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Ducournau Member, IEEE

Abstract—Reconfigurable Intelligent Surface is a promising
technology for the up-coming sixth-generation (6G) of cellular
communication networks. In this context, an experimental study
of specular and nonspecular reflections of a reflective surface
by scattering parameter measurements in the 300 GHz range
is presented. Here we compare the insertion loss of a fixed and
passive reflective surface at its optimal output deflection angle
with respect to the specular reflection on a metallic plate. We
propose a methodology to assess the losses induced by the surface
and validate the use of the device within a THz link. At its
best, around 290 GHz, the surface insertion loss is less than 3
dB compared to the metallic plate. We then investigate a non-
line-of-sight THz link operating in QSPK and QAM-16 coherent
transmission using the reflective surface. Data rates up to 10
Gbits/s for QSPK and 20 Gbits/s for QAM-16. This is, to the
best authors knowledge, the first demonstration of a non-line-of-
sight THz data-link including such reflective surface.

Index Terms—Non-line-of-sight THz communications, 6G, Re-
flective Intelligent Surfaces (RIS), Metasurfaces, Over-the-air
(OTA) scattering parameters measurements.

I. INTRODUCTION

THE sixth generation (6G) of wireless technology
promises to redefine the limits of speed, responsiveness,

and connectivity and is envisioned to be available in 2030 [1].
It is then crucial for 6G to operate at frequencies close to
THz range [2] which allows higher data rates in the desirable
order of Terabits per second (Tbit/s), as well as ultra-low
latency. In 6G, wireless connectivity will be expanded to reach
Internet of Things (IoT) devices, sensors, holography-type
communications and extended reality [3] but also connected
and autonomous vehicles, collaborative robots and intelligent

This work is supported by the TIMES 6G-SNS project, that received fund-
ing from the Smart Networks and Services Joint Undertaking (SNS JU) under
grant agreement No. 101096307. The JU receives support from the European
Union’s Horizon Europe research and innovation programme. This work also
received support from Contrat de Plan Etat Region (CPER) WAVETECH
@HdF project and Haut de-France Regional council, IEMN UHD flagship
project, the IEMN CHOP platform, and France 2030-PEPR FUNTERA and
SYSTERA projects. These last projects are funded by the ANR (Agence
Nationale de la Recherche) under Grants ANR-22-PEEL-0006 and 22-PEFT-
0006. (Corresponding author: guillaume.ducournau@univ-lille.fr).
F. Dutin and G. Ducournau are with University of Lille, CNRS, Cen-
trale Lille, Univ. Polytechnique Hauts-de-France, UMR 8520-IEMN, Institut
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healthcare [4]. The 6G networks will also need to be integrated
with AI for network management, personal user experience,
and smart resource localization [5]. However, as the frequency
increases, free-space pathloss represents a key challenge for
long-range directive/short-range omnidirectional communica-
tions since the free-space pathloss of the THz electromagnetic
signal decays proportionally with the square of the operating
frequency following Friis’ formula [6]. For the later, this
challenge can be tackled with the use of reflective surfaces in
the THz channels [7]. In addition, wave propagation at THz
frequency spectrum is vulnerable to atmospheric conditions
[8], [9] even though here again this can be tacked by carefully
selecting the communication bandwidth to be outside of the
attenuation of specific resonant frequencies, as shown in
[10]. Looking beyond, making 6G features available in dense
environments e.g. in cities is still a bottleneck, as all kinds
of blockages can prevent the propagation of THz electromag-
netic waves which traditionally rely on Line-of-Sight (LoS)
communication. To date, THz communications system-level
demonstrations rely on highly directive links, using simple
static point-to-point scenario where the radiating antenna stays
in line-of-sight with the receiver up to duplexed THz links
compatible with IP protocol [11], [12]. However, with the
recent approaches of join communication and sensing, as well
as mobile scenarios for the communication, the THz channel
is progressively entering a new phase where more complex
communication scenarios are considered. The use of reflective
surfaces is thus considered as a new way to enable non line-
of-sight THz links, in static or dynamic (reconfiguration of
the reflective surface when enabled). From this perspective,
reconfigurable intelligent surface (RIS) will play a major role
in establishing a direct path from transmitter to receiver.
The concept of such surfaces is existing in the community
since many years, named as transmit/reflect arrays or meta-
surfaces, before RIS term was massively used.Using such
devices enables to upgrade THz usual LoS communication
channels to non-LoS (NLoS) scenarios. Since RIS are expected
to provide an active control the phase of an impinging THz
beam, many scenarios/use cases can be enabled, paving the
way towards advanced wireless communication in 6G smart
cities [13]. Even if RISs have already been extensively studied
from a theoretical point of view, to the best of our knowledge,
only one experimental study of an active liquid crystal-based
RIS [14] has been published earlier this year in the THz
regime. Authors gave a method to simulate and study reflective
properties of a 32 × 32 RIS prototype. They shown that a
THz beam can be steered continuously toward a desired angle.
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Therefore, RISs are expected to be key components for 6G
physical layer, enabling new features like beam management
or channel estimation. However, there is a lack of experimental
results to corroborate or refute these propositions towards 6G
deployment: the lack of experimental proof of concept of
the use of RIS to unlock intelligent programmable wireless
environments [15] is a real obstacle to progress further in
developing these structures, as explained in [5].
In this paper, results on free space reflection performance
of a RIS are presented in the 300 GHz frequency band. At
this stage, the RIS is fixed (not reconfigurable), however the
proposed method and data-link validation does not required
reconfigurability. Here, this work aims to study the specular
and nonspecular reflections of this RIS, and compare them to
the specular reflection of a reference metal plate. This enables
to determine the insertion losses for the optimum angular
configuration. This is a first step towards experimental study
of NLoS THz paths, and how they can be enabled using these
reflective surfaces. As an example, beam-steering properties of
any active RIS is a fundamental subject for the development of
6G and future integrated communication and sensing (ICAS).
In the paper, the RIS state-of-the-art is examined in Section
II. The characterization measurements in free space with a
220-325 GHz vector network analyzer (VNA) are presented
in Section III, and a THz wireless communication using the
RIS, for NLoS link is presented and discussed in Section IV.
The conclusions and outlook are presented in Section V.

