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Abstract—Wireless networks-on-chip (WNoCs) are an enticing
complementary interconnect technology for multi-core chips but
face severe resource constraints. Being limited to simple on-off-
keying modulation, the reverberant nature of the chip enclosure
imposes limits on allowed modulation speeds in sight of inter-
symbol interference, casting doubts on the competitiveness of
WNoCs as interconnect technology. Fortunately, this vexing
problem was recently overcome by parametrizing the on-chip
radio environment with a reconfigurable intelligent surface
(RIS). By suitably configuring the RIS, selected channel impulse
responses (CIRs) can be tuned to be (almost) pulse-like despite
rich scattering thanks to judiciously tailored multi-bounce
path interferences. However, the exploration of this “over-the-
air” (OTA) equalization is thwarted by (i) the overwhelming
complexity of the propagation environment, and (ii) the non-
linear dependence of the CIR on the RIS configuration, requiring
a costly and lengthy full-wave simulation for every optimization
step. Here, we show that a reduced-basis physics-compliant model
for RIS-parametrized WNoCs can be calibrated with a single full-
wave simulation. Thereby, we unlock the possibility of predicting
the CIR for any RIS configuration almost instantaneously without
any additional full-wave simulation. We leverage this new tool
to systematically explore OTA equalization in RIS-parametrized
WNoCs regarding the optimal choice of delay time for the RIS-
shaped CIR’s peak. We also study the simultaneous optimization
of multiple on-chip wireless links for broadcasting. Looking
forward, the introduced tools will enable the efficient exploration
of various types of OTA analog computing in RIS-parametrized
WNoCs.

Index Terms—Wireless network-on-chip, reconfigurable
intelligent surface, physics-compliant end-to-end channel model,
over-the-air channel equalization, resource-constrained network.

I. INTRODUCTION

Multicore chips, integrating a multitude of independent
cores within a single chip, increasingly struggle to
guarantee low-latency information exchange between far apart
cores, implying that communication increasingly becomes
the bottleneck for their computing performance [1], [2].
Communication between cores is currently based on packet-
switched networks composed of routers and wires [3].
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This wired interconnect technology experiences unfavorable
scalings as the number of cores increases, mainly due to
poor latency on multi-hop trajectories as well as significant
Ohmic losses [4], [5]. Moreover, their fixed hardware lacks
traffic-adaptive flexibility. These considerations spur efforts
to explore alternative interconnect technologies that can
complement wired interconnects for communication between
far-apart cores [6].

On the one hand, a wide range of guided network-on-chip
(NoC) technologies is currently being explored in the radio-
frequency, nanophotonic and plasmonic regimes. Although
some of these promise significant benefits in terms of energy
efficiency and bandwidth [7]–[10], the required technologies
(e.g., integrated light sources) are not yet mature and remain
costly; morever, similar to wired interconnects, these NoCs
rely on inflexible waveguide networks that may require multi-
router hops and lack the desired flexibility to adapt to traffic
needs. On the other hand, wireless NoCs (WNoCs) rely on
mature technology, naturally offer the sought-after flexibility,
and naturally bypass the issue of multi-router hops, thereby
promising low-latency broadcasting [11]–[18]. However, the
envisioned WNoCs are highly resource-constrained networks
with very limited modulation and processing capabilities [15],
[19]–[21]. WNoCs are typically based on on-off-keying
(OOK), i.e., binary amplitude shift keying (BASK). In sight
of the on-chip propagation environment, essentially a micro
reverberation chamber [22] in which the channel impulse
responses (CIRs) have many taps due to the metallic chip
enclosure, the OOK modulation speed must be throttled
to avoid inter-symbol interference (ISI) at the receiver.
Severe doubts about the competitiveness of WNoCs as
complementary interconnect technology hence arise.

Various attempts at overcoming this vexing ISI concern
were recently made that typically fall into one of the three
following categories:

1) Using more resource-demanding modulation schemes
(e.g., a time-diversity scheme [23] or time reversal [24]).

2) Controlling the level of absorption (e.g., via the thickness
of the lossy silicon layer [25] or via absorbing
boundaries [26]) to mitigate ISI at the cost of a lower
received signal strength.

3) Endowing the chip propagation environment with
programmability [27] to equalize wireless channels
“over the air” (OTA). Specifically, by integrating a
reconfigurable intelligent surface (RIS) into the chip
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package, the on-chip radio environment becomes to some
extent tunable. Thereby, the interference of the multitude
of multi-bounce paths linking the transmitter to the
receiver can be tailored, and an (almost) pulse-like CIR
can be imposed between a selected pair of antennas
despite the rich scattering.

The third approach holds the promise of being able to use the
very frugal OOK modulation without ISI and without signal
strength penalty, provided an on-chip RIS can be integrated
and suitably configured. Although Ref. [27] demonstrated the
feasibility of such RIS-assisted over-the-air (OTA) channel
equalization for WNoCs in full-wave simulations, a systematic
analysis of the concept remained out of reach due to the
prohibitive cost of the underlying full-wave simulations. On
the one hand, the chip is electrically very large, making every
single simulation very costly. On the other hand, the mapping
from RIS configuration to CIR is non-linear due to proximity-
induced and reverberation-induced coupling between the RIS
elements [28], requiring an iterative optimization of the RIS
configuration with one new full-wave simulation per iteration.

