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Abstract—Owing to the substantial bandwidth they offer, the
exploration of 100+ GHz frequencies for wireless communications
has surged in recent years. These sub-Terahertz channels are
susceptible to blockage, which makes reflected paths crucial
for seamless connectivity. However, at such high frequencies,
reflections deviate from the known mirror-like specular behavior
as the signal wavelength becomes comparable to the height
perturbation at the surface of the reflectors. Such reflectors
are considered electromagnetically “rough” which results in
random non-specular reflection components that are not well
understood. In this paper, we delve into the fundamentals of
rough scattering to analyze its implications for sub-THz wireless
networks, including the existence and strength of non-specular
links, mobility resilience, and beam reciprocity. Further, we
present a novel framework that re-purposes IEEE 802.11ay-like
beam sweeps for estimating the surface roughness of a reflector
in the vicinity of the communication nodes. Through extensive
modeling, simulation, and experiments with everyday reflector
samples, we demonstrate the impact of rough scattering on over-
the-air data links and evaluate the accuracy of our roughness
inference framework.

Index Terms—Terahertz communications, diffuse scattering,
rough surfaces, mobile networking.

I. INTRODUCTION

IRELESS communications at frequencies beyond 100

GHz, or the sub-terahertz (sub-THz) regime have
received tremendous attention in recent years because of
the wide available bandwidth that can support multi-Gbps
data rates. In order to counter the high propagation loss of
signal, sub-THz wireless communication often utilizes highly
directional line-of-sight (LOS) links. However, compared to
legacy sub-6 GHz networks, directional wireless links at sub-
THz are more susceptible to blockages such as the human body
and many common obstacles in the wireless environment [2],
[3]. To counter the challenge of LOS blockage, non-line-of-
sight (NLOS) links established from the reflection of objects
become crucial. Indeed, past research has shown that strong
sub-THz reflected links can be established using common
everyday surfaces as reflectors, especially in typical indoor
wireless environments, at frequencies up to 400 GHz and a
data rate of 1 Gb/s. [4], [5].

Conventionally, reflection is modeled with Snell’s law which
suggests the reflection angle simply equals the incident angle.
However, such a well-behaved pattern ignores the height
perturbation of the reflector, which is a valid assumption at
legacy sub-6 GHz bands. At 100+ GHz frequencies, however,
the wavelength drops below 3 mm and becomes comparable to
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Fig. 1: Under LOS blockage, we take advantage of reflection to
establish NLOS wireless links. These reflecting surfaces in our
surroundings can become electromagnetically rough in the sub-THz
band and diffusively scatter the incident signal toward multiple spatial
locations.

the minute height variation of common reflectors that ranges
from 10 pm to a few millimeters [6]. Therefore, natural
surfaces that were considered smooth at low frequencies
would become electromagnetically rough at sub-THz, which
can diffusively scatter impinging signals. In case of LOS
blockage, as shown in Fig. 1!, an alternate NLOS path can
be established to maintain the wireless link between different
nodes. At sub-THz frequencies, strong diffusively scattered
NLOS communication links that do not follow the mirror-
like reflection pattern may also be established with a rough
reflector, but they are yet to be thoroughly studied.

Previous studies have attempted to model and, to some
degree, measure the effects of rough scattering on electromag-
netic wave propagation [7], [8]. However, the implications of
rough scattering for the control plane have not been thoroughly
investigated. This paper aims to address this gap through a
comprehensive analysis of rough surface scattering in sub-
THz wireless networks and offer insight into new control plane
designs. Specifically, we study the impacts of rough scattering
on coverage, mobility resilience, and non-reciprocal transmit-
receive beams. Furthermore, we introduce a novel framework
to estimate the roughness of a reflector, allowing the prediction
of reflection profiles in sub-THz wireless networks.

There are two wavefronts from scattering off of a rough
surface: a phase-coherent wavefront that propagates near the
specular angle, and a non-coherent wavefront that scatters to
a wide range of non-specular directions. Fig. 2 depicts two
example scattering profiles from smooth and rough surfaces.
The rays randomly scattered toward multiple angles in Fig.
2(b) suggests that the non-coherent components increase with
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“rougher” surfaces. Unfortunately, finding exact closed-form
solutions for the general electromagnetic scattering problem
remains an open challenge as it requires solving boundary con-
ditions throughout each surface individually. Instead, random
natural surfaces can typically be modeled by a Gaussian height
distribution, with roughness level determined by the standard
deviation of height variation and the correlation length across
the surface. With such a statistical model, we employ the
integral equation model (IEM) to estimate the characteristics
of the scattered wavefronts [7].

Through comprehensive simulation and over-the-air experi-
ments, we illustrate the impact of rough surface scattering from
various perspectives: First, as surface roughness increases, the
reflected power at the specular direction exponentially decays.
However, the reflected power is distributed over a wider
range of non-specular angles, which benefits link coverage
and mobility resilience in wireless networks, as a relatively
stable power is expected with moderate client motion. This
contrasts directional LOS channels that are vulnerable to
sudden link disruptions with slight user motion. Interestingly,
because the non-coherent wavefront from rough scattering
is incident-angle-dependent, we show that the assumption of
transmit-receive beam reciprocity no longer holds for sub-THz
NLOS links established with rough surfaces. The lack of beam
reciprocity introduces complications in the directional link
establishment procedure. In particular, today’s IEEE 802.11ay
protocol [9] in mmWave WLANSs incorporates a sector sweep
with a search space of O(N) instead of O(N?) by assuming
that the best transmit beam at a node is also the best receive
beam at that node for a fixed point-to-point link. Our results
show that this is not always the case for sub-THz NLOS links.

