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Metasurface-Programmable Wireless Network-On-Chip

Mohammadreza F. Imani, Sergi Abadal, and Philipp del Hougne*

This paper introduces the concept of smart radio environments, currently
intensely studied for wireless communication in metasurface-programmable
meter-scaled environments (e.g., inside rooms), on the chip scale. Wireless
networks-on-chips (WNoCs) are a candidate technology to improve inter-core
communication on chips but current proposals are plagued by a dilemma:
either the received signal is weak, or it is significantly reverberated such that
the on—off-keying modulation speed must be throttled. Here, this vexing
problem is overcome by endowing the wireless on-chip environment with in
situ programmability which enables the shaping of the channel impulse
response (CIR); thereby, a pulse-like CIR shape can be imposed despite strong
multipath propagation and without entailing a reduced received signal
strength. First, a programmable metasurface suitable for integration in the
on-chip environment (“on-chip reconfigurable intelligent surface”) is designed
and characterized. Second, its configuration is optimized to equalize selected
wireless on-chip channels “over the air.” Third, by conducting a rigorous
communication analysis, the feasibility of significantly higher modulation
speeds with shaped CIRs is evidenced. The results introduce a
programmability paradigm to WNoCs which boosts their competitiveness as

received signals are too weak or severe mul-
tipath curbs the information transfer rate.l]
In this article, we overcome this dilemma
by endowing the on-chip electromagnetic
(EM) propagation environment with pro-
grammability. To that end, we integrate
a programmable metasurface,[®®! also re-
ferred to as a reconfigurable intelligent sur-
face (RIS), into the chip package (see Fig-
ure 1d,e)—analogous to current RIS-based
efforts at the indoor scale.**] We demon-
strate that the on-chip RIS can be con-
figured such that the channel impulse re-
sponse (CIR) becomes pulse-like despite
strong multi-path propagation and without
yielding weak received signals. We further
evidence that shaped CIRs can sustain sig-
nificantly larger modulation speeds and still
satisfy a given bit-error-rate (BER) objective.

Traditionally, wireless communication is
optimized in terms of transceiver hardware
and pre-/post-processing of the signals but

complementary on-chip interconnect solution.

1. Introduction

Wireless millimeter-wave (mmW) communication between pro-
cessors on multi-core chips is a potential solution to avoid
that inter-core information exchange soon becomes a compu-
tation speed bottleneck.'*l Yet, such a wireless network-on-
chip (WNoC) is confronted with its own challenges: either the
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the propagation medium is considered un-

controlled. Recently, the emergence of pro-

grammable metasurfaces—ultrathin arrays
of elements with individually reconfigurable scattering
responses—has led to a paradigm shift: “smart” programmable
wireless propagation environments.l”) Therein, programmable
metasurfaces are leveraged as RISs to shape the wireless chan-
nels. The desired channel shaping functionality largely depends
on the amount of scattering in the environment:

® In free space, RISs, in combination with carefully aligned
emitters, can replace costly phased-array antennas for beam-
forming.[&15-17]

® In quasi-free space with blocked line-of-sight, RISs can serve as
an alternative relaying mechanism.['8-22]

® In rich-scattering environments, wireless propagation is quali-
tatively sharply different from the previous two cases.!'*] Rich
scattering occurs, for example, inside irregularly shaped metal-
lic enclosures such as vessels, airplanes, trains, or cars, as
well as inside certain indoor settings in buildings.***) In rich-
scattering scenarios, the field at any given point is a seemingly
random superposition of waves arriving from all possible an-
gles with all possible polarizations and diverse delays. Conse-
quently, the field pattern is speckle-likel?’! and direct line-of-
sight links are insignficant or inexistent. Such rich-scattering
conditions are qualitatively very different from multipath
scenarios solely involving a few known scatterers. In rich-
scattering environments, RISs can create spatial monochro-
matic hotspots,|2326-28] shape the multipath CIR,**%! or opti-
mize the spatial MIMO channel diversity.[>*]

2201458 (1 Of13) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 1. Metasurface-programmable wireless on-chip environment. a—c) Maps of the spatial field magnitude (for the field component that is perpendic-
ular to the chip plane) along a horizontal slice inside the chip package shown in (d,e) with t = 100 um for the indicated parameters (frequency and vertical
height h). The colormap is linear. In addition, the transmitter (TX) and receiver (RX) locations considered in this paper are indicated in (a). d) Overview
of the considered chip architecture. The chip is equipped with a 5 X 5 programmable metasurface in its ceiling. A part of the chip package is removed
in this figure to show the interior. €) Vertical slice through the middle of the chip shown in (d), revealing the different layers and the programmable

meta-atoms. f) Detailed design of the considered programmable meta-atom.

There are also cases of backscatter communication in which
the RIS itself encodes information by shaping wireless
channels.3%3! RISs are usually based on programmable meta-
surfaces operating in reflection such that they can be mounted
on walls, but for completeness we note that ideas about RISs that
operate simultaneously in reflection and transmission are being
investigated, t00.’*33] To date, all of these ideas are explored for
meter-scaled environments, such as office rooms.

Two to three orders of magnitude smaller are on-chip wire-
less environments. The reason to consider a partial®*l replace-
ment of conventional wired interconnects on chips with WNoCs
is related to scalability limits: more and more processing cores
are crammed onto modern chips but wired interconnects must
be kept short due to Ohmic losses and wire delays, leading to
more and more inter-router hops. Consequently, both latency
and power consumption of communication between far-apart
cores deteriorate,3°] the latency reaching up to several tens of
nanoseconds.[*! As a result, communication rather than compu-
tation is becoming the main performance bottleneck of multicore
chips. To break these communication-related scalability barriers
of current multicore architectures, complementary interconnect
technologies are currently being explored. On the one hand, these
involve approaches based on guided waves such as nanophotonic
networks!>’~#!] or radio-frequency transmission lines!****! which
benefit from energy efficiency and a large bandwidth; however,
guided approaches intrinsically rely on physical infrastructure to
connect the nodes which scales unfavorably because it requires
increasingly stronger sources or more amplifiers, centralized ar-
bitration, etc. On the other hand, WNoCs[**] avoid inter-router
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hops and promise low-latency broadcasting combined with in-
trinsic system-level flexibility.

