 
communications, considering both the cases of exploiting the instantaneous as well as statistical 
CSI. Specifically, we developed a well-structured and low-complexity framework for the transmit 
covariance design of each user and the DMA configuration strategy at the BS, including the AO 
and deterministic equivalent methods, as well as Dinkelbach’s transform. Based on our 
algorithm, the DMA-assisted communications achieved much higher EE performance gains 
compared to the conventional large-scale antenna array-assisted ones, especially in the high 
power budget region. 
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2.8 On Maximizing the Sum Secret Key Rate for Reconfigurable Intelligent 
Surface-Assisted Multiuser Systems  

This sub-section summarizes a study that has been detailed in [LSX+22]. 

2.8.1 Introduction 

The channel reciprocity-based key generation (CRKG) method is used for ensuring data 
confidentiality. Since the CRKG method relies upon the properties of fading channels, it may 
not guarantee the desired secret key rates in harsh propagation environments. Furthermore, 
the phenomenon of wave-blockage frequent at high frequency bands leads to an interruption of 
the communication and the impossibility of generating the secret key. These issues have limited 
the applicability and scalability of CRKG in wireless networks. Previous works addressed this 
problem by utilizing a relay node to help forward the received signals between the two 
key generating parties [ZHL14]. Although a relay may alleviate the problem of secret key 
generation in harsh propagation environments, it is affected by design challenges. Recently, 
RIS has been considered as a perfect helper to assist two users in forming an RIS-induced 
fluctuating channel, which serves as the common randomness for generating secret keys. Till 
now, only a few works, for example [LLS+21] and [J+21], have considered the problem of 
optimizing the RIS configuration for the generation of secret keys, however, for the single-user 
case only. This work aims to address the challenging problem of CRKG between an access 
point (AP) and multiple users in harsh propagation environments, by capitalizing on the 
presence of an RIS. 

2.8.2 System Model 

This study considers an RIS-assisted multiuser key generation system, which comprises a 
wireless AP (Alice), an RIS, an eavesdropper (Eve) and 𝐾 legitimate User Terminals (UTs), as 
shown in Figure 2-19. All parties, including Alice, Eve and the UTs, are assumed to be equipped 
with a single antenna. Alice intends to generate secret keys 𝜅 = {𝜅ଵ, … , 𝜅௄} with the UTs, from 
the wireless channels between them. A time division duplex (TDD) protocol is assumed. We 
assume that the direct wireless channels between Alice and the UTs are blocked, therefore an 
RIS with 𝑀 elements is deployed to enable the key generation. The phase shifts of the RIS are 
programmed and reconfigured via a controller. 
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Figure 2-19 System model of an RIS-assisted key generation scheme. 

 
 
Eve is assumed to be a passive eavesdropper, who pretends to be a legitimate UT and intends 
to infer the keys in the set {𝜅ଵ, … , 𝜅௄} based on her own channel observations 
and the transmissions over the public channel. For simplicity, we define UT 𝑘 as an arbitrary 
legitimate UT, while UT 𝑘′ as the pretending Eve or an arbitrary curious UT.  
 
When the channels of the different UTs and Eve are statistically independent among each other, 
the secret key rate for the UT 𝑘  can be simplified to 
 

𝐼൫𝓏௞
ௗ௟ ; 𝓏௞

௨௟൯ = 2𝑙𝑜𝑔(1 + vு𝑅௞v) − 𝑙𝑜𝑔(1 + 2vு𝑅௞v)                            (2.8.1) 
  
Where 𝓏௞

ௗ௟  ൫𝓏௞
௨௟൯ is the DL (UL) CSI, v is the phase vector and 𝑅௞ is the correlation matrix. 