II. RIS: CONCEPTS AND STATE-OF-THE-ART

This section discusses the concept/design, electromagnetic
wave control, implementation of RISs and numerical simula-
tions.

A. Basic concepts of RISs

The concept of RISs has been established to improve, and
even enable links with reduced hardware infrastructure [16], a
wide variety of wireless applications. While this technology
is still ongoing in the transition from theoretical works to
precise definitions, the key feature that characterizes a RIS is
its dynamic response reconfigurability that can be realized with
low-cost hardware [17]. Even though actual RIS technology
strongly depends on the actual application and is tightly
coupled to other alternative existing technologies such as
active multi-antenna relays, and phased-arrays [18], theoretical
[19] and algorithmic [20] works by the established community
over the past years demonstrated clear advancements and
valuable propositions. RIS can be applied for communication
applications [21], sensing [22] as well as localization/tracking
[23] and detection of passive objects [24].

B. RIS: reflective and transmitting types

Depending on the applications, different types of RIS can
be used depending on their operation modes. Indeed, the first
type is just signal reflection, where a RIS is conventionally
used as a reconfigurable reflector, desirably steering impinging
electromagnetic (EM) waves. The second type is about re-
ceiving signals (R-RIS), enabling sensing of the environment,

channel state information acquisition, and localization [25].
The third type is about the signal transmission (T-RIS), when
used in conjunction with signal feeding units [26], [27]. Signal
reflection and reception can be used simultaneously in the H-
RIS operation mode [28], which integrates the benefits of two
operation modes by keeping a portion of the impinged signal
power for reception and reflecting the rest. Eventually, STAR-
RIS [29] combine three different operating modes 1) a portion
of the impinged EM wave’s power is refracted while the rest is
reflected, 2) different elements switch between reflecting and
refracting modes, and 3) switching in time between reflecting
and refracting.

C. Control of Impinging Electromagnetic Waves

The control of impinging EM waves by RIS can be done in
various ways, even if they require different hardware [15], thus
enabling exciting new applications: for instance, by absorption
of EM waves [28] to mitigate interference in wireless networks
[29]. Other approaches rely on changing the polarization of
EM waves [18] and by phase or amplitude manipulation of
EM waves [30], [31]. Generally, a RIS may operate in the
near or far-field (FF) regime, depending on the frequency and
the RIS size. The classical far-field region refers to the region
beyond the Fraunhofer distance [32], which is proportional to
the square of the aperture size and inversely proportional to
the wavelength of the operating frequency [33]. Other features
that categorize a RIS are channel access mode, which can be
half-duplex [34], or full-duplex [35] and the radiation pattern
since the RIS can steer a beam across a target, shape the profile
and phase of a beam or generate multiple beams for MIMO
and multi-user applications.