Given the importance of incorporating reflector roughness
into control plane decision-making, we present the first frame-
work that infers the characterization of the NLOS scattering
profile of a reflector in the vicinity of access point (AP) and
mobile users. Our key idea is that the interference between
coherent and non-coherent wavefronts that emerge from re-
flection from a rough surface imposes a random frequency-
selective channel response. Hence, the power variance of
the reflection spectra captures the intensity of non-coherent
scattering wavefronts and can be mapped to the surface root-
mean-square (RMS) height. However, the magnitude of such
spectral fluctuation is subject to changes in the environment
and typical channel dynamics (e.g. distance, antenna gain,
power, motion, etc.). Hence, it is difficult to make reliable
inferences from a single reflection measurement. Our insight
is to capture and integrate the reflection spectra from multiple
incident angles to acquire roughness-rich data. Indeed, the
diffuse scattering patterns vary with the angle of incident
waves on the reflectors. Yet, physically moving the AP or
user equipment (UE) to scan a surface from various angles is
unrealistic in communication settings. Instead, we re-purpose
the conventional beam sweep procedures primarily used for
directional link establishment. Interestingly, we observe that
under different beam configurations, the slight changes in the
angle of incidence/reflection leave unique fingerprints in the
reflection spectra which we leverage for roughness extraction.
We emphasize that such beam sweep procedures are already
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Fig. 2: An illustration of the difference between (a) reflection from
a smooth surface and (b) scattering from a rough surface.

built into IEEE 802.11ay for 60 GHz WLANs and similar link
establishment schemes are expected for sub-THz networks.
Further, our framework induces zero additional overhead and
is training-free.

We deploy a frequency-multiplier-based data-modulated
setup to demonstrate the first over-the-air experimental analy-
sis of a 10 Gb/s NLOS link at 140 GHz established with rough
surfaces using quadrature amplitude modulation (QAM). We
comprehensively illustrate the important implications of rough
scattering in sub-THz wireless networks by analyzing key
link quality indicators such as signal-to-noise ratio (SNR)
and bit error rate (BER) from links established with typical
everyday surfaces including tile, brick, redstone, and granite.
In addition, we also deploy a broadband time-based THz
system to evaluate the first roughness inference framework
from replicating a beam sweep procedure. Our experimental
results show that we can achieve an accuracy of 0.107 mm
in RMS height estimation, which can significantly help infer
scattering beam patterns for sub-THz wireless networking.

II. PRIMER IN DIFFUSE SCATTERING
A. Definition of Surface Roughness

As depicted in Fig. 2, the roughness of a surface refers to
the small-scale fluctuations in height across different points.
Here, = denotes the horizontal displacement from a reference
point on the surface, and z(z) represents the vertical height
at position x relative to the mean height. Natural surfaces
typically exhibit a Gaussian height distribution with 0 mean.
Hence, the probability of encountering a vertical height z(x)
at a horizontal location x can be characterized by the Gaussian
probability density function with a standard deviation of height
variation that we define as RMS height (h,.,,s) [7]:

p(z) =

1
=% /2T (1)

\2mh2, .

Roughness parameters: It is important to highlight that
h,ms introduced above stands out as one of the most important
parameters influencing the diffuse scattering profile of the
surface. In addition, another parameter is surface correlation
length (L.), which defines the horizontal distance within which
the roughness distribution of a surface is considered correlated.
As shown in Fig. 2, surface L. can be obtained by calculating
the maximum length at which the autocorrelation function of a
surface height distribution remains above e~! [7]. Intuitively,
L. reflects the continuity of the surface height distribution

Authorized licensed use limited to: Princeton University. Downloaded on April 27,2025 at 21:20:00 UTC from IEEE Xplore. Restrictions apply.

© 2024 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Communications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TCOMM.2024.3492099

and serves as a measure of the horizontal roughness of a
surface. When L. is small, the surface displays significant
discontinuities with numerous irregularities, whereas larger
values imply a more smoothly continuous variation.

B. Roughness Criterion

To evaluate whether a surface is electromagnetically smooth
or not, we can consider two scattered rays from separate points
on the surface and examine the phase difference between them.
For rougher surfaces, the phase difference is expected to be
higher as larger surface height variations cause the two rays to
travel different path lengths. Rayleigh’s criterion states that a
surface is considered smooth if the phase difference between
two scattered rays is less than 7 /2 [10]. For a random natural
surface, this corresponds to

A

_ 2
ferms < 8cosb; @

Dependency on frequency and incident angle: One key
observation from Eq. (2) is that the roughness criterion
changes with both wavelength A (frequency f) and incident
angle 6, of an impinging signal. The first implication is that a
surface with a fixed height profile h,,,; may be classified as
smooth at low frequencies but rough at higher frequencies. In
fact, this is the reason why surfaces are assumed to be mirror-
like reflectors at sub-6 GHz, while the impacts of surface
roughness become significant in sub-THz wireless networks.
Note that natural surfaces in everyday indoor/outdoor environ-
ments have h,,,s values up to the millimeter regime. Mean-
while, according to Eq. (2), surfaces with h..,,s > 530 pum
are considered rough at 100 GHz with 45° incidence, which
is comparable to the roughness of natural surfaces.

In addition, as the incident angle 6; relative to the surface
normal increases, the criterion in Eq. (2) increases. This
suggests that a surface can appear rough when approached
at angles closer to perpendicular, yet become smooth when
approached at angles closer to parallel. This observation holds
intriguing implications for wireless networks: the angular
location of the TX relative to the surface should be considered
when selecting the optimal reflected paths.