 
The optimization target is to find a phase vector v that maximizes the sum secret key rate, 
as follows 

𝑚𝑎𝑥
୴

   𝑅௦௨௠
௖భ = ∑ 𝐼൫𝓏௞

ௗ௟; 𝓏௞
௨௟൯          ௞                                     (2.8.2) 

𝑠. 𝑡.   vு𝐸௠v ≤ 1     𝑚 ∈ {1, … , 𝑁} 
 
Where 𝐸௠ = 𝑒௠𝑒௠

ு , and 𝑒௠ is the unit-norm vector whose 𝑚-th element is 1. 
We propose a Lagrange dual algorithm to find a solution v௖భ

∗  , as summarized in Algorithm 1. 
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When the channels among the different UTs are correlated, the RIS-induced channels are 
correlated as well. This may cause information leakage among the UTs. To maximize the sum 
secret key rate, the optimization problem can be expressed as 

𝑚𝑎𝑥
୴

   𝑅௦௨௠
௖మ = ∑ 𝑚𝑖𝑛

௞ᇲஷ௞
 𝐼൫𝓏௞

ௗ௟ ; 𝓏௞
௨௟|𝓏௞ᇲ

ௗ௟൯         ௞                                 (2.8.3) 

𝑠. 𝑡.   vு𝐸௠v ≤ 1     𝑚 ∈ {1, … , 𝑁} 
 

Where 𝐼൫𝓏௞
ௗ௟; 𝓏௞

௨௟|𝓏௞ᇲ
ௗ௟൯ = log

|ோ෠
𝓏ೖ

೏೗ 𝓏
ೖᇲ
೏೗| |ோ෠

𝓏ೖ
ೠ೗ 𝓏

ೖᇲ
೏೗| 

|ோ෠
 𝓏

ೖᇲ
೏೗| |ோ෠

𝓏ೖ
೏೗ 𝓏ೖ

ೠ೗ 𝓏
ೖᇲ
೏೗|

, and 𝑅෠ are the covariance matrices. 

 
Algorithm 2 summarizes the proposed semi-definite relaxation-successive convex 
approximation (SDR-SCA) based algorithm for solving the problem (2.8.3). 
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2.8.3 Results  

The channel from Alice to the RIS and the channel from the RIS to each UT are zero-mean 
complex Gaussian random variables. Unless otherwise stated, the number of RIS elements is 
𝑀 =  16, the number of UTs is 𝐾 =  4, and the signal-to-noise ratio (SNR) is 10 𝑑𝐵, where the 
SNR is defined as the ratio of the transmit power and the noise variance. 
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Figure 2-20 Comparison of the sum secret key rates  𝑹𝒔𝒖𝒎
𝒄𝟐  between Algorithm 1 and Algorithm 2 

for different channel correlation coefficients. 

 
Figure 2-20 compares the sum secret key rates obtained by using Algorithm 1 and Algorithm 2 
as a function of the channel correlation coefficient. The solutions of Algorithm 1 are obtained by 
optimizing the RIS configuration under the assumption of independent channels. Therefore, 
when these solutions are substituted into the expression of    𝑅௦௨௠

௖మ , their rates are greatly 
reduced. As expected, Algorithm 2 outperforms Algorithm 1 in the considered SNR range. In 
particular, the sum secret key rate gain becomes more distinct, when the channel correlation 
coefficient increases from 0.3 to 0.8. Figure 2-20 confirms that the sum secret rate can be 
enhanced if the channel correlation among the UTs is taken into account at the design stage.  

 

2.8.4 Conclusion 

In this work, we introduced a multiuser secret key generation scheme that capitalizes on the 
presence of RISs in the environment. The RIS-induced channel model was modelled as the 
sum-of-product of the channel from Alice to the RIS, the phase shifts applied by the RIS, and 
the channel from the RIS to the UT. Based on this channel model, a general closed form 
expression of the secret key rate was derived. In order to achieve the maximum sum secret key 
rate, we formulated and solved an optimization problem to obtain the optimal RIS configuration 
over independent and correlated channels among the UTs. Over independent channels, a 
Lagrange dual algorithm was proposed for optimizing the phase shifts of the RIS elements. Over 
correlated channels, on the other hand, we proposed an SDR-SCA based algorithm. Numerical 
results demonstrated that the proposed scheme provides the highest sum secret key rate as 
compared with existing benchmark schemes. Therefore, the proposed scheme boosts the SSE. 
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3 Assessment methods of EE, EMFEU and SSE Improvements 
This section summarizes the work performed within Task 6.3. For each of the various new 
models to assess EE, SSE or EMFEU that were proposed by WP6, Task 6.3, the following brief 
description is provided:  

 Objective.  