In the present paper, we demonstrate that a compact
physics-compliant model of the RIS-parametrized CIRs can
be calibrated to any specific chip architecture of interest
based on a single full-wave simulation. Recently, there
have been multiple efforts to conceive physics-compliant
models for RIS-parametrized radio environments (not at the
chip scale, but the underlying physics is scale-invariant).
These describe the RIS elements either in terms of tunable
load impedances [29]–[33] or tunable polarizabilities [34],
[35], and – except for Refs. [33]–[35] – are limited to a
simple free-space propagation environment. However, even
Refs. [33]–[35] are limited to abstract scattering environments
composed of discrete dipoles surrounded by free space. By
contrast, the chip environment involves continuous metallic
walls and various dielectric layers (see Sec. III below)
for which a tractable discrete-dipole description is not
obvious. Fortunately, the effect of the scattering environment
can be understood as merely contributing additional long-
range reverberation-induced coupling effects between the
primary wireless entities of interest (antennas and RIS
elements) [35]. Mathematically, this follows straight-forwardly
from the block matrix inversion lemma and yields an
equivalent representation of the system in the reduced basis
of primary wireless entities as opposed to the conventional
canonical basis [35]. This reduced-basis representation is
not limited to discrete scattering objects and has recently
been experimentally validated in 3D for an irregularly
shaped scattering enclosure with continuous metallic walls
of unknown geometry and material composition [36]. In
Ref. [36], a gradient-descent optimization was used to identify
the parameters of a reduced-basis tunable-polarizability-based
physical model from experimentally obtained calibration data.
In the present paper dedicated to the study of WNoCs with
full-wave simulations, we show that the parameters of a
reduced-basis tunable-load-impedance-based physical model
can be directly obtained with a single full-wave simulation.

Once calibrated, we can use the physical model of the
RIS-parametrized WNoC to correctly and efficiently predict

(almost instantaneously and without any additional full-wave
simulation) the CIR for any arbitrary RIS configuration
– despite the complicated non-linear mapping from RIS
configuration to CIR as well as the overwhelming complexity
of the on-chip radio environment. Thereby, we unlock
the possibility of systematically studying RIS-parametrized
WNoCs. We leverage this new tool to systematically explore
the RIS-based CIR optimization for OTA equalization.
Indeed, the preliminary physical-model-based studies of OTA
equalization in Refs. [34], [37] suggested that the optimal
choice of delay time for the optimized CIR’s peak appears
to depend on the amount of reverberation as well as on
setting-specific features. The reason relates to the line-of-sight
(LOS) tap of the CIR that originates from the LOS path
which did not encounter the RIS and is hence non tunable.
In the regime of moderate and weak reverberation, the LOS
tap plays a significant role in the CIR and hence the best
strategy may be to aim to suppress all taps other than the
LOS tap. In contrast, in the regime of strong reverberation,
it is possible to strongly enhance taps at later delay times
such that the LOS tap becomes negligible in comparison.
Given our efficient physical-model-based WNoC simulator, we
systematically explore these regimes in the WNoC context in
the present paper. Moreover, we consider the simultaneous
optimization of multiple CIRs for broadcast scenarios.

This paper is organized as follows. In Sec. II, we establish
the theory of our reduced-basis tunable-load-impedance-based
physical model for RIS-parametrized WNoCs. In Sec. III, we
describe the considered prototypical RIS-parametrized WNoC
and characterize the on-chip RIS element. In Sec. IV, we
validate in full-wave simulation the physical model developed
in Sec. II. In Sec. V, we present a systematic study of RIS
optimization for OTA equalization in WNoCs, identifying the
optimal choice of the delay time for the optimized CIR’s peak.
In Sec. VI, we explore the simultaneous OTA equalization of
multiple CIRs for broadcast scenarios. We close in Sec. VII
with a conclusion and outlook to future work.

Notation. A = diag(a) denotes the diagonal matrix A
whose diagonal entries are a.

[
A−1

]
BC denotes the block

of A−1 selected by the sets of indices B and C. Ia denotes
the a × a identity matrix. 0B [0BC] denotes the b × 1 vector
[b × c matrix] whose entries are all zero, where b and c are
the number of indices included in B and C, respectively.

II. THEORY

The wireless entities of primary interest (antennas and RIS
elements) are naturally discrete. By contrast, the scattering
environment in WNoCs is composed of continuous scattering
objects (metallic walls and dielectric slabs). We consider
in this theory section a generic scenario involving NT

transmitting antennas, NR receiving antennas, and NS RIS
elements. There are hence N = NA + NS primary wireless
entities, where NA = NT+NR. Let us denote by T , R and S
the sets of NT, NR and NS indices assigned to the transmitters,
receivers and RIS elements, respectively. We further define
A = T ∪ R and N = A ∪ S .

The frequency-dependent wireless channel matrix H(f) ∈
CNR×NT is the RT block of the system’s scattering matrix



3

S(f) ∈ CNA×NA that is defined in an obvious manner by the
NA antennas:

H(f) = [S(f)]RT , (1)

where

S(f) =

[
Rin(f) HT (f)
H(f) Rout(f)

]
, (2)

under the assumption of reciprocity, and Rin(f) ∈ CNT×NT

is the reflection matrix capturing the waves scattered back into
the transmission lines attached to the transmitting antennas.

Equivalently, our NA-port system can be represented by an
impedance matrix Z(f) ∈ CNA×NA that is related to S(f) as
follows:

S(f) = (Z(f) + Z0INA
)
−1

(Z(f)− Z0INA
) , (3)

where Z0 is the characteristic impedance of the transmission
lines attached to the antennas (typically 50 Ω). Expressing
H(f) in terms of Z(f) is more cumbersome than in terms of
S(f) but allows us to formalize the dependence of H(f) on
the RIS configuration in the following.