C. Rough Scattering Theory

For a perfectly smooth surface, the reflection of a signal
follows Snell’s law. This component has a uniform phase front
and therefore is called the coherent scattering component. The
reflected power can be calculated from the Fresnel equations
such that Py = Igmooth © Pinc, Where Py, and Py are
the incident and reflected power, respectively, and [,,00th 18
the Fresnel reflectivity. However, a non-negligible reflection
component distributes power toward other angles from a rough
surface, which we refer to as the non-coherent component.
Since the total reflected power is conserved, the coherent
component along the specular direction experiences a loss
that can be written as Pref = I'smooth * Pspec = Pinc. Here,
Pspec < 1 is the scattering loss factor, or Rayleigh roughness
parameter, that is expressed as the following for a Gaussian
height distribution [11]:

X

Fig. 3: Basic geometry of scattering model.
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We observe from Eq. (3) that for a smooth surface with low
Nrmss> Pspec 18 close to 1, suggesting that there is a negligible
loss in the specular reflection component from scattering.
When the roughness increases, the incoherent component takes
up more fractions of the power from the incident wave, until
the coherent component becomes very small (i.e., pspec < 1).

Unfortunately, the non-coherent scattering of electromag-
netic waves is a random event and has no generalized closed-
form solution. However, many approximations of scattering
patterns using statistical surface parameters such as RMS
height and correlation length have been proposed in the
literature [12], [13]. One widely used model is the IEM
model, which defines a real-valued scattering coefficient at
any arbitrary incident and scattering angles [7], [14]. The
model assumes that an incident beam is divided into an
infinite array of parallel rays, each of which undergoes a
specular reflection with respect to the tangent plane at the
point of incidence on the surface. The reflected electric fields
are statistically averaged across the illuminated surface area,
yielding an approximation of the scattering profile [15].

From the IEM model, the scattering coefficient o defines the
relationship between transmitted and received power under a
bistatic setting with incident angle 6; and scattering angle 6.
In general, o also depends on elevation angles ¢; and ¢, but
we assume ¢; = ¢, = 0 to simplify the equation.” The bistatic
scattering coefficient o(6;,0) can be written as follows [7]:

o(6; 9)—’12ex [—;ﬁ (k2 +k2,)
(3 S - 2 p rms z sz

S WO (ks — k),
n=1 ’

where k is the wave number of the incident wave; k, = ksin6;
and k, = kcosf;; ks, and ks, are similarly defined according
to s, as shown in Fig. 3 [1]. I"™ is the n-th power of surface
current induced by the impinging electric field expressed as

I = (ke + ko) fi exp(—hi,, kksz)
(ksz)nF(_kx) + (kz)nF(_ksw) (5)
2 )

_l_

2Extension to elevation plane is mathematically straightforward.
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Here, fi is the Kirchhoff field coefficient that describes the
superposition of rays reflected from the tangent plane at the
local incident point on the surface. As frequency or surface
roughness increases, more random constructive and destructive
interference between the reflected rays occurs, which implies
changes in f}, patterns that deviate from the specular reflection.
In addition, F' is a fictitious field component introduced to
satisfy the boundary condition at the surface. It complements
the Kirchhoff field and therefore is called the complementary
field coefficient. Note that both field coefficients also depend
on #; and 6.

Meanwhile, W (") is the surface roughness spectrum, de-
termined by the Fourier transform of the n-th power of the
surface correlation function p(x). For a Gaussian distribution
along a single dimension, the correlation function can be
written as p(z) = exp(—x2/L?). The full surface roughness
spectrum at the n-th order can be expressed as

1 o i
W (kg — ky) = / p(x) e?* ke =kl gy (6)

=5 .

From Eq. (4) — (6), the scattering coefficient is a complex
function of surface RMS height, correlation length, incident
angle, and frequency. Even though it is based on the statistical
distribution of surface roughness (i.e. h,.,s), it provides us
with important insights into the general trends of changes
in the coherent and non-coherent scattering components with
respect to the surface as well as incident wave parameters.
These insights from the IEM model also shed light on the
impact of rough scattering in sub-THz wireless networking,
and provide us with a basis for MAC-layer protocol design,
as we will discuss in Sec. III. Note that the IEM model can
also be generalized to backscattering by setting 0, = —6,.
This scenario is particularly interesting to numerous sensing
applications where a monostatic setup (i.e., TX and RX co-
located) is preferred.

ITII. IMPACT OF ROUGH SURFACES IN SUB-THZ WIRELESS
NETWORKS

So far, we presented the mathematical foundations of scat-
tering from rough surfaces. Next, we delve into the impact of
rough surface scattering on sub-THz wireless communication
networks. In particular, the wider angular distribution of power
and asymmetric incident and scattering angles have important
implications in NLOS non-specular paths, mobility resilience,
and beam reciprocity. Hence, next-generation wireless net-
works should account for rough scattering in control plane
designs for mobility management, beam selection, and more.

A. SNR at Specular and Non-Specular NLOS Paths

The sub-THz channels are known to be LOS dominant.
The NLOS paths are generally weaker due to increased path
lengths and reflection loss. Prior works have demonstrated the
possibility of NLOS connectivity above 100 GHz [16], [4], but
have mostly ignored the impact of surface roughness. Hence,
as a first step, we characterize the amount of received power
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Fig. 4: (a) Amount of power loss due to scattering at the specular
angle; (b) Percentage of power distribution to non-specular angles.

from specular and non-specular paths as a function of surface
roughness. In general, smooth surfaces reflect signals toward
the specular direction where maximum SNR is observed. Yet,
SNR rapidly drops at non-specular angles. On the other hand,
signals scattered off of rough surfaces have lower peak spec-
ular SNR, but communication links of comparable strengths
can be established at non-specular angles.

To investigate this trend, we first observe the impact of
rough surface scattering on specular power. As defined from
the modified reflectivity in Eq. (3), pspec, or the scattering
loss factor, is a direct representation of reflected power. Hence,
Fig. 4(a) illustrates the exponential drop in specular power as a
function of h,.,,s for specular angles §; = 6, = 45° at different
frequencies. We note that the drop of specular power from
rough surfaces due to diffuse scattering at 140 GHz can be
very significant given h,.,,s within 1 mm for natural surfaces.
On the other hand, such impact is less significant for common
mmWave bands such as 28 GHz and 60 GHz. In Sec. VI, we
experimentally demonstrate the power at specular angles given
surfaces at various roughness levels.