However, on-chip antennas and radio transceivers“®-’] are
subject to size and power constraints; in particular, their process-
ing power is limited such that WNoCs typically rely on simple
modulation schemes such as on/off keying (OOK).*8] Thus,
inter-symbol interference (ISI) must be avoided in WNoCs at the
cost of lower data transmission rates when the CIR is lengthy due
to multipath. From the EM wave’s perspective, a typical on-chip
environment constitutes a metallic enclosure (solder bumps on
the bottom, metallic package on sides and top)—a “micro rever-
beration chamber.”[>*) While this enclosure seals the EM on-chip
environment from the outside, making it extraordinarily static,
predictable, and secure, the enclosure also causes waves to heav-
ily reverberate, yielding lengthy CIRs and the associated ISI prob-
lem. Reverberation can be suppressed through strong attenua-
tion of the waves (e.g., by a thick silicon layer). But strong atten-
uation implies poor received-signal-strength-indicators (RSSIs).
This yields the on-chip RSSI-ISI dilemma: either we face poor
RSSI or the ISI problem. Poor RSSIs can be counteracted by
transmitting stronger signals!®! and trade-offs between the RSSI
and ISI effects can be found,®!! but ideally one would have high-
RSSI channels with pulse-like CIRs despite strong multipath.

In this article, we demonstrate that this goal is potentially at-
tainable if the CIR can be shaped with an on-chip RIS. In other
words, we show that a RIS-parametrized WNoC can be pro-
grammed to equalize on-chip wireless channels “over the air”.
From an information theoretic perspective, it is important to
note that in general a pulse-like CIR is not optimal in terms of

2201458 (2 of 13)  © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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the channel capacity, which is a modulation-independent up-
per bound on the information transfer rate.l>%* Indeed, rich-
scattering-induced multipath effects can boost the achievable ca-
pacity by making different channels more distinguishable,[2>]
but suitable equalization protocols must be applied to the re-
ceived signals. Nonetheless, for the specific simple modulation
scheme used in WNoC, namely OOK, one can faithfully expect
that the achievable information transfer is most reliable and effi-
cient with a pulse-like CIR. Inside the static chip enclosure, there
is hence a clear motivation to mitigate ISI by using an on-chip
RIS to impose a pulse-like shape of the CIR. In Section 5 of this
article, we evidence that the bit-error-rate (BER; a modulation-
specific metric) with OOK can indeed be orders of magnitude
lower for a given modulation speed and noise level if an on-chip
RIS is configured to impose a pulse-like CIR.

The concept of RIS-empowered CIR shaping is also rele-
vant to other wireless communication settings which involve
transceivers with low computational power facing lengthy CIRs,
for example, Internet-of-Things devices in indoor environments.
A rigorous demonstration of the concept was experimentally re-
ported at the indoor scale inside a rich-scattering enclosure for
the 2.5 GHz range in ref. [29]. The fundamental underlying phys-
ical mechanism is based on altering the delays of the different
multipath rays such that they interfere constructively (destruc-
tively) at (before/after) the time of arrival of the main CIR tap.[?!
This mechanism is hence not based on the absorption of all multi-
path components. More recently, the concept of RIS-empowered
“over-the-air equalization” has also been explored based on chan-
nel models.l°7°] However, refs. [67, 69] consider a simple free-
space two-path channel, and the remaining works, with the ex-
ception of ref. [70], utilize channel models that are not compatible
with all aspects of wave physics. Specifically, they appear to vio-
late causality, to neglect the long-range mescoscopic correlations
at the origin of the non-linear RIS-parametrization of the fading
wireless channels!”%72], and to ignore the frequency selectivity of
the RIS element as well as the intertwinement of its amplitude
and phase response. To ensure the reliability of the present work,
we use full-wave simulations which are computationally costly
but guaranteed to respect wave physics.

The remainder of this paper is organized as follows. In Sec-
tion 2, we summarize a prototypical chip architecture and illus-
trate the ensuing RSSI-ISI dilemma. In Section 3, we detail our
design considerations for an on-chip RIS and thoroughly charac-
terize our proposed design. In Section 4, we demonstrate on-chip
RIS-empowered CIR shaping. In Section 5, we evaluate the asso-
ciated advantages for the achievable BER. In Section 6, we dis-
cuss our results. In Section 7, we summarize our contributions
and identify avenues for future research. Details on our methods
are provided in Section 8.

2. On-Chip RSSI-ISI Dilemma

To elucidate the RSSI-ISI dilemma, we analyze the impact of
the silicon layer’s thickness on RSSI and ISI. We rely on full-
wave simulations (detailed in Section 8) of the simplified model
of the on-chip wireless environment that is shown in Figure 1.
We consider a prototypical 22 X 22 mm? chip inside a metallic
package of footprint 33 x 33 mm?, as shown in Figure 1d; such a
chip could host 4 X 4 cores surrounded by air. The chip, illus-
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trated in Figure le, is a layered structure consisting of a very
thin layer of solder bumps (a typical thickness is 0.0875 mm)
on top of the package substrate, followed by a 0.011 mm thick
silicon-dioxide (SiO,) layer, a silicon (Si) substrate layer of thick-
ness tand finally a 0.8 mm thick aluminum nitride (AIN) layer.!”?]
For simplicity, we assume that these layers are continuous with-
out physical gaps between different cores. Moreover, we consider
electrically small slot antennas as ports (see Section 8). These
almost omni-directional antennas have a low directivity, in line
with most antennas proposed for WNoCs, because WNoC anten-
nas must broadcast information to receivers located in all possi-
ble directions around them.

The rich-scattering nature of the wireless on-chip environment
is immediately obvious upon visual inspection of typical field
magnitude maps like the ones displayed in Figure la—c. Scatter-
ing occurs at the chip package boundaries that act like a micro re-
verberation chamber as well as at interfaces of materials with dif-
ferent dielectric constants within the enclosure. The field maps
display the speckle patterns characteristic of rich scattering and
wave chaos.”*] The spatial extent of each speckle grain is Al
~ Ay/2. The wavelength 4, depends on the relative permittivity
of the propagation medium which is around nine times higher
within the AIN layer than within the surrounding air. The speckle
grains’ approximately isotropic nature is direct evidence of the su-
perposition of waves incident from all possible angles of arrival.
Clearly, free-space intuition and concepts like beam-forming are
not applicable in such a rich-scattering environment.