 System model.  

 Initial performance results (if available). 

 Conclusion. 

Note that for more mature models, the detailed description of the proposed models and their 
performance is available in submitted/accepted papers. For other schemes, at an earlier stage 
of study, only initial views on expected performance are provided. For those latter schemes, 
finalized results will be provided in the upcoming deliverable D6.3.  
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3.1 Battery recharging time models for reconfigurable intelligent surfaces-
assisted wireless power transfer systems 

 
This section summarizes a study that is to appear in [MMA+22]. 
 

3.1.1 Introduction 

Wireless power transfer (WPT) has been highly recognized in both academia and industry as a 
promising technology to address the energy sustainability problem of wireless nodes and has 
rapidly gained a growing interest in the research of B5G communication networks. [WZ20] 
[P+20][WZ19] assume battery free RF energy harvesting (RFEH) energy receivers (ERs), 
whose harvested energy is directly used for future transmissions. In this case, the amount of 
the received RF signals, and consequently, the amount of harvested energy, is considered to 
be sufficient and predictable over a certain period of time. However, in scenarios where RFEH 
nodes are equipped with batteries [AK14], the harvested energy is stored first in the battery 
before being used for future transmissions. Since the power of the received RF signal depends 
on the distribution of the probabilistic wireless fading channel between the transmitter and the 
receiver, the RFEH process and similarly, the time required to recharge the battery of an RFEH 
node, called the battery recharging time (BRT), become stochastic processes. To the best of 
our knowledge, the statistical characterization of BRT is not yet studied in the open literature. 
Motivated by this, the prime focus of this work is to develop a novel theoretical framework to 
characterize the statistical properties of BRT for RIS-assisted WPT systems, consisting of ERs 
with limited battery capacity. 

 

3.1.2 System Model 

In this paper, we consider a single-antenna RF source node, 𝑆, and a single-antenna energy-
constrained ER, as depicted in Figure 3-1. The ER could be a low-power sensor node equipped 
with a battery with a finite capacity. In order to extend the operational range of the ER, while 
ensuring that its harvested energy is sufficient for real-life operation, we propose WPT assisted 
by an RIS. The end-to-end (E2E) channel gain between 𝑆 and ER characterizes the power 
received at the ER, and accordingly, defines the behavior of the overall RFEH process, including 
the instantaneous BRT at ER.  
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Figure 3-1 RIS-assisted WPT system model 

 
We further assume that a direct link does not exist between 𝑆 and ER, WPT can be achieved 
only via the RIS. In our setup, we consider an RIS of 𝑁 reflecting elements (REs). Each of the 
elements can be reconfigured by a communication-oriented software through a controller. The 
power transmitted from 𝑆, being either a BS or an RF source, which is reflected by the RIS 
towards the ER, is harvested and stored in a battery with a limited capacity before being used 
in future signal transmissions. ℎ௜  and 𝑔௜  denote the small scale complex channel fading 
coefficients of the 𝑆 → RIS and RIS → ER links, respectively, where |ℎ௜|, |𝑔௜| ∼ 𝐶𝒩(0,2𝜎ଶ) for 
𝑖 ∈ {1, … , 𝑁}.  
 
Let 𝑃௦ denote the transmit wireless power of the source node. The instantaneous total power 
received at ER through the 𝑖-th element of RIS is expressed as 

𝑃௥ =
௉ೞ

ௗభ
ഃௗమ

ഃ 𝐵ଶ                                                   (3.1.1) 

where 𝐵 = ∑ |ℎ௜||𝑔௜|ே
௜ୀଵ  is the E2E channel gain, 𝑑ଵ and 𝑑ଶ represent the distance between 𝑆 

and the center of the RIS and between the center of the RIS and ER, 𝛿 is the path loss exponent. 
 
As previously mentioned, the BRT, 𝑇௥, is determined by the amount of power received and then 
harvested at ER 

𝑇௥ =
ఈ

௉ೝ
                                                                (3.1.2) 

where 𝛼 is the conversion coefficient, which is a function of the battery and the RFEH circuit 
parameters. 