Next, we exploit the IEM model to investigate the trend
for the non-coherent scattering components. It is evident
from Eq. (4) that the non-coherent scattering coefficient is a
nonlinear function of surface roughness parameters. Note that
the scattered power can be directly calculated from o using
the Friis radar range equation. When comparing the scattered
power in a fixed setting, all parameters except ¢ remain the
same. Hence, in the rest of the analysis, we will directly
interpret changes in the scattering coefficient o as changes in
SNR.? To better understand this dependency, we observe how
much power is distributed toward non-specular angles as the
roughness of a reflector increases. Specifically, we consider
a signal at 140 GHz impinging on a reflector at §; = 45°,
and then we define the angles within +2.5° of the specular
angle to be the specular range (i.e. 65 = 42.5°— 47.5°). Next,
we observe the percentage of power distributed outside the
specular range, as shown in Fig. 4(b). Evidently, for smooth
surfaces, most reflected power is focused toward 6, = 45°.
However, as h,.,,s increases, more power distributes toward the
non-specular angles, up to 70% at h,.,s = 1 mm. In practice,
depending on the random distribution of surface height, it is
also possible to have scattered power at non-specular angles
larger than the specular power. Unfortunately, this trend is not

3Note that o can have a magnitude above 0 dB, but that does not mean
P./P; > 1.
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Fig. 5: The Half Power Scattering Width (HPSW) of an NLOS path
vs. surface roughness parameters Arms and L.

captured by the IEM approximation. We will experimentally
analyze non-specular scattering patterns in Sec. VL.

The power at the specular angle is highly sensitive to
surface roughness at 100+ GHz. In addition, specular paths
generally remain stronger, but for rougher surface profiles,
more power is distributed to non-specular angles, suggesting
the possibility of establishing non-specular links with compa-
rable SNR in future sub-THz wireless networks.

B. Resilience to Mobility

One of the main challenges of mmWave and sub-THz
wireless links is their sensitivity to mobility from high beam
directionality. Intuitively, this applies both to LOS paths and
reflected paths off smooth surfaces because the directional
beam is maintained after reflection toward the specular angle.
In contrast, rough surfaces distribute non-negligible power to
non-specular angles. Hence, we expect more resilience against
mobility with NLOS links established with rough surfaces.

To investigate this hypothesis, we define Half Power Scatter-
ing Width (HPSW) as the largest difference between scattering
angles with less than 3 dB power loss (relative to power at
the specular angle). Using the IEM model from Eq. (4), we
plot HPSW as a function of surface roughness parameters in
Fig. 5. We observe three interesting trends: First, at a fixed
correlation length, the scattering width increases monotoni-
cally with surface RMS height. The smaller L. is, the faster
HPSW increases with h.,.,,s. Second, for a surface with high
hyrms, the reflected signal can still be very directional (having
HPSW of within 5°) given that it is horizontally smooth (L.
is high). In contrast, a broad diffuse scattering pattern can also
be seen on surfaces with low L. and low h,.,,s. Lastly, HPSW
remains constant at low h,.,,s values, and starts increasing at
RMS heights larger than Rayleigh’s criterion (0.38 mm at 140
GHz) when a surface is classified rough.

Further, from the IEM model, the scattering pattern (and
correspondingly HPSW) is dependent on a combination of
hrms and L.. For horizontally rough surfaces with low L.
values, the effect from correlation lengths on scattering pat-
terns dominates over that from h,.,,s. However, moderate or
large correlation lengths contribute minimal changes in rough
scattering behaviors. We note that the L. of a surface relates
to the spot size. Statistically, a smaller spot size leads to a
smaller correlation length as it examines the local curvature
of an object’s surface. On the other hand, a sufficiently

o 6" /PN
D) ")
L 0 o i
(a) downlink (b) uplink

Fig. 6: Non-reciprocity in downlink and uplink beams for an NLOS
non-specular link established with rough surfaces.

large spot size captures the global surface perturbation profile
and usually guarantees a larger L.. Even though sub-THz
communication signals are directional, the pencil-like beam
creates a large area of illumination compared to the small-
scale surface perturbation, which comprehensively captures
the global roughness distribution of most natural surfaces.
Therefore, natural surfaces in everyday wireless environments
have comparatively large L. values. Hence, the scattering
broadening is dominated by the RMS height profile, shown
with the shaded area in Fig. 5 [17], [18]. Consequently, we
treat h,,s as the major parameter that affects the scattering
width and provide a framework to estimate h..,,,s from spatial-
spectral signatures in Sec. IV-C.

Rough surfaces can realize wider reflection patterns at the
cost of a weaker specular path, which hints at a tradeoff
between link resilience and achievable data rate in highly
directional NLOS links. In addition, the RMS height of natural
surfaces dominates changes in the rough scattering pattern
and can provide additional insights into NLOS sub-THz links.

C. Non-Reciprocal Uplink/Downlink Beams

In today’s wireless networks, the uplink and downlink
beams are assumed to be reciprocal [19]. The reciprocity
assumption has been leveraged in various aspects of wireless
networks. For instance, beam training is typically performed
for either transmission or reception and the conventional
wisdom is that, at least for calibration-free arrays, the best
beam configuration at the AP to transmit data to a client is
the same as the best beam to receive data from the same client.
Because of this simplifying assumption, the link establishment
overhead was reduced from O(N?) to O(N) in IEEE 802.11ay
standards, and even commercial mmWave devices [20], [9].