D. Implementation

Two main approaches for RISs implementation have been
mainly discussed in the literature, which are either based
on traditional antenna arrays or metasurfaces. The antenna-
array-based RIS [36] uses unit cells that have resonant size
close to half-wavelength while the metasurface-based RISs are
composed of a large number of closely spaced sub-wavelength
unit cells. The operation of metasurface-based RISs is based
on diffraction to split the incident EM wave into several com-
ponents whose directions depend on the periodicity, operating
frequency, and incident angle [37].

E. Basic operation of the proposed reflective surface

Basically, following Fig. 1(a), the reflection of an incident
wave on a metal plate follows the Snell’s law for which the
incident angle and the reflection angle are the same, (θin =
θout). In contrast, as shown in Fig. 1(b), reflective surface
(RS) unit cells induce a phase shift of the reflected signal
which does not follow the classic Snell’s law anymore. Thus
both angles are not equal, the difference being the phase shift
gradient:

k0(sin θout − sin θin) =
dϕR

dx
, (1)

where k0 is the wavevector of the incident signal, ϕR is
the phase shift induced by the RS and the coordinate x is
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Fig. 1. (a) Metal plate operation which follows the classic reflection Snell’s law (θin = θout). (b) Reflective surface (RS) operation which does not follow
the classic reflection Snell’s law anymore (θin ̸= θout), which is the case investigated in this paper. (c) R-RIS operation where the output angle θout can
be adjusted thanks to the RS reconfigurability, which is out of the scope of this paper.

tangential to the surface. (1) is known as the generalized
Snell’s law as described in [38]. It is worth to notice that
in this configuration, the phase shift gradient is constant

Fig. 2. (a) RS design in which the periodicity is contained on a 12-patchs
basic array. (b) Schematic of a basic array with periodicity axes.

and is only dependent on the RS periodicity. Actually, when
this phase shift gradient is not constant anymore as for R-
RIS (cf. Fig 1(c)) which, for instance can be induced by
Microelectromechanical Systems (MEMS) or liquid crystals,
the shift between the incident angle and the reflected angle
can be tuned directly.

It should be noted that while the proposed method is applied
for fixed RS so far, it could be applied for reconfigurable
devices, that are out of the scope of the paper.

F. Reflective surface design steps

Fig. 2(a) depicts our 100 mm diameter RS fabricated on
a circular wafer. The patches dimensions are obtained via
simulations and optimized to produce the necessary phase
change at coordinate x, according to (1). The phase shift has
then been simulated for each cell that composed this RS which
allows to choose a 12-patches specific configuration of a basic
array. Since the patches dimensions were chosen with respect
to the simulated phase shift, they do not follow any small-
to-large specific distribution but they have a sub-wavelength
rectangular shape with length and width from 20 × 20 µm to
160 × 160 µm. Then, the basic array is periodically repeated
in both vertical and horizontal directions until the whole 4-
inches wafer is covered in order to avoid parasitic reflections
as shown in [39]. The periodicity is dx = 2.184 mm (cf. Fig
2(b)). Moreover, because of its design, for an impinging signal
with a certain polarization the RS has to be reversed oriented
in order to obtain a reflected signal, i.e., if the impinging signal
is horizontally polarized, the RS should be vertically oriented.

G. RS fabrication technological steps

The RS fabrication has been done at Public University of
Navarra (UPNA) clean room and the basic fabrication steps are
shown in Fig. 3. Here we detail these steps. Basically, an RS is
a two metal layer with a top layer which is the patch array and
bottom layer which is totally covered by metal. The interlayer
medium is silicon. Before the photolithography process begins,
the silicon wafer undergoes a cleaning procedure to ensure the
removal of organic and particulate contaminants. The wafer is
first rinsed with acetone, followed by a rinse with isopropyl al-
cohol (IPA) and spin dried afterwards. This cleaning sequence
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Fig. 3. Reflective Surface fabrication procedure. Metallization of the top layer with the patch array. The yellow layer is the photoresist, and the violet layer
is the photoresist after the UV exposure. The black lines of last two images are the metal deposited.