The field rapidly decorrelates not only as a function of spatial
position (compare Figure 1a and Figure 1b) but also as a function
of frequency f, (compare Figure 1a and Figure 1c). The spectral
extent of each speckle grain is Af, ., = f,/Q, where Q is the enclo-
sure’s composite quality factor. The latter essentially quantifies
how often a ray bounces around the enclosure before becoming
insignificant due to attenuation. Q is hence directly related to
the CIR duration. We evaluate Q as zfy/u, where f; = 60 GHz is
the center of the considered frequency band (from 55 to 65 GHz)
and p is the exponential decay constant of the average of the
CIR magnitude envelopes. For a silicon layer of thickness t =
100 um that is considered in Figure la—c, we obtained Q = 252.
As the thickness of the absorbing silicon layer is increased to
150 um and 200 um, the waves are attenuated quicker, the CIR
becomes shorter, and we find Q = 74 and Q = 56, respectively.
For even thicker silicon layers, the CIR is pulse-like without any
significant tail”>! such that no meaningful value of Q can be
determined.

At the same time, the longer the waves reverberate, the more
energy accumulates inside the enclosure and the stronger is
the received signal. A higher value of Q corresponds both to
more stored energy and a higher dwell time. In other words, a
stronger RSSI is inevitably associated with a longer CIR, the lat-
ter directly implying more ISI in OOK modulation. We illustrate
this RSSI-ISI dilemma in Figure 2, where we plot the CIRs be-
tween a transceiver pair separated by 9 mm for different values
of the silicon layer’s thickness!’®). In addition, we show the cor-
responding channel spectra S;,(f) and we quantify the pathloss
as <|Sy, (f)>f

Remark 1: The absolute values of this pathloss metric are rel-
atively low because of the considered electrically small and near
omni-directional slot antennas.

2201458 (3 0f13) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Example CIR profiles for various silicon layer heights. Different
values of the silicon layer height are color-coded. The displayed CIRs corre-
spond to the TX-RX3 transceiver pair shown in Figure 1a (the two ports are
separated by 9 mm). The top right inset shows the corresponding channel
spectra magnitudes |Sy, (f)| over the considered 55 GHz < f < 65 GHz in-
terval. The top left inset plots our pathloss metric <|S;,|>f as a function
of silicon layer thickness.

Remark 2: The antenna separation of 9 mm corresponds at
60 GHz to more than five wavelengths in AIN and more than
six wavelengths in Si.

The on-chip RSSI-ISI dilemma is immediately obvious: for
thick silicon layers (¢ > 250 um), the spectrum is essentially flat
and the CIR is almost pulse-like (similar to quasi-free space) but
the RSSI is very low. For thinner silicon layers, the RSSI can in-
crease by almost 20 dB but the spectrum displays more and more
dispersion, resulting in lengthy CIRs. The latter evidence sub-
stantial reverberation and rich scattering inside the chip enclo-
sure and pose a severe ISI challenge for OOK. The CIR maximum
does not even have to coincide with the first CIR peak, as seen
for the light-blue CIR in Figure 2. Indeed, the mean delay of the
channell””] for the considered transmitter—receiver pair is 0.56 ns
for the 100 pm thick silicon layer and drops down to 0.14 ns for
silicon layers thicker than 250 um. Hence, the majority of the sig-
nal energy arrives not along the shortest path but after significant
reverberation at a later time for the scenarios with a thin silicon
layer. Note that in the absence of a line-of-sight, the shortest path
cannot be related to the antenna separation.

3. On-Chip RIS Design and Characterization

To eliminate the on-chip RSSI-ISI dilemma, we integrate a RIS
into the ceiling of the chip package, as seen in Figure 1d.e.
The design of our programmable metasurface is detailed in Fig-
ure 1f; the programmable meta-atom design is based on the well-
known mushroom structurel’®”! equipped with a varactor diode
which individually alters the effective capacitance of the meta-
atom and shifts its resonance frequency. While the current RIS
literature considers meter-scale applications that operate in air,
our on-chip RIS must operate within an aluminum nitride layer
whose high dielectric constant (x8.8) might require small var-
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Figure 3. Characterization of the on-chip RIS. a,b) Conventional normal-
incidence unit-cell characterization method. A plane wave is normally in-
cident on an infinite array of programmable meta-atoms, that is, using pe-
riodic boundary conditions on all four sides of the meta-atom. Amplitude
(a) and phase (b) of the reflection coefficient R are shown for ten values
of the varactor capacitance. ¢,d) In situ characterization method. Channel
magnitudes |Sy; (f)| for three different receiver locations (color-coded, see
Figure 1a for locations) and 32 random RIS configurations evaluated di-
rectly in the considered WNoC setting (c). Standard deviations o (f) of
the complex-valued channels Sy, (f) for each pair of transceiver locations
(color-coded), and averaged (black) (d).

actors with very large effective capacitances. To avoid this prob-
lem, we design the meta-atom with one side to be air/vacuum
(in future implementations a low-dielectric-constant substrate).
Interestingly, such a configuration is the opposite of usual
RIS designs where the metamaterial element is implemented
on a high-dielectric-constant substrate and operates within air.
Further details on our on-chip RIS design are presented in
Section 8.

Remark 3: Our generic proposal of shaping the CIRs of WNoCs
with an on-chip RIS does not depend on the specific RIS design.
The design proposed in this section is illustrative of a suitable de-
sign but not heavily optimized. Given the rich-scattering nature
of the on-chip wireless environment, we do not seek to imple-
ment an analytically calculated surface impedance with high pre-
cision. Instead, the purpose of each RIS element is to maximally
impact as many ray paths as possible, and using the iterative pro-
cedure detailed in Sections 4 and 8 we learn how to configure
the RIS in situ. Our algorithm adapts to any given properties of
the RIS (including possible fabrication inaccuracies) and the rich-
scattering wireless environment.