Unfortunately, this assumption might not hold in sub-THz
wireless networks with electromagnetically rough reflectors.
As depicted in Fig. 6, the best beam configuration at the AP for
transmitting data to a client can differ from that for receiving
data from the same client [1]. The main reason according to the
scattering theory is that the non-coherent scattering wavefront
depends on the incident angle. Note that the channel between
the AP and the client remains reciprocal because every ray
can be traced back following the same propagation path to its
origin. However, the surface perturbation profile seen by the
incident beam from different angles varies. This contributes
to the random superpositions of reflected phase fronts that
can generate different scattering responses. In principle, a
reciprocal beam should satisfy P,(0;,0s) = P,(0s,0;), or
0(0;,0s) = o(0s,0;). However, this is not accurate according
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to the IEM model in Eq. (5) because the Kirchhoff field
coefficient fj, is not a symmetric function of 6; and 6, and can
yield to a different value in case of downlink vs. uplink. We
will experimentally show in Sec. VI that higher h,.,, leads to
a larger discrepancy between downlink and uplink beams.

The long-standing assumption of beam reciprocity that has
inspired overhead-efficient protocols for channel sounding
and beam management may no longer hold above 100 GHz.
Therefore, it is crucial for future wireless networks to take
reflector characteristics into account.

IV. SURFACE ROUGHNESS ESTIMATION

Thus far, we have illustrated that surface roughness has
critical implications for various aspects of sub-THz wireless
networking. Hence, a natural question arises: how do we esti-
mate the surface roughness of reflectors at the AP and mobile
clients? We note that measuring the exact surface profile (e.g.,
via microscopic imaging) is not feasible or required. Instead, it
is sufficient to acquire the statistical roughness parameters for
understanding the reflection profile and adapting the control
plane protocols in sub-THz networks.

A. Roughness Estimation via Exhaustive Scan

According to the scattering theory discussed in Sec. II, there
exists a relationship between estimated received power from
scattering off of a surface and its roughness parameters (i.e.,
hrms and L.). Therefore, a naive approach is to compare the
received power with the theoretical scattering model with Friis
radar range equation. In particular, an optimization framework
can be formed to find h,,,s and L. as follows:

2

P. 4n’R?R?
¢ . (7)

argmin E—GtG'r‘)\Q ff A

hrms, Le

U(9i7 95)

However, several issues make this approach impractical:
First, the received power is a function of TX and RX distances
from the reflector, the area of illumination, the material-
dependent reflection coefficient, and antenna directivity gains.
Accurate knowledge of these parameters is difficult to acquire
in practice. In addition, a single power measurement can be
subject to high error when compared with the IEM model.
Specifically, o(0;,6;) characterizes the reflection coefficient
of a single scattered ray at certain incident and scattering
angles. Yet, in practice, the receiver would capture multiple
rays incident at different points on the surface for an NLOS
wireless link. Therefore, the random phase from each scattered
component can affect the overall superposed profile that is not
captured in the model. Nevertheless, the interference from the
random phases from each ray provides new avenues for surface
roughness estimation that we will leverage in Sec. IV-C.

B. Impractical Ultra-Wideband Roughness Estimation

Here, we explore the possibility of using the first-principle
model to estimate h,,,s. Specifically, according to Rayleigh
criterion in Eq. (2), for any surface with a fixed h,.,,s, we can
find a frequency beyond which the surface is classified rough
as f > frough = ¢/(8hrmscosb;). Intuitively, if a wideband
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Fig. 7: Examples of (a) ultra-wideband reflection spectra from
the IEM model, and (b) simulated practical narrowband specular
reflection spectra for surfaces with different RMS heights.

spectral response of the surface is available, we expect to
observe different behaviors at frequencies below or above
frough- Fig. 7(a) shows the wideband reflection spectra of
three rough surfaces obtained from the IEM model. Indeed, as
frequency increases, an increase in directivity leads to higher
reflected power for smooth surfaces. However, at frequencies
beyond frougn, the impact of rough scattering begins to
dominate, leading to a trend transition and, subsequently, a
gradual decrease in scattering coefficient 0. We observe that
the spectrum for each rough surface shows a transition at
a different frequency. By carefully analyzing the wideband
specular reflection spectra with the IEM model, we can extract
the transition frequency fr.ougn for each surface with different
hrms. We also find that the empirically obtained froq4p from
the IEM model matches the trend calculated from Eq. (2) as
well as that extracted from EM simulations reasonably well.
Their agreement allows us to map each observed frougn to
a unique h,.,s value. We further validated the robustness
of our model in Sec. VI-D with results from over-the-air
measurements. However, such a solution requires ultra-wide
continuous bandwidth on the hundred-GHz scale, which is
not available even for next-generation 100+ GHz wireless
networks. For instance, the D-band, identified as a promising
candidate for 6G mobile communication, covers certain bands
within 130 - 174.8 GHz with a total available bandwidth of
31.8 GHz [21]. Despite the wide bandwidth required, this
method provides opportunities for accurate one-shot roughness
estimation for sensing applications such as surface profiling
and defect detection.

C. Few-Shot Roughness Inference via Spectral Variance

Hence, we seek a practical and resource-efficient solution to
estimate surface RMS height for sub-THz wireless networks.
Specifically, leveraging the narrower available bandwidth in
sub-THz wireless networks still provides opportunities for
roughness estimation. As discussed in Sec. II, the reflection
from a rough surface consists of a coherent wavefront and a
random non-coherent wavefront. These two components may
add up constructively or destructively at various frequencies,
leaving a distinct footprint in the received power spectrum.
For rougher reflectors, the amount of power scattered in the
non-coherent wavefront increases, leading to more random
spectral perturbations. On the high level, the amount of power-
frequency fluctuation can be an indicator of surface roughness.
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Intuitively, the reflected spectra for smooth surfaces are ex-
pected to be more uniform while more random perturbations
can be seen from that for rougher surfaces.