ensures a clean surface for subsequent processing steps.
A uniform layer of AZ® nLOF™2020 negative photoresist is
applied on a 4” circular double side polished intrinsic silicon
wafer using the spin coating technique. The film thickness
is set to 2.0 µm by spinning at 2500 rpm for 40 seconds.
This step ensures uniform coverage of the photosensitive
resin on the substrate’s surface. Next, the wafer undergoes
a soft bake at 110◦C for 60 seconds on a direct contact
hotplate. This thermal treatment evaporates residual solvents
in the photoresist, improving adhesion to the substrate and
optimizing the resolution of the pattern during exposure. The
coated wafer is exposed to ultraviolet light at 365 nm (i-line)
using a Heidelberg Instruments MLA-100 laser mask writer.
The exposure energy is 66 mJ/cm2, which enables precise
transfer of the desired pattern onto the photoresist through
photochemical reactions. Following exposure, a post-exposure
bake is performed at 110◦C for 60 seconds on a direct contact
hotplate. This step is critical for stabilizing both the exposed
and unexposed areas of the photoresist before development.
The photolithographic pattern is developed using AZ® 326
MIF Developer in a 60-second single puddle process. The de-
veloper dissolves the areas of the photoresist that were exposed
to ultraviolet light, leaving the silicon substrate’s defined areas
exposed. The wafer is then rinsed with deionized (DI) water to
remove any developer residue and ensure the integrity of the
pattern before the metal deposition process. Metal layers are
deposited via electron beam evaporation (e-beam deposition).
A 500 nm layer of copper (Cu) is deposited, followed by a
30 nm gold (Au) protective layer. These metal layers form the
conductive parts of the reflecting surface, with the gold layer
protecting the copper from oxidation. Finally, the remaining
photoresist is stripped using TechniStrip® NI555, a specialized
photoresist remover that efficiently eliminates the resist with-
out damaging the deposited metal layers. This reveals the final
metal circuit pattern on the silicon substrate. Again, the silicon
wafer undergoes a cleaning procedure to ensure the removal
of organic and particulate contaminants. The procedure is the
same as in the first step. In addition to the metal deposition
on the front side, a 500 nm layer of copper (Cu) followed by
30 nm of gold (Au) is also deposited on the backside of the
wafer. To finish the fabrication a last cleaning procedure to

ensure the removal of organic and particulate contaminants is
made again. The procedure is the same as in the first step.
After the complete fabrication process, the wafer is inspected
using an optical microscope to verify the quality and integrity
of the fabricated circuits. The inspection focuses on ensuring
that the metal patterns are correctly formed, free from defects
such as cracks, incomplete etching, or misalignment. This step
is critical for guaranteeing the functionality of the final device
before proceeding to further testing.

H. RS simulations using Floquet theory

Prior to characterization, simulations using Floquet modes
[39], [40] were done in order to know the maximum non-
specular reflection angles induced by the RS related to a
defined incident angle, operating frequency and the periodicity
of the RS. If the RS is illuminated by a plane wave, the
x-component of the nth Floquet harmonic is defined as the
tangential wavenumber of the reflected plane wave harmonic,
kxn, along the x-axis as

kxn = kx0 +
2nπ

dx
, (2)

where kxn = k sin θRx,n and kx0 = k sin θTx. k is the
operating wavenumber, θRx,n and θTx are the reflection angle
for the nth Floquet mode and the RS’s illuminating plane
wave incident angle with respect to the normal of the RS,
respectively. The basic array size dx determines the ability
of the RS to reflect into multiple angles depending on θTx
and θRx,n. The maximum reflection angle for the nth Floquet
harmonic θRx,n is determined by

sin θRx,n = sin θTx +
nλ

dx
, (3)

where λ = 2π/k is the operating wavelength. Because of
(3), only a finite number of propagating plane wave modes
significantly contribute to the field. The additional higher-order
(evanescent) modes do not contribute as their propagation
constants in the normal direction are imaginary. Controlling
the propagating Floquet modes via the periodicity of the RS
and the incident angle enables accurate prediction of reflection
amplitudes, without the need for full-wave electromagnetic
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simulations. The range of operating frequencies is between
220 and 325 GHz, as shown in the next section. Satisfying
|kxn| < k, there are four, five, or six propagating harmonics
depending on the frequency with n = 0,±1,±2,−3 [41].
Specular reflections are given by the mode n = 0 whereas
anormalous reflections are given by n ̸= 0. Nevertheless, in
our configuration, only reflection angles between 20◦ and 70◦