We first characterize the fundamental building block of our
on-chip RIS in the conventional manner: we study the reflection
under normal-incidence illumination of an infinite array of our
programmable meta-atom—see Figure 3a,b. The magnitude and
phase of the reflected wave display a resonant behavior in the

2201458 (4 of 1 3) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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targeted frequency range around 60 GHz (see also the Sup-
porting Information); by changing the varactor’s capacitance
from 0.1 to 1 pF, this resonance can be tuned. However, this
conventional unit-cell characterization method i) assumes single
channel excitation (normal plane wave) even though waves with
all possible angles of incidence impinge on the meta-atom in
the chip environment; ii) neglects the impact of coupling effects
between neighboring RIS elements; and iii) neglects the influ-
ence of the metallic chip enclosure ceiling and the multi-layer
dielectric chip volume; all three factors can significantly alter
the response. As seen in Figure 1d,e, we intend to deploy dis-
tributed 2 x 2 groups of synchronized meta-atoms, each group
controlled by a single bias voltage line; we refer to these groups
as meta-pixels. Compared to the characterization setting from
Figure 3a,b, the loading from the infinite array is removed for
this 2 x 2 configuration. Overall, our on-chip RIS consists of a 5
x 5 array of such meta-pixels and covers 3.3% of the chip package
ceiling, as seen in Figure 1d,e. For simplicity, we limit ourselves
to 1-bit (binary) programmable meta-pixels in the following.
The choice of the two states (0.1 or 1 pF) is aimed at broadband
all-angle efficient modulation as opposed to single-frequency
single-angle efficient modulation (see also Supporting Informa-
tion). Moreover, the ratio between the two capacitance values for
the two states should not become too large. Overall, again, we
have not heavily optimized this choice but it is an example of a
suitable choice that allows us to demonstrate CIR shaping.

To better understand the true potential for wave-field manip-
ulation with our on-chip RIS in our targeted on-chip applica-
tion, we perform a second characterization in situ. Specifically,
we evaluate within the targeted on-chip environment shown in
Figure 1 the channel S,, between various pairs of antennas, each
time for 32 random RIS configurations. The standard deviation
o of these complex-valued channels across different configura-
tions is a reliable metric of the ability of the RIS to manipulate
these channels in the considered setting.!'*2*7% The ability of our
RIS to modulate frequencies across the entire considered 55 —
65 GHz band is now evident in Figure 3c,d.

We note that the presence of the on-chip RIS elements notably
decreases the reverberation time of the on-chip enclosure be-
cause the on-chip RIS partially absorbs the waves that are imping-
ing upon it. Indeed, we find that for a 100 um thick silicon layer
the enclosure’s quality factor drops from Q =252 to Q = 140. Cor-
respondingly, our pathloss metric <|S,,|>drops from —41 dB to
—51 dB. Nonetheless, this remains the rich-scattering regime. As
noted above, the physical mechanism of RIS-empowered over-
the-air equalization relates to tailored constructive and destruc-
tive interferences rather than absorption. In fact, whether the ad-
ditional absorption due to the presence of the on-chip RIS im-
proves (shorter CIR) or deteriorates (lower RSSI) the wireless
performance cannot be answered in general but depends on pa-
rameters such as the OOK modulation speed and the noise level,
as discussed in Section 5. The additional RIS-induced absorption
could be reduced by designing an alternative RIS for which, for
example, the resonances are moved away from the band of uti-
lized WNoC frequencies. The additional RIS-induced absorption
can also be counter-balanced by adjusting the silicon layer’s thick-
ness. For instance, we find that our pathloss metric for a 100 um-
thick silicon layer with RIS is that of a 160 um-thick silicon layer
without RIS.

Adv. Sci. 2022, 9, 2201458
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4. On-Chip CIR Shaping

We now proceed with optimizing the on-chip RIS configuration
to achieve the desired CIR shape, namely a pulse-like CIR despite
rich scattering. In contrast to RIS deployments in free space that
usually identify the optimal configuration based on an analyti-
cal formulation of wave propagation, the complexity of the rich
scattering inside the chip enclosure makes analytical analysis un-
feasible. Instead, we use an iterative optimization algorithm that
identifies in situ a suitable metasurface configuration during a
calibration step, solely based on in situ CIR evaluations for dif-
ferent RIS configurations.

Remark 4: This in situ iterative optimization of the RIS config-
uration does not rely on knowledge from a prior characterization
of the metasurface and will automatically account for any pos-
sible deviations of meta-atom properties from the designed ones
that may arise in practice. Therefore, fabrication inaccuracies will
not impact our conclusions.

As detailed in Section 8, first, we define a cost function C that
quantifies the portion of energy in the strongest CIR tap relative
to the CIR’s total energy; second, we use an iterative optimization
to identify a RIS configuration that optimizes C. To expedite the
search within the huge search space (2% possible RIS configura-
tions), we determine a reasonably good initial guess: the best out
of 32 random RIS configurations. Then, we flip the state of one
meta-pixel at a time, and keep the change of its state if the CIR
has become more pulse-like according to our criterion. It is not
sufficient to test each meta-pixel only once because the presence
of reverberation inside the chip enclosure correlates the optimal
states of different meta-pixels/?’)—see Figure 8b.

An example outcome of this protocol for on-chip CIR shaping
is displayed in Figure 4 for the case of a 100 um thick silicon layer
and 9 mm distance between transmitter and receiver (TX-RX3).
Our optimization progressively flattens the CIR behind the first
peak, such that the modulation rate for OOK-based data trans-
mission between the ports can be increased substantially. It is
also apparent that for the optimized configurations roughly half
of the RIS elements are in one and the other halfin the other one
of the two possible states, without any intuitively understandable
pattern. This is expected in a rich-scattering system and in con-
trast to the (analytically calculated) RIS patterns used for beam-
forming in free space.l®]

To illustrate the generality of our technique, as well as its real-
time in situ adaptability to dynamic traffic patterns,®°! we apply
it also to two other pairs of antenna locations on a chip with a
100 pm thick silicon layer as well as to one case on a chip with a
200 pm thick silicon layer. The effectiveness of our technique is
clearly seen for all three cases in Figure 5. In the first case, the
iterative optimization does not yield any improvement upon the
ensemble optimum. In the third case with a 200 um thick silicon
layer, the CIR is, of course, shorter but our technique is effec-
tive nonetheless in improving the CIR profile toward a pulse-like
shape for OOK purposes. Overall, these three further examples
confirm that depending on traffic needs on the chip, the CIR of a
selected antenna pair can be shaped to be pulse-like, irrespective
of antenna separation and silicon layer thickness.