As discussed in Sec. IV-B, the wideband reflection spectrum
for surfaces with different RMS heights provided by the
IEM model accurately captures the overall frequency-selective
trend for rough scattering. However, the model considers the
statistical distribution of surface roughness, which averages
the interference between different phase fronts. Therefore, the
small-scale reflected power fluctuations at different frequen-
cies that we need for roughness estimation at small bandwidths
become hidden under the overall envelope from the model.
Instead, to investigate this hypothesis, we fill the gap by
performing comprehensive EM simulations. We first create
random surface profiles with designated h,.,s values. To do
so, we draw a 2D matrix of random heights H(x,y) from
a Gaussian distribution with a mean value of 0 and standard
deviation of h,..,,s to represent the random heights of a surface
at coordinates (z,y). We then apply a Gaussian smoothing
filter with a standard deviation of L.. We conduct extensive
EM simulations for each sample in CST Studio to capture their
reflected spectra for a specular reflection at §; = 65 = 45°. We
first assume plane wave incidence on the reflector sample, and
take advantage of the asymptotic solver based on ray-tracing
techniques because of its reasonable accuracy and computa-
tional efficiency. We observe and capture the far-field bistatic
electric field patterns from the reflectors, similar to calculating
the bistatic radar cross-section for each sample object. The
same simulation is repeated between 130 and 150 GHz with
0.2 GHz resolution, after which we gather and normalize the
electric field magnitudes at the specular reflection angle to
produce a reflection spectrum for each surface (i.e., normalized
reflected power vs. frequency). Examples of specular reflection
spectra for different surface models with h,.,,s = 0.2, 0.5, and
0.8 mm are shown in Fig. 7(b). Clearly, a higher level of signal
fluctuation over frequency is observed for rougher surfaces
while the spectrum for the smooth surface demonstrates a
more uniform trend. We observed that for the surface with
hrms = 0.8 mm, the power at different frequencies varies
over 10 dB at the maximum. This implies high frequency
selectivity due to random interference between wavefronts
for extremely rough surfaces. Note that the exact shape and
peak/dip location of frequency fluctuation varies significantly
from surface to surface, but the average magnitude of variation
remains similar for surfaces at the same RMS height, which
enables roughness estimation. The singularity of the scattering
profile for each surface further motivates the study of rough
surface scattering for sub-THz NLOS communications, such
as efficient surface height profile imaging for more accurate
scattering characterization.

While our feasibility simulations show a trend between
roughness and spectral perturbation, quantifying and modeling
such a relationship is not straightforward. The power variance
across frequency depends on roughness and other factors
including the reflector materials and the wireless channel dy-
namics. Hence, reliably inferring the contribution of roughness
on the spectral perturbation in one-shot is very challenging
in practical settings. Instead, we leverage the existing beam

sweep procedures and interrogate the target reflector from
multiple angles. Therefore, through multi-shot measurements,
we aim to capture the unique roughness signatures with the
material properties and free-space path loss remaining constant
under different beam configurations.

Specifically, we examine the surface with multiple direc-
tional beams at different incident angles. The spectra received
under various beam configurations (i.e., incident angles) ex-
perience similar antenna gains and path losses. Nevertheless,
each incident beam illuminates a slightly different area on
the surface. Because of the uniform distribution of height
profile for natural surfaces with large correlation, the Ry,
for neighboring incident areas are considered the same, and
therefore, the patterns of the received spectra are also similar.
Meanwhile, calculating the mean variance of the received re-
flection spectra across these spatially diverse links can indicate
surface roughness.

Fig. 8 illustrates our framework. As shown, a beam sweep
involves sending known beacons across predefined directions
while the other node is configured to a quasi-omnidirectional
pattern to receive and analyze these beacons. Examples of
such procedures are already standardized in IEEE 802.11ay
for mmWave WLANSs [22], [9]. Conventionally, the receiving
node assesses the received signal strengths (RSS) of each beam
and finds the best beam that provides maximum RSS. Instead
of merely analyzing RSS for beam selection, our key idea is
that surface roughness leaves spectral footprints in the power
spectra of the received beacons. For rougher surfaces, the non-
coherent scattering component contributes to the increased
fluctuations in the spectral band. Hence, the magnitude of
spectral variance from strong NLOS beams is an indirect
indicator of the intensity of the non-coherent wavefront from
interference between different phase fronts. This means that
evaluating the spectral reflection response from strong NLOS
beams can accurately infer the roughness of the reflector.

To leverage such spectral information, we first distinguish
NLOS beams from LOS beams using common techniques
including time of arrival and received power. Among the
NLOS beams, we identify the beam that captures the highest
power as it carries the richest scattering-related information.
This beam usually lies at or close to the specular direction,
but can also be at non-specular angles, especially for very
rough surfaces that offer non-specular links of comparable or
even larger power. Here, because of the large aperture size for
common natural surfaces compared to the wavelength at 100+
GHz frequencies, it is reasonable to assume that a specular
NLOS path always exists. Next, we look for the range of
neighboring beams that experience at most a 3-dB power drop
from the peak. In this way, we make sure that we are not
evaluating the spectrum of noise. In addition, we require no
prior information on the incident angle because the group of
beams selected can either be in the specular or non-specular
angles. Then, we take the FFT of the previously identified
NLOS beams and calculate the Mean Spectral Variance (MSV)
with the normalized spectra to infer roughness. Specifically,
we denote Ry (f) as the frequency-domain received signal
under the kth beam. We denote the beam indices with 3
dB of power drop on two sides of the max-power beam
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Fig. 9: Mapping between mean spectral variance (MSV) and surface
hrms for NLOS beams. A linear fit is applied to model the relation-
ship between the two, which enables surface roughness estimation.

(can be at the specular or non-specular angles) as k,,;, and
kmaz, respectively. Hence, k should fall in the range of

k€ K = {kmin, -, kmaxz }- We define MSV as follows
1 Rk(f)}
MSV = — S Var { , (8)
K] ZK TLTIR]

where |K]| is the cardinality of the set of examined beams,
fe{fe—BW/2, f.+ BW/2}, f. and BW are the center
frequency and bandwidth, respectively.