Remark: Throughout this paper, we do not make the
widespread “unilateral” approximation proposed in Ref. [38]
that would consist in assuming [Z]T R = 0 in order to simplify
the expression for how H(f) depends on Z(f) at the cost of
formally breaking reciprocity.

The NS RIS elements are now treated as NS auxiliary ports
which are not connected to transmission lines through which
waves can enter and exit the system but instead they are
terminated by tunable load impedances. This gives rise to an
augmented N -port auxiliary impedance matrix Ẑ(f) ∈ CN×N

that is related to the measurable Z(f) as follows:

Z(f) = ẐAA(f)− ẐAS(f)
(
ẐSS(f) +Φ(f)

)−1

ẐSA(f),

(4)
where

Φ(f) = diag (c(f)) (5)

and the RIS configuration c(f) ∈ CNS×1 is a vector
containing the NS tunable load impedances of the RIS
elements. A derivation of Eq. (4) is provided for completeness
in Appendix A.

Hence, given Ẑ(f) and the allowed values that the
tunable load impedances can take, H(f) can be worked out
analytically for any desired RIS configuration c(f) using
Eq. (4), Eq. (3) and Eq. (1). The generally non-linear
dependence of H(f) on c(f) is apparent. By declaring the
tunable lumped elements of the RIS elements as lumped ports
with characteristic impedance Z0, Ẑ(f) can be obtained with
a full-wave solver – irrespective of (i) the complexity of the
scattering environment, (ii) whether the scattering objects are
discrete or continuous, and (iii) the detailed nature of the wave
propagation mechanisms (e.g., space waves, surface waves,
guided waves [39]). Thus, the tunable-load-impedance-based
physical model of RIS-parametrized channels is ideally suited
for the study of WNoCs based on full-wave simulations.

The fundamental assumption whose validity determines
the accuracy of this approach is that the auxiliary ports
are electrically small such that they have a constant current

Fig. 1. Considered multi-core chip architecture with 8 × 8 on-chip RIS.
Parts in the bottom left corner are partially removed to show the interior.
The detailed RIS element design is shown in Fig. 2. The properties of the
dielectric layers are summarized in Table I.

distribution. This condition is approximately satisfied by
typical lumped elements like the PIN diodes considered
below which are electrically small. However, no requirement
regarding the size of the RIS elements whose scattering
properties are controlled by these tunable load impedances
exists. As already pointed out in Ref. [40], the size of the RIS
element unit cell does not impact the validity of the approach.

The CIR hi,j(t, c) between the antennas indexed i and
j is related to the corresponding frequency-domain channel
Hi,j(f, c) via a Fourier transform:

hi,j(t, c) = F−1
R {Hi,j(f, c)}, (6)

where FR{·} denotes the Fourier transform of a real signal,
and Hi,j(f, c) only includes positive frequencies. The CIR
envelope is then obtained as follows:

ei,j(t, c) = |H{hi,j(t, c)}| , (7)

where H{·} denotes the Hilbert transform.

III. RIS-PARAMETRIZED WIRELESS NETWORK-ON-CHIP

We consider the prototypical chip architecture shown in
Fig. 1 that is simplified with respect to electromagnetically
irrelevant details [27]. The footprint of the metallic chip
package is 33 × 33 mm2. A 22 × 22 mm2 large chip is
centered therein and surrounded by air. The chip is modelled
as a multi-layer structure composed of three dielectric slabs.
On the bottom is a 0.011 mm thick layer of silicon dioxide
(SiO2), on top of that is a 0.1 mm thick layer of silicon (Si),
and thereupon is a 0.8 mm thick layer of aluminum nitride
(AlN). Finite conductivity boundary conditions emulating
copper surround the entire simulation domain, representing
the metallic chip package on the side walls and top, and the
essentially flat layer of solder bumps on the bottom.

Our WNoC operates within a B = 10 GHz wide frequency
band centered on f0 = 60 GHz, i.e., 55 GHz < f < 65 GHz,
where f denotes the frequency. We use the Ansys High
Frequency Structural Simulator (HFSS) to simulate wave
propagation in the chip environment using a finite-element
method.

Electrically small slots of dimensions 0.2 × 0.3 mm2 in
the bottom metallic layer serve as antennas in our study.
These slot dimensions are deeply sub-wavelength compared
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TABLE I
SUMMARY OF RELATIVE PERMITTIVITY AND WAVELENGTH

AT 60 GHZ FOR THE CONSIDERED MATERIALS.

Material Relative Wavelength
Permittivity at 60 GHz

Air 1 5.0 mm
SiO2 4 2.5 mm
Si 11.9 1.4 mm

AlN 8.8 1.7 mm

to the wavelength at 60 GHz in the materials contained within
the chip – see Table I. Therefore, the radiation properties
are approximately frequency flat in the considered band and
the antennas have low directivity. These two features are
aligned with the desire for broadband and broadcast operation
in WNoCs.1 Note that in our considered scenario there is
essentially no LOS path with a delay related to the spatial
separation between antenna pairs. Instead, the shortest path
between any two antennas involves one bounce of the metallic
ceiling of the chip package.