with respect to the normal of the RS are measured. Since they
correspond to the Floquet mode n = 1, maximum reflection
angles for each frequency of interest are thus calculated by the
use of (3), with n = 1, as shown in Fig. 4. For θTx less or equal
to 30◦, we see that the more the frequency increases, the more
the reflection angle decreases. In Fig. 4, we focused on the
frequency range between 270 and 320 GHz where maximum
insertion losses values occur, as it will be seen later (cf. Fig.
9 and 10).

Fig. 4. Maximum reflection angles given by the Floquet mode n = 1
theory.

III. CHARACTERIZATION OF THE RS

This section presents the characterization measurement re-
sults. The focus is first on specular reflections and after on
nonspecular reflections of the RS under test.

A. Description of the Experimental Setup

Fig. II-H(a) shows the RS during performance
characterization measurements in free space with a 220-
325 GHz VNA. The RS is fixed onto a first rotating platform.
The incident port of the VNA is in a fixed position while
the reflected port is placed on a breadboard coupled to a
rotating platform. Both rotating platforms have a rotation
range of 360◦. With this configuration, they can be adjusted
independently and we used them manually during acquisitions.
To achieve the required THz alignments, both rotation stages
have the same rotation axis. In the following, both sides of
the RS are used. the front side is the frequency-dependent RS
(cf. Fig. 2(a)), and the backside is composed of pure metal
and will be used as reference. First, the VNA is calibrated
using waveguide standard, with a TRM procedure (Thru,

Ports VNA

+ Horn antennas

�Tx

�Rx

RS

Rotating platforms

(b)

Lenses

25 mm L1

L

Calibration

plane

Calibration

plane

(a)

Ports VNA

+ Horn antennas

RS

Fig. 5. (a) Photo and (b) drawing of the VNA experimental setup.

Reflect, Match) method. Doing so, the calibration plane is
then set at the WR3.4 VNA outputs (cf. Fig. II-H(a)). Then,
over-the-air (OTA) measurements are enabled by connecting
horn antennas at both VNA outputs. The standard horns are
connected on each port of the VNA and are at the same
height as the center of the RS. In order to illuminate the RS
with known k-vector direction, the beams are collimated by
using two THz lenses. These lenses (diameter 25 mm, focal
length 25 mm) are placed in front of horn antennas. The
distance between horn and lens is adjusted to get the lens
focal point corresponding to the phase-center of each horn
antenna. The collimated beam is then illuminating the RS,
deflected and collected again by the second lens (L2). The
distance between the lenses and the RS is about 125 mm.

The antenna gains over the WR3.4 band were checked prior
to experiment. For this, a set of identical horns are aligned and
gain calculated from S21 and the usual Friis equation. The
typical gain is shown in Fig. 6.

In Fig. II-H(b), θTx and θRx are the incident angle and
the reflected angle with respect to the normal of the RS,
respectively. Angles are adjusted using rotation stages with
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Fig. 6. Horn antenna gain (Horn input is a WR3.4 waveguide.

TABLE I
COUPLE OF ANGLES FOR INSERTION LOSS MEASUREMENTS.
GRAY CELLS CORRESPOND TO SPECULAR CONFIGURATIONS.

(θTx, θRx)
(20,20) (25,25) (30,30) (35,35) (40,40) (45,45)
(15,25) (20,30) (25,35) (30,40) (35,45) (40,50)
(10,30) (15,35) (20,40) (25,45) (30,50) (35,55)
(5,35) (10,40) (15,45) (20,50) (25,55) (30,60)
(0,40) (5,45) (10,50) (15,55) (20,60) (25,65)
(-5,45) (0,50) (5,55) (10,60) (15,65) (20,70)

a 5◦ step (identical for θTx and θRx) and are swept from 0◦

to 45◦ for θTx and from 20◦ to 70◦ for θRx. According to the
testbed configuration, the specular reflection can be measured
for θTx = θRx from 20◦ to 45◦, enabling to assess the impact of
the incident angle on RS’s absorption bandwidth discussed in
the next section. Then we measured the S21 parameter for all
different angles couples (θTx, θRx) which are noted in Table
I. Gray cells correspond to specular configurations, where
θTx = θRx. As shown in Table I, we did 36 measurements
for the RS but also for the metallic backside of the RS for
reference. Knowing (θTx, θRx), we could acquire all the data.
For each value of θRx, we rotated the RS to change θTx and
acquired the S21 amplitude and phase.