Before closing this section, we underline the relevance of
ergodicity in wave chaos for the generality of our results. Ac-
cording to the concept of ergodicity, different realizations of

2201458 (5 0f13) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. CIR optimization with on-chip RIS. a) CIR intensity profiles for
32 random on-chip RIS configurations (color-coded), and the average CIR
(black). b) Best out of the 32 random configurations. ¢) Optimum after one
optimization loop. d) Optimum after two optimization loops. The insets
indicate the corresponding RIS configurations and antenna locations.
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Figure 5. Further examples of CIR shaping. Different transceiver separa-
tions and silicon layer thicknesses are considered—see insets in (a,c,e).
CIR intensity profiles for 32 random realizations (a,c,e) as well as the en-

semble average (black), ensemble optimum (red), and iteration optimum
(blue) are shown (b,d,f).

the considered system are governed by the same statistics.
Therefore, in a system that is merely a different realization of
our prototypical system (geometrically modified while keeping
global parameters like Q constant), one can faithfully expect to
achieve similar amounts of wave control with the same RIS (of
course, the optimal RIS configurations would be a different one).
Thus, simplifications in our prototypical model do not impact
the generality of our conclusions.
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5. Communication Analysis

Having sculpted the CIRs into the desired pulse-like shape de-
spite severe multipath in Section 4, we now proceed to evidenc-
ing the ensuing advantages in the targeted OOK communication
scheme in terms of the BER. To be an enticing alternative to wired
interconnects, WNoCs would have to reach BERs below 107" at
symbol rates of at least 10 Gb s~1.[°!] A rigorous evaluation of the
BER consists in simulating the transfer of many symbols at a spe-
cific noise level and modulation speed in order to determine how
many symbols were received incorrectly. It is clear that such a
rigorous analysis cannot be conducted for 10'> or more symbols
due to the associated computational cost, and therefore it is im-
possible to confirm BERs below 10~% through rigorous analysis.

A commonly used work-around is to assume that simple an-
alytical expressions for the BER are applicable,[®" including a
treatment of ISI as random noise. However, “ISI noise” exhibits
strong correlations; moreover, because for BERs below 1071 we
would be interested in extreme outliers of a statistical distribution
(the one incorrectly transmitted symbol out of 10*® symbols), it
is impossible to confirm that such approximations accurately de-
scribe the physical reality by looking at statistical moments like
the mean or the variance. Therefore, instead of seeking an ap-
proximate quantitative analysis that confirms BERs below 107",
here we opt for a rigorous qualitative BER analysis to evidence
the advantages of our sculpted CIRs. We focus on regimes with
higher BERs (around 1072) where we can robustly estimate the
BER with our rigorous analysis based on “only” 2.28 x 10° trans-
mitted symbols (see Section 8). Consequently, the reader’s atten-
tion should be on the qualitative changes of the BER curves that
we present rather than on specific BER values. In any case, the
quantitative BER results could be improved i) through techniques
such as return-to-zero modulation and threshold adaptation,!®!]
and ii) by using carefully designed antennas (instead of elec-
trically small ports). If well-matched antennas were used, the
amount of radiated and captured energy would increase; thereby
the RSSI and ultimately the SNR would increase for any given
combination of modulation speed and noise level, thus improv-
ing the BER.

For concreteness, we focus on the sculpted CIR from Figure 4
for our OOK communication analysis in Figure 6;8! recall that in
this setting the chip’s silicon layer is 100 um thick. To meaning-
fully interpret the dependence of the sculpted CIR’s BER in OOK-
based communication on modulation speed and noise level, we
identify the following three benchmarks:

® A chip without RIS and 160 um thick silicon layer, because the
pathloss for the considered channel, quantified as <[Sy, (f)|>/
is the same as for our chip with RIS and 100 um thick silicon
layer. The additional silicon thickness thus mimics the addi-
tional absorption originating from the presence of a RIS.

® A chip without RIS and 100 pum thick silicon layer, that is, the
chip we consider without adding the RIS. The pathloss is thus
less because the additional absorption due to the RIS is miss-
ing.

o A chip with randomly configured RIS and 100 pm thick silicon
layer. Specifically, we report the average BER based on five ran-
dom RIS configurations. This benchmark helps to determine
if potential BER improvements are due to the mere presence of
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Figure 6. BER in OOK on-chip communication. The top bar indicates the considered range of the ratio p = P,/P, between transmitted power P, and
noise power P,. Note that p is not the SNR at the receiver because the latter depends on the pathloss which differs in the considered scenarios. For six
representative values of p, we plot the dependence of the BER on the modulation speed for the TX-RX3 wireless on-chip link. We consider four scenarios:
(blue) 100 pm silicon layer with optimized RIS configuration; (red) 160 um silicon layer without RIS (same pathloss as blue); (yellow) 100 um silicon layer
without RIS; (purple) 100 um silicon layer with random RIS configuration, averaged over five random RIS configurations. The raw BER results based on
2.28 x 10° symbols are indicated with dots, while the continuous line is a smoothed version thereof. We further illustrate the benefits of RIS-empowered
CIR shaping for p = 70 dB and a modulation speed of 3.875 GS s™'. We simulate the transfer of a photographic image of a Phlox subulata flower taken
in Alzenau, Germany, for the first three considered scenarios. The ground truth and the three received images are shown.

the RIS (this benchmark) or rather its judicious configuration
(the result from Figure 4).

Besides the CIR, the BER also pivotally depends on the OOK
modulation speed and the noise level. Because the pathloss de-
pends on the wireless channel, we quantify the noise level in
terms of the ratio of transmitted power P, to noise power P,,
namely p = P,/P,, as opposed to using the SNR of the received
signal. As seen in Figure 6, the noise level defines two extreme
regimes. For low values of p, the communication is SNR-limited:
no matter what wireless channel and modulation speed is used,
the BER almost reaches its upper bound of 0.5. At the other ex-
treme, for high values of p, OOK communication is ISI-limited:
in this regime, wireless communication can be successfully oper-
ated with low BER if wireless channel and modulation speed are
chosen appropriately. In this regime, for a given wireless channel,
lowering the modulation speed reduces the BER because it miti-
gates ISI. Moreover, differences between the considered wireless
channels are very significant in this regime.

As soon as p is sufficiently large for the communication not
to be SNR-limited, the benefits of CIR shaping manifest them-
selves. For the examples in Figure 6 with medium or high p,
the blue curve corresponding to the RIS-optimized CIR lies sig-
nificantly below the three benchmarks. For concreteness, con-
sider that our targeted maximum BER is 1072 for p = 70dB.
Then, the optimized RIS configuration would allow us to oper-
ate at4 GS s7!, which is twice the maximum modulation speed at

Adv. Sci. 2022, 9, 2201458

which the best out of the three benchmarks (red) could guarantee
amaximal BER of 1072. We visualize these differences by emulat-
ing the transfer of a color image across the considered channels
at 3.875 GS s7! and p = 70 dB. While the RIS-shaped channel
transmits the image almost flawlessly, the benchmark channels
yield heavily distorted received images. A successful transmis-
sion of the image via the benchmark channels would require a
much lower modulation speed.
From these results, we conclude that:

i) Itis the judicious configuration of the RIS as opposed to its
mere presence in a random configuration that yields sub-
stantial performance improvements (blue vs purple curves).