The metallic ceiling of the chip package is patterned on its
inside with 8× 8 regularly spaced RIS elements, as shown in
Fig. 1. The RIS element design is that proposed as “alternative
on-chip RIS design” in Fig. 7 of Ref. [27] and summarized in
Fig. 2a. We consider here that the tunable load impedance is
implemented by a PIN diode such as the solderable, flip-chip
Aluminum Gallium Arsenide (AlGaAs) PIN diode MADP-
000907-14020x which is useable up to 70 GHz [44]. Based on
its data sheet, we consider that the two possible choices of load
impedance are ηON(f) = 5.2 Ω and ηOFF(f) = (ȷωC)−1,
where ȷ =

√
−1, ω = 2πf and C = 25 fF. The in-

1Future work can refine these antennas based on existing literature about
on-chip antennas [20], [26], [41]–[43]. Note that this literature so far often
deals with unpackaged chip configurations in which the ISI problem that is
encountered in typical fully packed chips is much weaker.

Fig. 2. RIS element design and characterization. a) RIS element design.
One metallic wall is removed to show the interior. The black block is
the lumped element with tunable impedance. b) Normal-incidence reflection
coefficient of the unit cell from (a) as a function of frequency and for the two
considered load impedance values, plotted in the complex frequency plane.
c,d) Representation of the data from (b) in terms of magnitude (c) and phase
(d) as a function of frequency.

plane dimensions of the RIS element are comparable to the
wavelength at 60 GHz in AlN (while the third dimension is
small compared to the wavelength). We deliberately use such
a large RIS element because it limits the number of tunable
lumped elements (each of which requires its own DC bias
voltage in practice). Note that our use case for RIS in a rich-
scattering environment does not have the same requirements
as the commonly studied use case involving RIS in free
space for which oftentimes sub-wavelength RIS elements are
considered.

In Fig. 2 we characterize the RIS element under normal
incidence, working with periodic boundary conditions on
all four sides, i.e., assuming an infinite array of identically
configured RIS elements. The simulation domain size (denoted
by u in Fig. 2a) is chosen such that the spacing of the RIS
elements of the infinite array is the same as in the chip
environment in Fig. 1. The phase difference of the response
for the two possible configurations reaches its maximum
of 160◦ at 60 GHz, i.e., in the middle of the considered
frequency band. The amplitude response of the RIS element
is intertwined with its phase response, as expected for a
Lorentzian resonator. While the magnitude only has a very
weak dip of −1.4 dB at 59.1 GHz in the OFF state, it has
much stronger dip of −13.4 dB at 60.6 GHz in the ON state.
Switching between ON and OFF states thus affects both the
phase and the magnitude of the scattered wave.

Fig. 3. Fluctuations of three selected on-chip wireless channels over random
RIS configurations. a) Selected locations for the transmitter and the three
receivers. b) 100 random realizations of the three considered channels (same
color code as in a). c) Standard deviation of the wireless channels across 100
random configurations. SD[·] denotes the standard deviation.

We also characterize our on-chip RIS directly in situ in
terms of how the wireless channels fluctuate for random RIS
configurations. In our use case, waves from all possible angles
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are incident on the RIS due to the rich scattering inside
the chip enclosure. We focus on a broadcast scenario with
one transmitter in the bottom left part of the chip and the
receivers on the right side of the chip, as shown in Fig. 3a.
The magnitudes of these three wireless channels are traced for
100 random RIS configurations in Fig. 3b and reveal that the
RIS significantly impacts the wireless channel across the entire
considered frequency band. This is further corroborated in
terms of the standard deviation of the complex-valued wireless
channel across the 100 random RIS configurations in Fig. 3c.

IV. FULL-WAVE PHYSICAL MODEL VALIDATION

In our full-wave simulation, we can treat the tunable-
impedance elements either as lumped elements (i.e., imposing
a specific load impedance on each element) in which case
we can extract the NA × NA matrices S(f, c) and Z(f, c)
that correspond to the chosen RIS configuration c(f); or
we can treat the tunable elements as lumped ports (with
Z0 = 50 Ω characteristic impedance) in which case we
can extract the N × N augmented matrices Ŝ(f) and Ẑ(f)
which are independent of c. In this section, we validate the
approach developed in Sec. II for deriving H(f, c) from Ẑ(f)
by comparing it for specific configurations c(f) with the
corresponding directly extracted H(f, c) = [S(f, c)]RT .

Fig. 4. Validation of the physics-compliant model from Sec. II in the setting
from Sec. III. For the three considered wireless channels (color-coded, one
in each row), the model’s prediction (continuous colored line) is compared to
the ground truth (black dashed line) in terms of the channel magnitudes, for
the three RIS configurations indicated on top (white = ON; black = OFF).

In Fig. 4 we show for each of the three wireless channels
of interest, and for three RIS configurations in each case (all
ON, all OFF, and a random configuration), the comparison
between ground truth (simulation with lumped elements)
and predicted (using method from Sec. II) wireless channel
magnitudes. Overall, satisfactory agreement is seen in all
cases. Broadband agreement in terms of amplitude as seen
in Fig. 4 implies also agreement in terms of phase due
to the Kramers-Kroning relation. In addition, we provide
additional time-domain validation in Fig. 6 for the optimized
RIS configurations. We attribute minor differences in Fig. 4
and Fig. 6 to (i) differences in the mesh utilized in the different
simulations, and (ii) the finite port size that can be considered
as infinitesimally small only in first approximation.