B. RS Bandwidth Analysis using Specular Response Analysis

First, we compared S21 amplitudes of specular reflections
for the RS and for the metallic plate (RS back-side) for
different incident angles. Before any interpretations, as seen
in Figs. III-A(a)-(f) and 9(a)-(e) the curves we measured
were particularly affected by standing wave due the quasi-
optic configuration rather than induced by the RS. Thus, we
smoothed all of them by using a Savitzky-Golay filter of
degree 3 where the span is about 20 points for a 5 GHz
spectral range to obtain Fig. 8(a)-(f) and 10(a)-(e). In Figs.
8(a)-(f), we note that in the specular case, the metal plate and
the RS got almost the same S21. Thus, the RS is not absorbing
anything between 220-270 GHz and 315-325 GHz (mirror-
like behavior). Nevertheless, from 270 GHz to 315 GHz, for

each incident angle, we have a clear absorbing behavior with
a decreased S21 up to an 15 dB absorption level. However,
the incident angle seems to play a role related to the range
of absorbed frequency (AF) range. In the proposed method,
the determination of the RS absorbing frequency range in the
specular case provides the basis of the next analysis which
focus on the nonspecular behavior of the RS. Indeed, the RS
nonspecular operation frequency bandwidth should correspond
to the RS specular absorption band, which is to be determined
prior to the nonspecular analysis.

C. Frequency band of the RS in the Nonspecular case

The nonspecular S21 curves displayed in Fig. 10(a)-(e)
which enable to compare RS nonspecular reflections with
the metal plate specular reflection. About these nonspecular
reflections, two distinct patterns occur. A “quasi-specular
reflection” is observed when θTx and θRx are close to
each other (about 10◦) and a clear nonspecular reflection
when angles are further from each other. Outside the RS
bandwidth (270-315 GHz), a 40 dB decrease occurs for
θTx = 20◦ between 220 and 260 GHz. In the RS bandwidth,
the amplitude of the S21 is progressively increasing with
incident angle, reaching its maximum of about −20 dB for
angles (θTx, θRx) = (60◦, 20◦). It confirms the RS bandwidth
determined in the specular experiments.

In addition, we can clearly see the effect of moving the
Rx antenna with respect to the RS. For instance, for θTx =
20◦, when θRx increases we first observe a decrease of S21

magnitude (red and blue curves) then an increase (green and
violet curves) and eventually a decrease (orange curve). Thus,
in nonspecular case, we have, for each θTx, a maximum of
S21 for one θRx when the angular configuration is optimal,
corresponding to the optimal non-specular reflection on the
RS. When the angular configuration is not optimal, a lower
S21 is observed, which corresponds to a sub-optimal reflection
case. We also observe in Fig. 10(a) and 10(b) that for incident
angles larger or equal than 15◦ and less than 30◦ we have a 40◦

shift between specular and nonspecular reflections. Besides the
quasi-specular reflection which always follows the specular
one, we usually have a minimum at roughly θRx = 40◦ and
a maximum 20◦ more. Also, when comparing with Fig. 4,
maximum reflection angles are close to the simulated one with
Floquet theory.

D. Determination of the RS losses

As displayed in Fig. 11, we zoomed on the measured S21

specular reflection obtained with the metallic plate (RS back-
side) and the highest level obtained for nonspecular reflection
from the RS was reached for angles (θTx, θRx) = (20◦, 60◦)
between 280 and 300 GHz. The minimum loss induced by
the RS is then the relative amplitude shift between the two
S21 curves. It is found that, related to the metal plate, the
lowest RS loss is about 3 dB and occurs at about 290.6 GHz.
The total RS bandwidth (@3dB) is found to be about 10
GHz. However, when using the RS inside a THz data-link
with a wideband signal (modulated THz data), the overall loss
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Fig. 7. Non-smoothed S21 amplitudes for specular reflection (θTx = θRx)

configuration for the RS (red) and for the backside metallic plate (black) for (a) θTx = 20◦, (b) 25◦, (c) 30◦, (d) 35◦, (e) 40◦

and (f) 45◦.

induced by the RS corresponds to the averaged S21 over the
signal bandwidth, that is close to 5 GHz (see section IV).
Considering the modulated spectrum in Fig. 11 lead to a loss
of about 4 dB. In the next part, this angular configuration
(minimum RS loss) serves as a basis for the use of the RS
inserted in a THz wireless link, described in the next section.