For RIS-assisted WPT systems, the PDF of the battery recharging time at ER node is given as 

𝑓
ೝ
(𝜏) ≈

௔భ௔మ

ଶఛ
𝐺ଵ,ଶ

ଶ,଴ ൤
ଵ

௔మ
ට

ఈ

௉ೝതതതఛ
ቚ ି;௔యାଵ

௔ఱାଵ,௔రାଵ;ି
൨ ,      𝜏 > 0                           (3.1.3) 

 

We obtain the CDF of the BRT in a closed-form as 

𝐹
ೝ்
(𝜏௧௛) = 1 − 𝑎ଵ𝑎ଶ𝐺ଶ,ଷ

ଶ,ଵ ൤
ଵ

௔మ
ට

ఈ

௉ೝതതതఛ೟೓
ቚ ଵ;௔యାଵ

௔రାଵ,௔ఱାଵ;଴
൨,      𝜏௧௛ > 0                  (3.1.4) 

𝑎ଵ =
Γ(𝑎ଷ + 1)

𝑎ଶΓ(𝑎ସ + 1)Γ(𝑎ହ + 1)
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𝑎ଷ =
4𝜑ସ−9𝜑ଷ+6𝜑ଶ−𝜇ଵ

−𝜑ସ+3𝜑ଷ−3𝜑ଶ+𝜇ଵ
 

𝑎ଶ =
𝑎ଷ

2
(𝜑ସ−2𝜑ଷ+𝜑ଶ) + 2𝜑ସ−3𝜑ଷ+𝜑ଶ 

𝑎ସ =
𝑎଺ + 𝑎଻

2
 

𝑎ହ =
𝑎଺ − 𝑎଻

2
 

𝑎଺ =
𝑎ଷ(𝜑ଶ−𝜇ଵ)+2𝜑ଶ−𝜇ଵ

𝑎ଶ
− 3 

𝑎଻ = ඨ൬
𝑎ଷ(𝜑ଶ−𝜇ଵ)+2𝜑ଶ−𝜇ଵ

𝑎ଶ
− 1൰

ଶ

− 4 
 𝜇ଵ(𝑎ଷ + 1)

𝑎ଶ
 

 

𝜑௜ =
𝜇௝

𝜇௝ିଵ
 , 𝑗 > 1 

𝑃௥
ഥ =

𝑃௥

𝑑ଵ
ఋ𝑑ଶ

ఋ
 

Where 𝐺.,.
.,. [. |. ] denotes the Meijer G-function, 𝜇௝ is the 𝑗-th moment of 𝐵 and Γ is the gamma 

function. 

The 𝑛-th order moment of the BRT, denoted by 𝜇
ೝ்
(𝑛), is a very useful statistical tool, as it 

enables the characterization of the mean value of the BRT, in addition to other underlying useful 
properties such as its skewness and kurtosis. 

𝜇
ೝ்
(𝑛) = 𝑎ଵ𝑎ଶ

(ଵିଶ௡)
ቀ

ఈ

௉ೝതതത
ቁ

௡ ୻(௔రାଵିଶ௡) ୻(௔ఱାଵିଶ௡)

୻(௔యାଵିଶ௡)
                  (3.1.5) 

 

The mean value of the BRT when 𝑁 > 1 converges to 

𝑇௥
ഥ = 𝐸[𝜏௥] =

ସఈ

(ேమగమାே(ଵ଺ିగమ))௉ೝതതത 
                  (3.1.6) 

  

3.1.3 Results 

In this section, numerical and Monte Carlo simulation results are presented to validate the 
accuracy of the proposed theoretical framework. This section also focuses on characterizing 
the properties of the BRT in RIS-assisted WPT wireless systems. The term Monte Carlo 
simulations refers to the use of actual fading channel variates with a number of repetitions of 
10଺  trials. Unless otherwise stated, the RFEH efficiency factor 𝜂 = 0.5 , as a worst case 
scenario, capturing the effects of low-cost hardware, and the total distance, 𝑑௧௢௧, between the 
source node, 𝑆, and the ER node is set to 5 𝑚. In order to ensure far-field WPT, we assume 
that the size of RIS is relatively smaller than the transmission distance. It is assumed that the 
RIS is located mid-way between 𝑆 and ER, i.e., 𝑑ଵ = 𝑑ଶ = 𝑑௧௢௧/2, and the path-loss exponent, 
𝛿 = 2.7. Also, it is recalled that 𝑃௦ defines the total transmit power of the system.  
 