V. SYSTEMATIC STUDY OF OTA EQUALIZATION
OF A SINGLE CIR

Having formulated, calibrated and validated our physics-
compliant model for RIS-parametrized WNoCs, we can
now use it to systematically study OTA equalization in a
computationally efficient manner. In this section, we begin by
studying OTA equalization of a single CIR. The simultaneous
equalization of multiple CIRs OTA is considered in the
subsequent Sec. VI.

The ability to tailor the temporal properties of a CIR with
the spatial control offered by an RIS was experimentally
demonstrated already in 2016 in the 2.5 GHz regime under
rich-scattering conditions in the context of spatiotemporal
focusing [45]. In these optimizations, the objective was to
maximize the CIR envelope at a given delay time. Such
optimizations are not guaranteed to automatically mitigate
ISI because significant CIR taps at other delay times may
remain but the cost function is insensitive to them. A more
recent experiment in Ref. [46] targeted RIS-based multipath
mitigation, albeit in a simple two-path propagation scenario
that strongly differs from the rich scattering that WNoCs are
confronted with. Meanwhile, various model-based studies of
CIR equalization using a RIS appeared [34], [37], [47], [48], of
which Refs. [34], [37] are based on a physics-compliant model
(but describing an abstract 2D setup) that respects causality
and correctly captures proximity-induced and reverberation-
induced mutual coupling between the primary wireless entities
(antennas and RIS elements). Since ISI mitigation requires
that the optimized CIR has a single thin dominant tap, the
optimization objective in Refs. [34], [37] was formulated as
the minimization of the ratio between total signal intensity and
signal intensity within an interval ∆t centered on a delay time
τ0, yielding the following cost function:

C(τ0, c) =
∫∞
0

h2(t, c)dt∫ τ0+∆t/2

τ0−∆t/2
h2(t, c)dt

. (8)

In the absence of any ISI, e.g., in free space, C → 1 (unity is
the lower bound for the values that C can take). The success
of ISI mitigation pivotally depends on the choice of the values
for ∆t and τ0. With respect to ∆t, the signal bandwidth
B imposes a lower bound 1/B on how thin temporal CIR
features can become. Since the optimized CIR tap is desired to
be as thin as possible, the best choice is hence ∆t = 1/B [37].

But what value should be chosen for τ0? To answer this
question, we now systematically evaluate how the achievable
C depends on τ0 for the three wireless links of interest
in our WNoC case study. The identification of the optimal
RIS configuration (out of the 264 possible ones) for a given
choice of wireless link and τ0 cannot be performed in a
closed analytical form because of the non-linear dependence of
h(t, c) on c. Therefore, we perform an iterative optimization of
the RIS configuration using Algorithm 1 for each considered
wireless link and each considered value of τ0. Such a
systematic investigation is enabled by our compact physical
model and would be prohibitively expensive if one full-wave
simulation at every iteration was required to evaluate C. In
fact, to efficiently implement Algorithm 1, we do not even
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need to perform the evaluation of H(f, c) as detailed in Sec. II
from scratch in every iteration. Instead, we update a previous
channel evaluation to account for a new RIS configuration,
akin to the method proposed in Sec. IV.A of Ref. [35] based on
the Woodbury identity in the context of a tunable-polarizability
physics-compliant model.

Algorithm 1: Binary RIS optimization for OTA
equalization of single CIR for given delay time τ0.

1 Evaluate the costs {C}init for 50 random RIS
configurations {c}init.

2 Select Ccurr as the minimum cost from {C}init and
ccurr from {c}init at the same index such as:
Ccurr = C (ccurr) = min ({C}init).

3 k ← 0
4 i← 1
5 while k < NS do
6 i← i+ 1
7 c′ ← ccurr with the mod(i,NS)th bit flipped.
8 Ctemp ← C (c′).
9 if Ctemp < Ccurr then

10 ccurr ← c′

11 Ccurr ← Ctemp

12 k ← 0
13 else
14 k ← k + 1
15 end
16 end

Output: Optimized RIS configuration ccurr and/or
corresponding cost Ccurr.

The dependence of the achievable cost function C on the
choice of delay time τ0 is displayed by the dashed lines
in Fig. 5. The optimal choice of delay time for a given
wireless link yields the smallest possible value of C (i.e.,
largest possible value of C−1) and is seen in Fig. 5 to be
different for each considered wireless link. We hypothesize
that the optimal choice of delay time strongly correlates with
setting-specific features of the CIR: multi-bounce paths that
were significantly impacted by the RIS play an important role
at some delay times but not at others. At delay times at which
paths that are unaffected by the RIS dominate, it is impossible
to configure the RIS to create a good destructive interference.
The CIR will tend to have a tap at a delay time with a peak of
the average CIR, and if this tap is not within the ∆t interval
around τ0, it will deteriorate the value of C. Therefore, we
hypothesize that τ0 should be chosen to correspond to the
maximum of the average CIR envelope in order to achieve
the smallest possible value of C. To confirm our hypothesis,
we evaluate the average CIR envelope:

ẽ(t) = ⟨e(t, c)⟩c, (9)

where the average is taken over random RIS configurations.
The average squared CIR envelopes are shown in Fig. 5 as
continuous lines. As hypothesized, their maxima occur at the
same delay times as the maxima of C. Therefore, we have
identified a simple procedure to determine the best choice of

τ0: evaluating the CIR for a set of random RIS configurations
and determining the delay time at which ẽ(t) has its maximum.
We use this insight in the subsequent section for simultaneous
multi-link OTA equalization.
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Fig. 5. Systematic investigation of achievable C as a function of τ0 for the
three considered wireless on-chip channels (dashed lines, color-coded as in
Fig. 3, using right hand vertical axis). Moreover, the corresponding average
squared CIR envelopes are shown as a function of time (continuous lines,
same color codes, using left hand vertical axis).