Absorption by the RIS is not a significant effect because

benchmarks with the same pathloss perform much worse

(blue vs red curves).

iii) Lower pathloss is by no means a guarantee for a lower BER
except for when the wireless channel is SNR-limited. Indeed,
the wireless channel with the lowest pathloss (yellow) per-
forms best (but still poorly) only for low values of p.

ii

=

All three points confirm that the mechanism underlying our
CIR shaping is not related to the additional absorption intro-
duced by the presence of the RIS in the on-chip environment.
Instead, as outlined in Section 1, by controlling the delays of dif-
ferent paths, we create constructive (destructive) interferences at
(before/behind) the main CIR tap.

2201458 (7 of 13)  © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

6. Discussion

The ability of the RIS to shape the CIR depends on several fac-
tors and can hence be improved accordingly. The most impor-
tant question is, how many of the rays that connect the trans-
mitter to the receiver have encountered the RIS? The percent-
age of rays manipulated by the RIS can be increased by: i) us-
ing more RIS elements (currently our RIS covers only 1.5% of
the interior chip package surface); ii) placing the RIS elements
closer to the transceivers; and/or iii) operating in an environment
with more reverberation. Moreover, the design of the RIS ele-
ments can be optimized further, and linear instead of binary con-
trol would also enhance the available control over the EM field.
In addition, linear programmability would help to deploy more
efficient gradient-descent optimization algorithms to search the
huge optimization space. A further consideration regards the EM
field polarization. Assuming that the field inside the chip enclo-
sure is approximately chaotic, which is a reasonable assumption
when the silicon layer is thin, means that all polarizations are well
mixed and the restriction of our meta-atom to engage mainly with
one polarization is not problematic, as evidenced by our results.
However, if each meta-atom could independently control both or-
thogonal field polarizations, the available tunable degrees of free-
dom would be doubled. Inside a rich-scattering environment, sta-
tistically, a meta-atom with independent dual-polarized control is
expected to offer as much wave-control as two meta-atoms with
single-polarized control that are separated by at least half a wave-
length. A meta-atom with dual-polarization control would involve
multiple tunable components, as in refs. [82, 83].

In contrast to the meter-scaled smart indoor environments
that dynamically evolve due to the motion of inhabitants, smart
on-chip EM environments are sealed and extraordinarily static
such that suitable RIS configurations for various traffic patterns
can be identified in a one-off calibration phase. However, the
influence of temperature fluctuations on the wireless channels
remains to be investigated; the dielectric constant of the differ-
ent chip layers may vary with temperature such that the wire-
less on-chip channels could evolve. A significant temperature de-
pendence would call for a self-adaptive on-chip RIS that updates
its configuration based on a current temperature estimate.[’% 4]
Such an estimate could be derived from knowledge of the current
chip activity or based on a simple temperature sensor.

7. Conclusions and Outlook

To summarize, we demonstrated that the integration of a RIS into
an on-chip wireless environment can endow the latter with pro-
grammability, a functionality that we leveraged to achieve pulse-
like CIRs despite rich scattering. Thereby, we overcame the RSSI-
ISI dilemma that plagues current WNoC proposals: we mitigated
IST without simultaneously reducing the RSSI. Pulse-like CIRs
enable faster data transmission rates in OOK communication be-
cause they equalize the wireless on-chip channel “over the air.”
Our rigorous OOK communication analysis confirmed that RIS-
shaped CIRs can double the permissible modulation speed for a
given desired BER value at a given noise level.

Looking forward, more complex communication scenarios
such as communication from one transmitting to multiple re-
ceiving nodes (SIMO) deserve attention.[?*#>8¢] Ultimately, ex-
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perimental validation of all these ideas will be indispensable
in the future. Moreover, our proposed smart on-chip EM envi-
ronment can be endowed with a second functionality related to
wave-based analog signal-processing by bringing recent propos-
als of wave processing in (programmable) scattering enclosures
for matrix multiplication,!®”] signal differentiation,®3] or reservoir
computing!®! to the chip scale. Such analog “over-the-air” com-
puting holds the promise to be faster and more energy efficient
than its electronic digital counterpart for specific computational
operations, paving the way to hybrid analog-digital processing
chips. We also foresee the possibility of communication-efficient
RIS-empowered on-chip federated learning for the collaboration
of different cores on the same chip to train a machine-learning
model.[8%]

A further avenue for future exploration is to consider simi-
lar problems of data exchange inside rich-scattering enclosures
at intermediate scales between the chip scale and the indoor
scale. Relevant examples include communication inside racks or
blades, inside the chassis of personal computers, or inside data
centers.[?1-93]

8. Methods

8.1. Full-Wave Simulation Setup

The on-chip environment was accurately modeled and char-
acterized with the Ansys High Frequency Structural Simula-
tor (HFSS), a field solver based on the finite-element method.
HFSS simulated wave propagation in the 3D on-chip environ-
ment and produced the scattering parameters associated with the
connected ports. HFSS’s automatic mesh generator was used.
HFSS’s output was the channel S,,(f) between the two ports
in the frequency domain, and an inverse Fourier transform was
used to obtain the corresponding CIR.I””]

The solder bumps on the bottom and the chip package on
the top and sides were taken to be copper which was modeled
as (lossy) conductive surface in HFSS. Because the entire sim-
ulation domain was surrounded by this copper layer, no further
boundary conditions remain to be specified. Given that the gran-
ularity of the solder bump layer is deeply sub-wavelength, it is
common to describe this as solid metallic layer.[®! The high com-
plexity of the wireless on-chip environment that gives rise to
speckle-like wave fields (see Figure la-c) implies that operation
in the rich-scattering regime was considered in which the con-
cept of ergodicity guarantees that different realizations will be
governed by the same statistics. Specifically, this means that in
a wireless on-chip environment that differs from the considered
one in some geometrical detail, a similar degree of channel shap-
ing could be achieved, while, of course, the optimal RIS config-
uration would be a different one. Therefore, the very complex
deeply sub-wavelength metallic patterning of the solder bumps
does not affect any of the presented conclusions.