To gain more insights about the effect of varying the transmit power on the statistical distribution 
of the BRT in RIS-assisted WPT systems, we provide in Figure 3-2 the CDF as a function of the 
BRT threshold, 𝑇௥, of the RIS-assisted system. The examination is carried out for different 𝑁 
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values and assuming two transmit power scenarios, namely low- (𝑃௦  =  7 𝑑𝐵𝑚) and high- (𝑃௦  =
 30 𝑑𝐵𝑚) transmit power. The excellent fit between the simulation and the analytical results 
verifies the accuracy of our developed theoretical framework. As expected, for a fixed 𝑁, as the 
𝑇௥ increases, the CDF value increases. Additionally, for a given 𝑇௥ value, as 𝑁 increases, the 
CDF value improves. This indicates that the efficiency of the RFEH process is remarkably 
improved in an RIS-assisted WPT system by increasing the number of REs, 𝑁.  

 
 

 

Figure 3-2 The CDF as a function of BRT threshold for RIS-assisted for low- and high- transmit 
power scenarios and for different values of 𝑵 

 

3.1.4 Conclusion 

In this work, we developed a theoretical framework to investigate the energy sustainability of 
RIS-assisted WPT systems, from the BRT perspective of an RFEH node. We derived novel low 
complexity tight closed-form approximations for the PDF, CDF, and moments of the BRT as 
functions of the received power, battery parameters, and number of RIS REs. Besides being 
accurate and mathematically tractable, our results reveal that the proposed statistical tools 
provide an efficient means to evaluate RIS-assisted WPT systems and extract useful design 
insights. For example, our results show that doubling the number of RIS elements improves the 
predictability of the BRT of the RFEH nodes in the network and offers a 4-fold reduction in its 
mean value. Moreover, it is reported that the characteristics of the BRT are significantly 
impacted not only by the system parameters, such as the distance between the nodes, but also 
by the battery parameters of the RFEH node, such as the battery capacity. Finally, our results 
illustrated that significant performance gains in the BRT have been observed by locating the 
RIS close to the source or to the RFEH node. 
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3.2 Development of modelling tools by FDTD methods, and integration with 
framework provided by WP3.  

3.2.1 Introduction 

In WP3 the modelling activity focused on considering a metasurface, called RIS in our case, by 
adopting the generalized sheet transition conditions (GSTCs) method. This method makes use 
of a particular set of boundary conditions (BCs) that takes into account discontinuities for the 
tangential E and H fields introduced by the insertion of the metasurface within the simulation 
domain. The RIS is a very complex structure which is composed by many subwavelength 
particles like unit cells, arbitrarily shaped or not. In order to overcome the physical complexity 
of the simulation problem, the RIS has been modelled as a homogeneous sheet consisting of a 
subwavelength thickness, as depicted in Figure 3-3. In this way, the overall characterization of 
the RIS behaviour is greatly simplified and a continuous mathematical treatment can be used, 
in particular by using a continuous tensorial susceptibility function �̄̄�(𝑥, 𝑦). The design and 
evaluation of the RIS can be done by interchanging two operations: synthesis and analysis. In 
the first case, given a certain wave transformation operated by the RIS, we derive the 
parameters of the susceptibility function. In the second case, given the parameters of the 
susceptibility function we can observe and evaluate the wave transformation operated by the 
RIS [HKG+21][VCA+18]. 
 