For each of the three considered wireless links, the average
CIR and its standard deviation are shown as dashed line and
shaded area, respectively, in Fig. 6. Moreover, the optimal
time interval choice with τ0 corresponding to the peak of
the average CIR envelope and ∆t = 1/B is highlighted
in yellow. In addition, in each case, an optimized CIR for
this specific link is shown in terms of the model’s prediction
(continuous colored line) and the corresponding ground truth
(colored dots). The contribution to mitigating ISI is significant
in all three cases: compared to the values of C for random
RIS configurations (3.7 ± 1.4, 5.8 ± 2.3, 6.7 ± 3.0), the
optimized CIRs reach significantly lower values (predicted:
1.7, 1.7, 1.6; ground truth: 1.7, 1.8, 1.7) in all three considered
cases. It is also apparent upon visual inspection that only one
significant CIR tap remains for each of the optimized CIRs.
We have run this optimization multiple times; different runs
tend to yield different optimized configurations but they tend to
produce similar values of C. Moreover, we determined that the
fraction of RIS elements configured to be ON in the optimized
configurations is 0.53. Being very close to 0.5, this fraction
confirms that the investigated OTA equalization technique
relies on intricate tailored interference effects rather than
absorption (otherwise, all RIS elements would be in the ON
configuration that absorbs more than the OFF configuration –
see Fig. 2). This is also visually confirmed in Fig. 7a-c by the
three example configurations corresponding to the optimized
CIRs shown in Fig. 6 for the SISO cases; Fig. 7a-c further
shows that the optimizations do not appear to yield intuitively
interpretable patterns for the optimized RIS configuration, as
expected due to the rich scattering.

VI. MULTI-LINK OTA EQUALIZATION
FOR BROADCASTING

So far, we have only discussed the OTA equalization of a
single WNoC CIR (i.e., single-input single-output, SISO) but
some of the key promises held by WNoCs relate to broadcast
scenarios in which one transmitter shares information with
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ẽ (t)

2
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Fig. 6. RIS-optimized CIRs for OTA equalization. For each of the three considered on-chip wireless links (color-coded boxes, see Fig. 3a), the average CIR
envelope and its standard deviation are shown as dashed line and shaded area, respectively. In addition, the optimal choices of ∆t and τ0 are indicated by the
yellow shaded box. Furthermore, CIR envelopes are shown that correspond to the model’s prediction (continuous lines, e(t)) and ground truth (dots, e′(t))
for the RIS configurations optimized for operation with SISO (colored) or SIMO (black). The insets indicate the corresponding values of the cost function
based on the model’s prediction (C) and the corresponding ground truth values (C′). The corresponding optimized RIS configurations are shown in Fig. 7.

multiple receivers simultaneously (i.e., single-input multiple-
output, SIMO). Therefore, we now consider the scenario
in which the transmitting antenna seeks to simultaneously
broadcast information to all three receiving antennas, meaning
that all three CIRs should be simultaneously equalized OTA by
a single optimized RIS configuration. Having identified in the
previous Sec. V how to chose the value of τ0 for a given CIR,
we now identify the optimal value of τ0 for each of the three
considered links. This allows us to define a combined cost
function: for a given RIS configuration c, first, we evaluate
the cost function of each individual link using Eq. (8) based
on the optimal value of τ0 for that link; second, we evaluate
a combined cost function C that combines the individual cost

functions in a root-mean-square fashion:

C (c) =
√
⟨C2i,j (c, τ0,i,j)⟩, (10)

where the indices i, j identify the different considered wireless
on-chip links. We then use the same iterative procedure as in
Algorithm 1 to optimize a RIS configuration for this multi-
link SIMO case. The detailed procedure for the SIMO case is
summarized in Algorithm 2.

The value of C for random RIS configurations for the
three considered wireless on-chip links is 5.6 ± 1.8. CIRs
corresponding to the optimized RIS configuration obtained
with one realization of Algorithm 2 are shown in black
in Fig. 6 (model prediction: black continuous line; ground
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Algorithm 2: Binary RIS Optimization for
Simultaneous OTA Equalization of Multiple CIRs

1 Evaluate τ0,i,j for i ∈ R and j ∈ T .

2 Define C (c) =
√
⟨C2i,j (c, τ0,i,j)⟩.

3 Apply Algorithm 1 using C as the cost function.
Output: Optimized RIS configuration ccurr and/or

corresponding cost Ccurr.

SISO1 SISO2 SISO3 SIMO

Fig. 7. Optimized RIS configurations corresponding to the results displayed
in Fig. 6.

truth: black dots). This optimized RIS configuration achieves
C = 1.9, and the values of C for each wireless link are
2.0, 1.9 and 1.8 (model predictions and ground truths are
identical). Of course, the optimization objective is more
demanding in this SIMO case, as compared to the previous
SISO cases, but nonetheless a significant contribution to ISI
mitigation is apparent. Again, upon visual inspection we see
that the optimized CIRs only have one dominant tap, as
required for ISI-free OOK communications. The results from
Fig. 6 confirm the suitability of the proposed RIS-based OTA
equalization technique for broadcast WNoC scenarios. We
have run Algorithm 2 multiple times and found that for the
optimized RIS configurations the ratio of RIS elements in the
ON state is 0.51, again extremely close to 0.5 (see also the
displayed example optimized RIS configuration for SIMO in
Fig. 7d). We observe more significant fluctuations in the values
of C with the optimized RIS configurations for Algorithm 2
than we did for Algorithm 1, suggesting that future work can
refine the combined cost function from Eq. (10) to yield a
more stable performance.