We exploit MSV as a metric to infer surface roughness.
Intuitively, under a smooth surface, the coherent reflection
component dominates. Therefore, the randomness in scat-
tering and the fluctuations in its received power spectrum
are minimal, and MSV is small. On the other hand, MSV
is expected to increase with surface h,.,,s. To demonstrate
the exact relationship between MSV and RMS height, we
conduct extensive EM simulations with surface roughness
hrms ranging from 0.05 to 0.95 mm. In Fig. 9, we plot the
captured MSV values against h,.,,s. We observe that MSV
monotonically increases with h,.,,s in a near-linear manner.
Therefore, as a first-order approximation, we can construct a
mathematical model between the two by simply applying a
linear fit, where we obtain the following relationship:

MSV = 0.0651 - hyps + 0.0034. 9)

From the simulated surfaces, this model achieves a mean
absolute error in A,,s of 0.0757 mm, and a median absolute

error of 0.0541 mm, which justifies the high quality of the
fitting as well as the robustness of our roughness estimation
framework. Note that the range of MSV is numerically small,
between 0 and 0.08. This is because each spectrum is normal-
ized to 1 (V?). Mathematically, the variance of a sequence
considers the square of the difference between each number
and its mean value. Therefore, if all numbers in a sequence
are smaller than 1, the variance will also be numerically small
from squaring numbers below 1. Overall, MSV is a statistical
representation of the level of perturbation of a reflection
spectrum, and its numerical range does not affect the accuracy
of our roughness estimation scheme.

Impact from Bandwidth. Since we map the spectral
perturbation to roughness, a wider bandwidth is desired as
it carries richer spectral information. In the previous analysis,
the simulation takes into account 20 GHz of bandwidth. We
emphasize that such wideband transmission is needed at coarse
time scales for reflector characterization and environmental
mapping. The data transmission phase can exploit narrower
bands. Nevertheless, we investigate the robustness of our
roughness estimation scheme under narrow-band scenarios.
We repeat our analysis under narrower bandwidths of 5 and
10 GHz centered at 140 GHz. We note that today’s 60 GHz
WLANS can support up to 8 GHz of bandwidth [23], and even
wider bandwidths are expected in 6G wireless networks [24].
Fig. 10 shows the result. We find that with a bandwidth of 10
GHz, a clear relationship between MSV and RMS height can
be observed and a mathematical model can be constructed.
A mean absolute error of 0.121 mm can be achieved with
a linear fitting, higher but comparable to the case where 20
GHz of bandwidth is used. Further, we observe that with a
bandwidth of only 5 GHz, a coarse differentiation between
smooth surfaces (low MSV) vs. rough surfaces (high MSV) is
possible, which can provide important insights into selecting
reflectors for optimal NLOS link performance in 100+ GHz
wireless networks.

We highlight that our scheme only takes into account power
measurements (albeit across frequencies) and not the phase of
the signal. Hence, this is a non-coherent roughness estimation
approach which avoids the challenges in acquiring accurate
and reliable phase information above 100 GHz. In addition, the
above approach assumes that several TX beams would impinge
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Fig. 10: The spectral variance for different surface models under
narrower bandwidths. A clear relationship between MSV and A, s
can be seen with 10 GHz of bandwidth, while coarse differentiation
between smooth and rough surfaces is possible even with 5 GHz of
bandwidth.

on the reflector of interest, which is a reasonable assumption as
practical reflectors (walls, cabinets, etc.) have large apertures.
Further, the wireless medium can be a superposition of the
LOS path (if unblocked) and other reflected paths. We argue
that with highly directional beams at sub-THz, the likelihood
of a single beam capturing multiple physical paths is quite
small. For instance, a beamwidth of 3.7° has been reported
with CMOS phased arrays at 140 GHz as well as with leaky
wave antennas [25], [26], [27]. Therefore, we can assume that
every beam captures at most one path. Further, distinguishing
the LOS beam from NLOS beams is straightforward as LOS
beams have significantly higher RSSs and smaller time of
arrivals [28]. There has been an extensive line of work on
multipath extraction in the literature that applies to our work
for the identification of NLOS beams.

We validate our roughness estimation framework with over-
the-air experiments in Sec. VI.

V. EXPERIMENTAL METHODOLOGY AND PLATFORM

We conduct extensive over-the-air experiments to character-
ize the impact of rough surfaces on THz wireless networks and
evaluate our non-coherent surface characterization approach.
We chose 12 different surface samples common in indoor
and outdoor environments: ceramic tile, brick paver, redstone
paver, and granite block. In addition, we used 3 metal sam-
ples as references for each roughness category, including 2
custom 3D-printed rough surfaces. To find the ground truth
surface profile, we obtain high-resolution 3D images using
the Keyence VK-X3050 surface profiler for an area of 3.5
cm X 3.5 cm at the center of incidence with a resolution
of 0.01 um. Examples of surfaces and their 3D models are
shown in Fig. 11(a). The surfaces’ h,.,s values are calculated
from microscopic images shown in Table 1. Further, we also
show the calculated Rayleigh roughness parameter pgy,c. from
Eq. (3) at 140 GHz in this Table. Due to the limited spot size
of the 3D profiler, the ground truth correlation length (L.)
calculations are not reliable and we use h;,,s as the primary
metric of surface roughness.