 

Figure 3-3 RIS 

 

3.2.2 System Model 

In RISE-6G, CNIT (Ancona) partner have developed a homemade FDTD code over the last 30 
years [MBM16]. This code allows us to simulate a 3D large complex structure. The aim of this 
cross-collaboration with WP3 is to integrate RISs in this existing code in order to simulate and 
evaluate the RISs functionalities such as wave transformation, e.g., reflection, focusing on a 
desired target and so on. To this purpose, the conventional FDTD equations for the E and H 
fields have to be updated considering the RIS insertion [VCA+18] [JYL+20]. In those equations, 
the values of the surface susceptibility are also added. 
Basically, the GSTCs generalized the BCs and include the surface material polarization. 
Ps and Ms are the electric and magnetic polarization densities, as follows: 

𝑃௦
ሬሬሬ⃗ = 𝜖଴𝜒௘௘𝐸ሬ⃗ ௔௩ + 𝜒௘௠ඥ𝜖଴𝜇଴𝐻ሬሬ⃗ ௔௩ 
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𝑀௦
ሬሬሬሬሬ⃗ = 𝜒௠௘ඨ

𝜖଴

𝜇଴
𝐸ሬ⃗ ௔௩ + 𝜒௠௠𝐻ሬሬ⃗ ௔௩ 

where the subscript “av”, referred to the electric and magnetic fields, denotes the average fields 
at both sides of the RIS, 𝜒௘௘, 𝜒௠௠ , 𝜒௘௠, 𝜒௠௘ 
are the electric and magnetic susceptibility tensors that express the response to the electric and 
magnetic excitation, 𝜖଴ and 𝜇଴ denote the free space permittivity and permeability respectively, 
whereas the susceptibility tensor is read as follows: 
 

൮

𝜒௔௕
௫௫ 𝜒௔௕

௫௬
𝜒௔௕

௫௭

𝜒௔௕
௬௫

𝜒௔௕
௬௬

𝜒௔௕
௬௭

𝜒௔௕
௭௫ 𝜒௔௕

௭௬
𝜒௔௕

௭௭

൲ 

 

where subscripts “ab” indicates the cases (e,e), (e,m), (m,e) and (m,m). 

The whole susceptibility tensor model has 36 components; thus, it is impossible to solve this 
system directly. To simplify the problem and reduce the susceptibility tensor, it is possible to fix 
some assumptions without loss of generality, considering properties such as reciprocity, loss, 
and passivity.    

 

3.2.3 Conclusion 

 
The GSTCs model permits us to easily simulate and handle RISs within the FDTD code 
considering a continuous and homogeneous sheet with respect considering local fields on a 
metasurface that consists of microscopic unit cells, with different behaviour each other.  
We are developing the FDTD code integrating RISs, and next steps are related to evaluate the 
stability of the method and to synthetize the susceptibility tensor in order to get the desired 
behaviour of the RISs. 
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3.3 Power balance model for RIS-assisted RC (Method for estimating the 
average EMFEU in complex scattering environments 

This section summarizes and extends a work that is partly detailed in the [DVR+22] to include 
the multipath fading as emulated in reverberating environments.  

3.3.1 Introduction 

The system that we consider is an end-to-end wireless communication system operating within 
an RIS-assisted confined environment, e.g., the smart factory or the train station considered for 
the RISE-6g field trial. While EMF enhancement metrics have been defined in RIS-assisted 
wireless links in free-space, multiple wave reflections due to walls and objects within the 
propagation environment must be modelled self-consistently. A natural starting point for 
including the back-reaction of the environment into the RIS re-radiation resides in assuming the 
presence of Rician multi-path fading impinging onto the RIS. More precisely, the estimation of 
the EMFEU in RIS-assisted wireless systems operating within complex scattering environments 
is tackled by adopting the electromagnetic RC, an echoic chamber that generates controlled 
multi-path fading in the laboratory [MP+20]. It has been shown in Section 3.2 that the RC is a 
large, shielded room operated as an over-moded metallic enclosure, and therefore can emulate 
both indoor as well as urban outdoor environments by adjusting amount and type of absorbing 
material that degrades the quality factor of the metallic cavity. The cavity interior is mostly empty 
to host the device under test and includes an irregular metallic structure – the mechanical mode 
stirrer – that breaks the geometrical symmetry of the room. We follow the nomenclature adopted 
in previous reports that users generating and perceiving undesired radiation are classified as 
non-intended (NI) users, while users generating and perceiving desired radiation are considered 
as intended (I) users. The scenario that we analyse is depicted in Figure 3-4, where a 5G BS 
illuminates both an I- and NI-user through the RIS in free-space (Figure 3-4 (a)) and within a 
confined environment (Figure 3-4 (b)). Note that confined environment includes objects that 
both scatter and absorb the interior cavity energy. Furthermore, it is assumed that no LOS 
channels are present between BS and users due to blockage. The fundamental mechanism that 
distinguishes a confined environment from a free-space environment is the re-injection of waves 
with the environments: this process is underpinned by multi-path fading and reaches the 
equilibrium after a short (few 𝜇𝑠) early-time transient through the competition between RIS re-
radiation and environment re-injection. A statistical model is developed that describes the 
average EM power within the RIS-assisted RC at equilibrium. 