VII. CONCLUSION

To summarize, we have introduced and validated a physics-
compliant model for RIS-parametrized WNoC channels that
can be calibrated with a single full-wave simulation. Based on
our model, we systematically studied the choice of delay time
for the optimized CIR’s peak, finding that it should coincide
with the time at which the average CIR envelope (averaged
over random RIS configuration) has its maximum. Then, we
tackled a broadcast scenario and showed that multi-link RIS-
based OTA equalization is feasible in WNoCs. Parametrizing
a WNoC with an RIS is hence a promising route to mitigating
ISI without loss of signal strength nor the need for a resource-
demanding modulation scheme.

Incidentally, given the scale invariance of Maxwell’s
equations, our approach to calibrating a physics-compliant
model of a RIS-parametrized radio environment can also
be transposed to the analysis of “smart” indoor radio

environments whenever such an analysis is based on full-wave
simulations.

Looking forward, on the one hand, we envision the
transposition of the present study to the THz regime
where more bandwidth is readily available than in the
here considered millimeter-wave regime: a given bandwidth
(WNoCs target 10 − 15 GHz) constitutes a much smaller
fractional bandwidth [49]. Various THz RIS designs operating
in reflection have already been proposed and experimentally
prototyped in the literature [50]–[55] and could be adapted to
the on-chip scenario. Signal generation becomes increasingly
challenging at such high frequencies but could be implemented
by distributing a centrally generated signal. On the other
hand, the tools introduced in the present paper enable a
systematic study of OTA analog computing in WNoCs. In
fact, the presented OTA equalization can already be interpreted
as a confluence of analog computing and communications.
Given the scale invariance of Maxwell’s equations, concepts
for OTA analog computing for matrix multiplication [56],
signal differentiation [57] or physical wave-based neural net-
works [58] that have already been prototyped in experiments
at the indoor scale can be transposed to the chip scale. Finally,
we note that the concept underlying the RIS-parametrized
WNoCs, namely the massive parametrization of a complex
scattering system to tune its scattering properties in situ, in
principle also applies to waveguide networks and thus may
also prove useful for certain implementations of guided NoCs.

APPENDIX A
DERIVATION OF EQ. (4)

The impedance matrix Z̊ ∈ CM×M of an M -port system
relates port voltages V̊ ∈ CM×1 to port currents J̊ ∈ CM×1:

V̊ = Z̊̊J. (11)

If the mth port is terminated with a load impedance η̊m, this
imposes the relation V̊m = −η̊mJ̊m (J̊m is defined as the
current going into the port).

In our problem, NS ports of the N ports defining Ẑ are
terminated by the load impedances summarized in c. We
partition V̂ ∈ CN×1, Ĵ ∈ CN×1 and Ẑ according to the
sets A and S:

V̂ =

[
V̂A
V̂S

]
, Ĵ =

[
ĴA
ĴS

]
, Ẑ =

[
ẐAA ẐAS
ẐSA V̂SS

]
, (12)

and use
V̂S = −ΦĴS (13)

to obtain[
V̂A
0S

]
+

[
0AA 0AS
0SA −Φ

] [
ĴA
ĴS

]
=

[
ẐAA ẐAS
ẐSA ẐSS

] [
ĴA
ĴS

]
. (14)

Rearranging Eq. (14), we obtain[
V̂A
0S

]
=

[
ẐAA ẐAS
ẐSA ẐSS +Φ

] [
ĴA
ĴS

]
(15)

which implies

V̂A = ẐAAĴA + ẐAS ĴS . (16a)
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0S = ẐSAĴA +
(
ẐAS +Φ

)
ĴS . (16b)

Solving Eq. (16b) for JS yields

ĴS = −
(
ẐAS +Φ

)−1

ẐSAĴA, (17)

and inserting Eq. (17) into Eq. (16a) yields

V̂A = ẐAAĴA − ẐAS

(
ẐAS +Φ

)−1

ẐSAĴA. (18)

Since V̂A = ZĴA in our problem, Eq. (4) follows by
inspection of Eq. (18).

To avoid confusion regarding sign conventions, there are
two simple sanity checks that can be performed to confirm
the correctness of Eq. (4):

1) If all NS ports with indices included in S are terminated
with matched loads (i.e., Φ = Z0INS

), one should find

that S = ŜAA, where Ŝ =
(
Ẑ+ Z0IN

)−1 (
Ẑ− Z0IN

)
.

2) If all NS ports with indices included in S are terminated
with open circuits (i.e., Φ = ηINS

with η → ∞), one
should find that Z = ẐAA.
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[38] M. T. Ivrlač and J. A. Nossek, “Toward a circuit theory of
communication,” IEEE Trans. Circuits Syst. I: Regul. Pap., vol. 57, no. 7,
pp. 1663–1683, 2010.

[39] Y. P. Zhang, Z. M. Chen, and M. Sun, “Propagation mechanisms of radio
waves over intra-chip channels with integrated antennas: Frequency-
domain measurements and time-domain analysis,” IEEE Trans. Antennas
Propag., vol. 55, no. 10, pp. 2900–2906, 2007.