The thickness and relative permittivity of the chip layers are
summarized in Table 1. Following the standard HFSS library,
silicon was taken to have a conductivity of 10 S m~" while sili-
con dioxide and aluminum nitride were taken to be lossless di-
electrics.

The central wavelength at 60 GHz is 5 mm in air and 1.7 mm
in AIN. The ports were implemented as slot antennas through
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Table 1. Thickness and relative permittivity of the chip layers (see Fig-
ure Te).

Material Thickness [mm] Relative permittivity
Silicon dioxide (SiO,) 0.011 4

Silicon (Si) t 1.9
Aluminum nitride (AIN) 0.8 8.8

200 um X 300 um apertures in the bottom metallic layer. Within
the considered frequency band from 55 to 65 GHz, the ports were
thus electrically small and their radiation properties were essen-
tially frequency-independent.

8.2. On-Chip RIS Design

The designed on-chip RIS consisted of a 5 X 5 array of meta-
pixels, each composed of a 2 X 2 group of programmable meta-
atoms operating around 60 GHz. The on-chip RIS covered 3.3%
of the chip package ceiling and roughly 1.5% of the total interior
surface of the metallic chip package.

The design of the programmable meta-atoms is shown in Fig-
ure 1f and based on typical mushroom structures loaded with
varactor diodes. For simplicity, the programmability was limited
to 1 bit (binary). The two effective capacitances of the varactor
diodes (0.1 and 1 pF) were selected to be within the range of
typical GaAs junction diodes currently available off-the-shelf that
can operate up to at least 70 GHz. In the full-wave simulations,
losses for the varactor diodes were also included, assuming they
had a quality factor of around 1000. In future experimental im-
plementations, the programmable component of the meta-atom
may be integrated or fabricated onto the chip (instead of us-
ing packaged off-the-shelf components). Furthermore, the choice
of programmable component is not limited to varactor diodes.
PIN diodes or Schottky diodes as well as field-effect transistors
(FETs),*" including the case of thin-film transistors, can also be
used. Another option that works well at mmW and higher fre-
quencies are meta-atoms equipped with liquid crystals. A further
possibility may consist in leveraging piezoelectric diaphragms to
mechanically alter the chip package boundaries.[*>!

If off-the-shelf components are to be used in the meta-atom de-
sign, it is critical that the latter allow one to incorporate the pack-
aged varactor diodes. To that end, the meta-atom size would have
to increase relative to that presented in Figure 1f. To demonstrate
that the use of packaged off-the-shelf varactors is possible, an al-
ternative programmable meta-atom that can include an off-the-
shelf Macom varactor diode (MAVR-000120-1411) was designed.
A schematic drawing of this design is presented in Figure 7a and
shows that its size exceeds that of the meta-pixels from Figure 1.
Again, one-bit programmability was considered. Here, the capac-
itance values for the two meta-atom states were 0.45 and 0.55 pF;
this small ratio between the two capacitance values makes their
implementation in practice easier. To confirm that this alterna-
tive on-chip RIS design (compatible with an off-the-shelf varac-
tor diode) is also efficient at parametrizing the on-chip wireless
channels, each meta-pixel in Figure 1 was replaced with one of
the alternative meta-atoms in order to repeat the in situ charac-
terization from Figure 3c,d. The result in Figure 7b shows clear
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Figure 7. Alternative on-chip RIS design with an off-the-shelf packaged
varactor diode. a) Design outline. b) In situ characterization akin to Fig-
ure 3d.

variations of the wireless channel for random configurations of
the alternative on-chip RIS.

The refresh rate of such a programmable metasurface could
reach at least 50 kHz with carefully designed electronic con-
trol circuitry, as evidenced by existing experimental RIS proto-
types in the 2.4 GHz regime.>") However, the envisioned WNoC
application might not require very fast switching between RIS
configurations because the goal is to establish an over-the-air-
equalized channel between cores so that the cores can exchange
large amounts of information wirelessly. Switching would occur
on a per-application basis or a per-application-phase basis, im-
plying that the metasurface would only need to be updated at a
millisecond scale.

Finally, moving toward experimental realizations, the biasing
network would have to be included. For the considered pro-
grammable metasurface design, biasing circuitry can be incor-
porated by extending the vias beyond the ground plane. By in-
cluding a narrow annular ring around the vias, it can be ensured
that the DC voltage of the central conductor is different from that
of the surrounding conductor. To ensure that the DC and RF sig-
nals are decoupled, radial stubs can be included at the end of the
via to act as RF chokes. The interested reader may refer to exist-
ing literature on experimentally realized programmable metasur-
face prototypes (e.g., refs. [79, 96, 97)); incidentally, these works
suggest that biasing lines are not expected to severely impact the
performance, and refined meta-atom designs taking the biasing
lines into account can certainly be conceived. As explained in Sec-
tion 3, the generic proposal for shaping CIRs does not depend on
the specific RIS design.

8.3. Determination of RIS Configuration

The cost function C that is to be maximized was defined as the
ratio of the signal intensity in the strongest tap of the CIR to the
total signal intensity:
ty+At/2

~ /%{M/Z W (t)dt O
Jo 2 (p)de
where t, is the peak time and At is the width of the strongest
CIR tap.

Identifying a RIS configuration that maximizes C was a non-
trivial task because i) due to the rich-scattering geometry of the
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was a 1 X N vector b,. The ith entry of b, is denoted by b,[i] in the
following.

Algorithm 2: OOK data transfer simulation (high level overview)

Average over Random Configurations

) V\//w iy

0.2
0.1
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0 . . . .
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Figure 8. Optimization dynamics of Algorithm 1 for the case shown in
Figure 4. a) Step 1 of Algorithm 1: Evaluation of 32 random RIS configura-
tions. b) Step 2 of Algorithm 1: Iterative optimization of the RIS elements,
looping twice over each element.

chip enclosure no analytical forward model exists that maps a
given C to the corresponding CIR h(t); and ii) the limitation
to binary RIS configurations is not compatible with standard
gradient-descent optimization. Surrogate forward models could
be learned if enough labeled training data was available.[®* Here,
the alternative route of using the simple iterative Algorithm 1
similar to those used, for example, in refs. [29, 70], was chosen.