 

 

                   
 
 

                         (a)                                                     (b)        

Figure 3-4 RIS-assisted wireless link (a) in free-space, and (b) in confined environment. 
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3.3.2 System Model 

We developed a model based on laboratory facilities at CNIT (Ancona unit), Italy, where a live 
5G base station, connected with the national TI mobile network, operates inside a large-scale 
RC. Whilst the 5G base station provides the excitation source injecting EM energy inside the 
RC, selected UE devices receive the digital signal carrying digital information. We focus on 
narrowband operation of the RC even though the base station can produce real-life signal with 
broad spectral content. The RC supports wireless signal propagation by confinement and a 
large fraction of the energy is dissipated within walls, apertures, and absorbing material present 
in the cavity interior. While this appears as an overly inefficient process for the SISO system, 
we remark that the absorbing mechanism emulates the path-loss underpinned by (unintended) 
objects and users nearby the (intended) wireless link.  We first consider as a target service, a 
DL data communication towards an I-UE. We also consider an (unlocalized) NI 
user/person/object who is potentially exposed to the EMF generated in DL. Referring to Figure 
3-4 (a), the average power received by the RIS reads 
 

𝑷𝑹𝑰𝑺(𝜴𝒅) = 𝜶(𝒅) 𝒈𝑹𝑰𝑺(𝛀𝒅) 𝒈𝑻(𝛀𝒅) 𝑷𝑻    (3.3.1) 
 
where  𝑷𝑻 is the input power,  𝒈𝑻 and  𝒈𝑹𝑰𝑺 are the antenna gain of the base station and the 
antenna gain of the RIS, respectively, along the LOS channel at angle 𝛀𝒅, and 𝜶(𝒅) is the free-
space path loss at distance 𝒅 from the base station. Similarly, and assuming blockage between 
base station and I-user, the average power received by the kth UE terminal through the RIS 
reads 
 

𝑷𝑹,𝒌 (𝛀𝑫) = 𝜶(𝑫) 𝒈𝑹,𝒌(𝛀𝑫) ⟨𝒑𝒎⟩(𝛀𝑫)    (3.3.2) 
 
with 𝒈𝑹,𝒌(𝛀𝑫) gain of the UE antenna along the LOS channel at angle 𝛀𝑫, and free-space path 
loss defined as  

𝜶(𝒍) = ቀ
𝝀

𝟒𝝅𝒍
ቁ

𝟐
      (3.3.3) 

 
The calculation of ⟨𝒑𝒎⟩(𝛀𝑫) is a delicate task that ensures self-consistency between RC re-
injected power and RIS re-radiation. Following the scheme in Figure 3-4 (b) we note that the 
power re-radiated by the RIS depends on both the direct illumination from the base station and 
the RC power re-injected in the environment  
 

𝒑𝒎(𝜴𝑫) =  𝒈𝑹𝑰𝑺(𝜴𝑫) 𝒎(𝜴𝒅) 𝑷𝑹𝑰𝑺(𝜴𝒅) +  𝒈𝑹𝑰𝑺(𝜴𝑫) 𝒎(𝜴) 𝑷𝑹𝑪(𝜴)  (3.3.4) 
 
with incident angle 𝛀𝒊 , 𝒎(𝜴)  RIS re-radiation efficiency towards 𝜴 [DVR+22], and  𝑷𝑹𝑪(𝜴) 
power re-injected by the RC and captured by the RIS at angle 𝜴. Considering a large RIS 
 