[40] K. Konno, S. Terranova, Q. Chen, and G. Gradoni, “Generalised
impedance model of wireless links assisted by reconfigurable intelligent
surfaces,” arXiv:2306.03761, 2023.

[41] W. Rayess, D. W. Matolak, S. Kaya, and A. K. Kodi, “Antennas and
channel characteristics for wireless networks on chips,” Wirel. Pers.
Commun., vol. 95, pp. 5039–5056, 2017.

[42] R. S. Narde, J. Venkataraman, A. Ganguly, and I. Puchades, “Intra-and
inter-chip transmission of millimeter-wave interconnects in noc-based
multi-chip systems,” IEEE Access, vol. 7, pp. 112 200–112 215, 2019.

[43] ——, “Antenna arrays as millimeter-wave wireless interconnects in
multichip systems,” IEEE Antennas Wirel. Propag. Lett., vol. 19, no. 11,
pp. 1973–1977, 2020.

[44] MACOM. MADP-000907-14020x. [Online]. Available: https://cdn.
macom.com/datasheets/MADP-000907-14020x.pdf

[45] P. del Hougne, F. Lemoult, M. Fink, and G. Lerosey, “Spatiotemporal
wave front shaping in a microwave cavity,” Phys. Rev. Lett., vol. 117,
no. 13, p. 134302, 2016.

[46] R. Zhou, X. Chen, W. Tang, X. Li, S. Jin, E. Basar, Q. Cheng, and
T. J. Cui, “Modeling and measurements for multi-path mitigation with
reconfigurable intelligent surfaces,” Proc. EuCAP, pp. 1–5, 2022.

[47] H. Zhang, L. Song, Z. Han, and H. V. Poor, “Spatial equalization before
reception: reconfigurable intelligent surfaces for multi-path mitigation,”
Proc. ICASSP, pp. 8062–8066, 2021.

[48] E. Arslan, I. Yildirim, F. Kilinc, and E. Basar, “Over-the-air equalization
with reconfigurable intelligent surfaces,” IET Commun., vol. 16, no. 13,
pp. 1486–1497, 2022.

[49] J. Tapie, M. F. Imani, and P. del Hougne, “Toward THz RIS-parametrized
wireless networks-on-chip,” in Proc. ACM NanoCom, 2023, pp. 142–
143.

[50] J. J. Lynch, F. G. Herrault, G. L. Virbila, K. S. Kona, D. L. Hammon,
D. C. Regan, J. C. Wong, Y. Tang, E. M. Prophet, P. Naghibi et al.,
“Coded aperture subreflector array for high resolution radar imaging,”
Proc. SPIE, vol. 10994, pp. 43–53, 2019.

[51] J. Wu, Z. Shen, S. Ge, B. Chen, Z. Shen, T. Wang, C. Zhang, W. Hu,
K. Fan, W. Padilla, Y. L. Lu, B. Jun, J. Chen, and P. Wu, “Liquid
crystal programmable metasurface for terahertz beam steering,” Appl.
Phys. Lett., vol. 116, no. 13, 2020.

[52] B. Chen, X. Wang, W. Li, C. Li, Z. Wang, H. Guo, J. Wu, K. Fan,
C. Zhang, Y. He, B. Jin, J. Chen, and P. Wu, “Electrically addressable
integrated intelligent terahertz metasurface,” Sci. Adv., vol. 8, no. 41, p.
eadd1296, 2022.

[53] N. M. Monroe, G. C. Dogiamis, R. Stingel, P. Myers, X. Chen, and
R. Han, “Electronic THz pencil beam forming and 2d steering for high
angular-resolution operation: A 98×98-unit 265GHz cmos reflectarray
with in-unit digital beam shaping and squint correction,” Proc. ISSCC,
vol. 65, pp. 1–3, 2022.

[54] F. Lan, L. Wang, H. Zeng, S. Liang, T. Song, W. Liu, P. Mazumder,
Z. Yang, Y. Zhang, and D. M. Mittleman, “Real-time programmable
metasurface for terahertz multifunctional wave front engineering,” Light
Sci. Appl., vol. 12, no. 1, p. 191, 2023.

[55] Y. Liu, Y. Wang, X. Fu, L. Shi, F. Yang, J. Luo, Q. Y. Zhou, Y. Fu,
Q. Chen, J. Y. Dai et al., “Toward sub-terahertz: Space-time coding
metasurface transmitter for wideband wireless communications,” Adv.
Sci., p. 2304278, 2023.

[56] P. del Hougne and G. Lerosey, “Leveraging chaos for wave-based
analog computation: Demonstration with indoor wireless communication
signals,” Phys. Rev. X, vol. 8, no. 4, p. 041037, 2018.

[57] J. Sol, D. R. Smith, and P. del Hougne, “Meta-programmable analog
differentiator,” Nat. Commun., vol. 13, no. 1, pp. 1–10, 2022.

[58] A. Momeni, B. Rahmani, M. Mallejac, P. del Hougne, and R. Fleury,
“Backpropagation-free training of deep physical neural networks,”
arXiv:2304.11042, 2023.

https://cdn.macom.com/datasheets/MADP-000907-14020x.pdf
https://cdn.macom.com/datasheets/MADP-000907-14020x.pdf

	Introduction
	Theory
	RIS-Parametrized Wireless Network-on-Chip
	Full-Wave Physical Model Validation
	Systematic Study of OTA Equalization  of a Single CIR
	Multi-Link OTA Equalization for Broadcasting
	Conclusion
	Appendix A: Derivation of Eq. (4)
	References