IV. TERAHERTZ COMMUNICATION LINK CONFIRMATION

This section presents the use of the RS integrated in a THz
data link. To do so, a THz link, composed of a photonic-
based transmitter combined with an electronic receiver (down-
converter) is used and it is shown that the link is porperly
working. The measured power penalty induced by the RS in
the THz path is close to the RS reflection loss measured in
the VNA OTA experiment, validating the insertion of the RS
within a real THz link.

A. THz link Setup

To enable the test of the THz data link, the 2 VNA heads
of Fig. II-H(b) are replaced by a modulated signal source
used instead of VNA port 1 (P1 in Fig. II-H(b)), and the
receiver circuits are placed in place of the VNA port 2 (P2). A
schematic diagram of the transmit and receive units is given
in Fig. 12. Here, the photomixing concept is used to generate
THz modulated signals, leveraging the techniques widely used
in fiber-optic communications. The transmitter is using two

continuous wave (CW) lasers, one is modulated, and the other
one is CW. The optically modulated one is obtained using I
and Q baseband signals to drive an optical IQ Mach-Zehnder
modulator (MZM). This results in an optical quadrature phase
shift keying (QPSK) or quadrature amplitude modulation with
16 states (QAM-16). The baud-rate used is fixed and set to
5 GBaud considering the RS available bandwidth. The fiber
output of the MZM is combined with the CW laser which
acts as a local oscillator. The lasers are free-running, with an
intrinsic instantaneous linewidth of 10 kHz. This optical is
amplified thanks to an erbium doped fiber amplifier (EDFA),
to further feed the waveguide output UTC-PD, connected to
the WR3.4 horn antenna. Using a 292 GHz detuning of the
lasers enables to generate a 292 GHz signal at photomixer
output.

It should be noted that the 292 GHz frequency was chosen
to get optimum performances considering the testing system
(transmit/receive system in back to back mode).

The signal is then propagated in the over-the-air (OTA)
case, using the same THz configuration than the one used
for RS measurements (Fig. II-H(b)). At the receiver side,
the 292 GHz is down-converted using an electrically pumped
subharmonic mixer (SHM) (WR2.8 model from VDI [42])
allowing the modulated THz signal to be down-converted into
an intermediate frequency (IF) <40 GHz. The roll-off effect
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Fig. 8. Smoothed S21 amplitudes for specular reflection (θTx = θRx) configuration for the RS (red) and for the backside metallic plate (black) for (a)
θTx = 20◦, (b) 25◦, (c) 30◦, (d) 35◦, (e) 40◦ and (f) 45◦. The identified absorbed frequencies (AF) bandwidths in this figure show the frequency region
where the RS is absorbing in the specular case.

Fig. 9. Comparison between non-smoothed S21 for a metallic plate specular reflection (black) and nonspecular reflections from a RS (other colors) for (a)
θTx = 20◦, (b) 25◦, (c) 30◦, (d) 35◦ and (e) 40◦. The indicated bandwidth corresponds to the absorbed frequency (AF) range in the specular mode, see
Fig. 8, this frequency being then non-specularly radiated from the RS.
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Fig. 10. Comparison between smoothed S21 for a metallic plate specular reflection (black) and nonspecular reflections from a RS (other colors) for (a)
θTx = 20◦, (b) 25◦, (c) 30◦, (d) 35◦ and (e) 40◦. The indicated RS bandwidth corresponds to the absorbed frequency (AF) range in the specular mode,
see Fig. 8, this frequency being then non-specularly radiated from the RS.