 𝑷𝑹𝑪(𝜴) =   𝑨𝑹𝑰𝑺(𝜴) 𝑺𝑹𝑪     (3.3.5) 
 
where  𝑨𝑹𝑰𝑺(𝜴) is the effective RIS geometrical area seen at angle 𝜴, and  𝑺𝑹𝑪 is the average 
(isotropic and homogeneous) cavity power density at equilibrium within the RC. Furthermore, 
the average power re-radiated by the RIS towards the UE terminal is obtained from the average 
through the multi-path rays re-injected at angle 𝛀  
 

⟨𝒑𝒎⟩(𝛀𝑫) =  ∫ 𝒑𝒎(𝛀, 𝛀𝑫) 𝒅𝒑𝒎(𝛀)      (3.3.6) 
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Finally, inserting (3.3.1) and (3.3.4) in (3.3.6) yields an expression for  𝑷𝑹𝑪(𝜴) that is needed to 
calculate 𝑷𝑹,𝒌  in (3.3.2). In particular,  𝑷𝑹𝑪(𝜴)  is obtained by the power balance equation 
[PM10] 
 

𝑷𝟎 + 𝑷𝑹,𝒌 − 𝑷𝑻 = 𝟎     (3.3.7) 
 
where 𝑷𝟎 is the power transmitted inside the RC, which is obtained by removing the power 
carried by the virtual LOS from the power radiated by the source. From above, we unfold the 
linear relation between 𝑷𝑹,𝒌 and  𝑷𝑹𝑪(𝜴), while 𝑃଴ and  𝑃ோ஼(𝛺) are related by the average RC 
quality factor, viz.,  
 

𝟏𝟔 𝝅𝟐 𝑽

𝝀𝟑 𝑸
 ⟨𝑷𝑹𝑪⟩ = 𝑷𝑻 − 𝑷𝑹,𝒌        (3.3.8) 

 
The power balance model leads to an angle dependent expression of the average received 
power ⟨𝑷𝑹𝑪⟩(𝛀𝑫) which leads to an angle dependent, and thus an (anisotropic) Rice 𝓚-factor 

𝓚 =
𝑷𝑹,𝒌 (𝛀𝑫)

⟨𝑷𝑹𝑪⟩(𝛀𝑫)
. The model achieved in this study constitutes the basis to devise the average SNR 

– and the average data-rate 𝑹𝑫𝑳 that is needed in the definition of inter-EMFEU. Inherently, 
⟨𝑷𝑹𝑪⟩ can be used as an estimate of the power stressing onto an NI user/object 𝑿𝑵𝑰. This 
approximation is valid if the user/object does not absorb RC power. A better approximation can 
be devised by considering the presence of both the users in the power balance equations (3.3.8) 
and (3.3.9). The power balance approach can be extended to multi-user scenarios. A similar 
reasoning can be applied to UL and arrive at an estimate of the average self-EMFEU. 
 
 

    

(a)                                                                       (b) 

Figure 3-5 System Model of a SISO system operating in a RIS-assisted RC in DL. 

 

3.3.3 Conclusion 

We have developed an anisotropic power balance model for RIS-assisted reverberation 
chambers. The model constitutes the basis for the estimation of average EMFEU metrics in 
complex rich scattering electromagnetic environments and can be extended to multi-user and 
multi-RIS operation. The model stands on the re-radiation theory of RISs, which introduces a 
reflection coefficient for the anomalous RIS radiation modes. Inherently, the gain  𝒈𝑹𝑰𝑺(𝛀𝒅) is 
proportional to the effective area of the RIS aperture in large RISs. Next steps include optimizing 
the RIS re-radiation factor 𝒎(𝜴𝒅) upon maximization/minimization of (3.3.2). 
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4 Conclusions 
In this deliverable, we summarize the intermediate results of Task 6.2 on Sustainable RIS 
Solutions Design for EE, EMFEU and SSE and Task 6.3 on assessment methods of EE, 
EMFEU and SSE Improvements. 
We present eight solutions and innovations to boost the EE, EMFEU or SSE metrics and three 
new models to assess these metrics. Final results will be provided in the upcoming deliverable 
D6.3. 
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