Algorithm 1: Binary RIS optimization for on-chip over-the-air equalization

1 Evaluate {C;} for 32 random RIS configurations {C'{}.
2 Select configuration Ceyyy corresponding to Ceyrr = max; ({C;}).
3 fori=1,2,...,2Ngss do

4 Define Ciemp as Ceurr but with configuration of mod(i, Ngis)th RIS element flipped.
5 Evaluate Cyemp.

6 if Ciemp > Courr then

7 ‘ Redefine Ceyrr as Ciemp and Ceurr a8 Cremp-

8 end

9 end

Output: Optimized RIS configuration Cyy.

In the first step, C was evaluated for 32 random RIS config-
urations and the best one was identified. The latter then served
as starting point for an iterative search. Therein, at every itera-
tion the configuration of one RIS element was flipped to check if
C increased, in which case the change was kept. The algorithm
looped two times over each pixel because reverberation induces
long-range correlations between the optimal configurations of in-
dividual RIS elements. Each evaluation of C for a new RIS con-
figuration required a new full-wave simulation to obtain the cor-
responding CIR. The detailed optimization dynamics of Algo-
rithm 1 are illustrated for the case of Figure 4 in Figure 8.

8.4. OOK Modulation Scheme

In this section, the procedure to simulate an OOK modulation
scheme is detailed. A high-level overview is provided in Al-
gorithm 2. Based on the frequency-dependent channel S;,(f)
obtained from the full-wave simulations, the linearity of the
wave equation was leveraged to faithfully emulate the transfer
of information with OOK, that is, binary amplitude-shift keying
(BASK). The stream of N bits that was intended to be transferred

Adv. Sci. 2022, 9, 2201458

1 Identify transmitted data stream byg.

2 Determine transmitted signal spx(¢) using Eq. (2).

3 Determine received signal sgx (t) using Eq. (3).

4 Determine received data stream b, using Eq. (4) and Eq. (5).

First, the transmitted signal spy(t) was created by modulating
the amplitude of a sinusoidal carrier at fy = 60 GHz with the data
stream b, for a given choice of bit duration z:

3 0 ifby[i] =0
STX(tH(i—l)TSt(i‘[ - {asin(anOt) lfbt[l] =1 (2)

The modulation speed was hence 1/z samples per second.
The carrier amplitude a determined the transmitted power
P, = 10log,(((#/2)?/1073) dBm, assuming both symbols are
equiprobable. s (t) was strongly oversampled (at 1.1 x 10'2 Hz
= 18.5f;) to avoid sampling artefacts.

Second, the received signal spy () was determined. To that end,
srx(t) was Fourier transformed, yielding Six(f). Then, Sr(f)
was multiplied with the channel S,,(f) to obtain S (f) =
S1,(f)Stx(f)- The received signal sy, () was subsequently ob-
tained as the real part of the inverse Fourier transform of Spy(f).
This procedure is equivalent to convoluting sy (t) with the CIR
hy,(#) in the time domain. Moreover, Gaussian noise n(t) with
zero mean and standard deviation y was added to the received
signal. This emulated thermal noise at the receiver that was inde-
pendent of the received signal; the noise power was consequently
P, = 10log,,(x2/10%) dBm.

Srx(t) = stx(8) * hay (1) + n(t) G)

Third, the signal sy, (t) at the receiver was sampled and quan-
tized to obtain the received signal stream b,. Specifically, spy(t)
was divided into intervals of length = which were shifted with
respect to the transmitted signal by the propagation delay A , as-
sociated with the first arriving pulse. Then, energy detection was
implemented by integrating s%. () over each interval, yielding a
1 X N vector of detected energies d.

iT+Apg
dji] = /( Sex (1) 4

—1)r+A

Next, each entry of d was compared to a threshold value d, ..,
and “1” was assigned if the value was above the threshold, and
“0” otherwise. This finally yielded the decoded data stream b,.
The threshold was identified as the energy value that minimized
the BER, evaluated over a long series of random symbols.

_ 0 lfd[l] < dthresh
br[ ] - {1 lfd[l] > dthresh (5)

In practice, because N was large, the above-detailed OOK sim-
ulation procedure was performed for shorter subsections of b,
one after the other. In order to not distort ISI effects through this
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procedural detail, each subsection began with the last three bits
of the previous subsection.

In order to evaluate the BER, a random binary data stream with
N = 2.28 x 10° symbols of equal probability was used, that is,
<b>=0.5.

In order to transfer an A x B full-color image via the wireless
channel, the 3D matrix representing it (two spatial dimensions,
one dimensions for the three RGB color components) was first
flattened, yielding a 1 X 3AB vector. Then, each 8-bit entry of this
vector was replaced with its corresponding binary representation,
yielding a 1 X 24AB vector. This bit stream was then transferred
via the wireless channel following the previously outlined proce-
dure. The received signal was ultimately assembled based on the
received and decoded data stream of equal length by performing
the procedure outlined in this paragraph in reverse order.

8.5. Data Processing Details

In this section, the data processing steps underlying each display
item that does not directly show raw data are summarized.

Figure 2, top left inset. The data points are the average of |Sy,|
over all considered frequency points (see top right inset) and the
three considered wireless channels (see Figure 1a for transceiver
locations).

Figure 3d. The colored lines plot the standard deviation of the
complex valued S, parameter across 32 random RIS configura-
tions. The 32 corresponding raw S;, data are shown (magnitude
only) in Figure 3c. The black line in Figure 3d is the average of
the three colored lines.

Figure 4, black line. The black line is the average over the 32
real-valued CIR curves plotted in orange/red in Figure 4a.

Figure 5. The black lines in Figure 5a,b, Figure 5¢,d, and Fig-
ure 5e,fare the average over the 32 real-valued CIR curves plotted
in orange/red in Figure 5a, Figure 5c, and Figure 5Se, respectively.

Figure 6. The raw BER values (dots) are based on 2.28 X
10° symbols, as detailed in the Section 8. The continuous lines
smooth the raw BER curves plotted as a function of modulation
speed. The smoothing is based on a moving average filter span-
ning 15 values of modulation speed. The transferred images were
obtained following the procedure detailed in the previous subsec-
tion titled “OOK Modulation Scheme”.

Figure 7b. The black line plots the standard deviation of the
complex-valued S;, parameter for the TX-RX3 wireless link
across 32 random RIS configurations.
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