Fig. 11. Zoom on the smallest measured shift between smoothed specular
reflection S21 from the metallic plate and the nonspecular reflection one
from the RS which occur for θTx = 20◦ and θRx = 60◦. The reference
spectrum (relative power in dB) of modulated THz data used to illuminate
the RS in the last section, centered at 292 GHz.

of the SHM (frequency dependence of the IF path in the
SHM and IF amplifier gain) is corrected during equalization
applied during the signal analysis. The SHM requires a LO
tone around 150 GHz which is provided by a signal generator
(SMA100B from Rohde & Schwarz) with a subsequent 12
multiplier. The IF signal is then first amplified (SHF 810 model

Fig. 12. Experimental setup of the insertion of the RS within the THz
data-link. Transmitter and receiver placed in place of VNA ports 1 and 2
of Fig. II-H(b), respectively.

from SHF) and captured by a 70 GHz real-time oscilloscope.
This enables a real-time analysis of the usual performance
metrics such as the error vector magnitude (EVM). The signal
processing applied in the experiments is the following: first,
typically short (below 1µs) scale time frames are sampled
in order to limit the effect of the lasers phase noise on
the IQ map. The local oscillator is adjusted to the center
IF frequency at a value which is far from 0 Hz (typically
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10.5 GHz) to enable a direct demodulation of the IQ signal
using the commercial “digital demodulation” tool embedded
in the Keysight Pathwave Vector Signal Analysis (89600 VSA
software [43]), to compute the signals’ EVM.

(a) EVMs for RS and metallic plate for (b) a QSPK
modulation with a 10 GBits/s data rate and (c) a QAM-
16 modulation with a 20 GBits/s data rate with carrier
frequency of 292 GHz, together with the representative IQ
constellation diagrams. Dotted lines are linear trend used
to determine the power penalty, found to be about 6 dB in
both cases.

B. RS performance evaluation

First, the system is optimized in terms of EVM in back-to-
back (B2B), where transmit and receive circuits are directly
waveguide connected to each other, using a 292 GHz carrier
frequency. To be able to analyze the penalty induced by
the RS in the OTA configuration, we compare the EVM
performance of the link using the specular reflection on the

metal plate and the case of nonspecular reflection on the RS.
In both cases, the EVM is measured as function of the relative
received power (power difference between B2B and OTA
transmission), enabling to assess the power penalty (power
shift to obtain the same EVM in each case) induced by the RS
in the best angular configuration determined in the last section.

Fig. IV-A(b) and (c) shows the results for a QPSK and
QAM-16 at 5 GBaud, for both specular cases (backside of
the RS serving as metal plate) and nonspecular reflection
on RS. We can clearly see that the behavior is very similar,
shifted in the x-axis. The power penalty is found to be about
6 dB. Comparing with OTA measurements with VNA, as
discussed before we could expect at least a 4 dB penalty.
However, a higher penalty is obtained, but 4 dB estimation
didn’t consider some beam modifications or other specific
effects due to the RS. In any case, this validates the insertion
of the RS within the THz link, with a 6 dB penalty for NLoS
THz link.

The determination of the losses associated to the RS opera-
tion in future THz links including reflective surfaces is a key
point, as any loss has a direct impact in any communication
scenario where the reflective surface is used. The measured
power penalty induced by the use of the RS can be considered
as an extra loss in the THz link budget and will have to be
included in the design of NLoS THz links. The proposed
method enables the determination of the RS penalty, which
is a measured value in an over-the-air (OTA) case using a
collimated beam. Such a value can then be inserted as a pure
loss in the THz link budget as soon as the THz channel
includes a non-specular reflection. Beyond this, depending on
the RS type and especially if RS has beam shaping/focusing
capabilities, the beam shape and gain-like effects could be
included, but are beyond the scope of this study.

V. CONCLUSIONS AND OUTLOOK

An experimental characterization of the anomalous reflec-
tion using OTA measurements in the 300 GHz band is shown.
This was carried out in two steps: first, a characterization by
VNA method enabled to determine the RS specular absorption
bandwidth. Then, a study of nonspecular reflections confirmed
the RS operation, namely that depending on the difference
between the angle of incidence and the angle of reflection, the
absorption amplitude is modulated by the RS. At RS optimal
point, the resulting signal obtained is deflected from specular
reflection, with a 40° difference. It has then been shown that
for the couple (θTx, θRx) = (20◦, 60◦), the RS loss is minimal
and is about 3 dB at 290.6 GHz. The RS was also successfully
inserted in a real THz data-link, up to the EVM measurement
of the RS relative to the metal plate. To the best of our
knowledge, this is the first experimental demonstration of a
THz data-link using complex modulated signal including a
reflective surface.
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