For over-the-air data transmission and reception, we de-
ploy a frequency-multiplier-based setup shown in Fig. 11(b).
On the TX side, a 25 GHz arbitrary waveform generator
(Keysight M8195A) is used for generating modulated base-
band/intermediate frequency (IF) signal. The local oscillator

(LO) signal is generated by a 67 GHz analog signal generator
(Keysight E8257D). Both the IF and LO signals are fed into
a compact up-converter module from Virginia Diodes, Inc.
(VDI), which consists of two frequency doublers that provide
a total multiplication factor of 4x. The up-converted signal is
radiated from a WR-6.5 horn antenna by VDI that operates
at the D-band between 110 and 170 GHz, which is identified
as a candidate for 6G mobile communications. Similarly, on
the RX side, a separate horn antenna and down-converter
from VDI recover the IF signal with an LO reference that
is provided by a separate signal generator of the same model.
The down-converted signal is then fed into a 25 GHz real-time
oscilloscope (Keysight UXR0254B) for data analysis.

In this setup, the sub-THz signal impinges on the center
of the surface sample. Meanwhile, the detector is configured
to radially move with respect to the point of incidence on the
surface. Both TX and RX are configured to be vertically polar-
ized, and placed at the same elevation height. We measure the
reflection profile off of various surfaces at different azimuth
configurations.

Because of the limited available bandwidth from the data-
modulated setup, we deploy a separate broadband THz time-
domain system (TeraMetrix T-Ray 5000) to capture the full
scattering response from rough surfaces, as shown in Fig.
11(c). The system produces an ultra-short pulse with a flat
frequency response between 100 and 400 GHz. The broadband
detector measures the received signal magnitude up to 5 THz
with a spectral resolution of 1.22 GHz. The TX and RX are
similarly configured to our data-modulated setup.

Note that both of our setups are ultra-low power. Hence, we
are limited to table-top measurements at ranges up to 1 meter.
However, our observations, insights, and conclusions apply to
larger distances. At larger TX-surface distances, the beam spot
size on the surface increases; hence, a larger surface area is
illuminated and contributes to the total scattering response.

VI. EVALUATION
A. Data Transmission over Reflected Paths

We first experimentally investigate the scattering from dif-
ferent surfaces at both specular and non-specular angles. Here
the TX and RX are placed on two sides of the surface normal.
We configure the TX to point to the surface at a fixed 45° angle
of incidence, while the RX is moved in a radial pattern to the

TABLE I: Selected samples and roughness parameters.

Sample ID hrms (mm) Pspec
Metal Sheet 1 0.011 0.999

1 0.051 0.978

Ceramic Tile 2 0.083 0.943

3 0.064 0.965

3D Printed Metal 1 0.276 0.520
1 0.224 0.649

Brick Paver 2 0.303 0.454

3 0.323 0.408

1 0.370 0.308

Redstone Paver 2 0.377 0.295
3 0.264 0.549

3D Printed Metal 2 0.659 0.233
1 0.748 0.008

Granite Block 2 0.902 0.001
3 0.610 0.041
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Fig. 12: The received SNR and BER for the LOS link and for NLOS
links at the specular peak for different surface samples.

center of the surface covering an azimuth range of 30° — 60°.
The signal detected by the RX is logged at every 0.5°.

We generate our IF signal using 4QAM modulation at a
symbol rate of 5 GS/s. Given a pulse-shaping filter with a roll-
off factor of o = 0.35, the IF signal occupies a bandwidth of
6.35 GHz. We center the IF signal at 5 GHz and configure
our LO signal at 33.75 GHz. After up-conversion with a
multiplication factor of 4x, the signal transmitted over-the-
air is centered at 140 GHz with a bandwidth of 6.35 GHz.
The down-converted signal at the RX is observed on the
oscilloscope for us to analyze the NLOS link from scattering
off of each surface sample. At 140 GHz and an incident angle
of 45°, surfaces are considered rough when their RMS heights
are above 0.38 mm according to Rayleigh’s criterion, below
the roughness of some surface samples shown in Table I.

We first investigate the normalized SNR at specular angle
05 = 45° for each surface sample as shown in Fig. 12(a). For
very rough surfaces that create a random scattering profile
with large perturbations, we record the maximum SNR in
the range 30° < 6; < 60°. We observe that the peak
SNRs for both metal and non-metal samples exponentially
decrease with higher h,.,,s values. The delta can be up to
4 dB between smooth and very rough surfaces. In general,
this trend matches the model in Eq. (3). Another interesting
observation is that the reflected power from metallic reference
samples is much higher than that of non-metallic samples with
similar roughness due to the difference in dielectric properties.
However, the rate of SNR drop vs. RMS height is similar for
all samples, implying that the contribution of roughness to
SNR is independent of surface material. In addition, similar
trends also apply to Fig. 12(b), which shows the BER of
the specular NLOS link from 108 received bits. Evidently,
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Fig. 13: Constellation diagram for tile and metal from 10® received
bits at different symbol rates: (a) 5 GS/s and (b) 2.5 GS/s. Clear
improvement in link quality is observed with lower bandwidth.

the specular link quality degrades monotonically with rougher
reflectors. In addition, we also showed the received SNR and
BER for a LOS link established at the same distance in Fig. 12,
both of which are comparable to that for the specular NLOS
link established with a smooth metal plate. These experimental
results also demonstrate that despite the additional attenuation
from reflection, it is indeed possible to establish a strong high-
speed NLOS data link at sub-THz regime.

Further, we look deeper into the constellation plots for the
two extreme cases of tile (very smooth) and granite (very
rough) in Fig. 13. Particularly, we repeat the experiments at the
symbol rate of 2.5 GS/s (corresponding to 3.375 GHz of band-
width) and compare the constellation with the previous case
of 5 GS/s. As expected, the error vector magnitude (EVM)
of both reflected links improves under narrower bandwidths.
Indeed, a smooth reflector can support a higher data rate
given a fixed EVM performance requirement. The reason is
two-fold: First, as discussed above, smooth reflectors provide
higher SNR values. Second, the spectrum of a rough surface
is frequency-selective due to non-coherent non-specular phase
fronts. This implies that a smaller bandwidth should be chosen
when a certain error performance goal is desired for a wireless
system in an environment with rough reflectors.

We have experimentally demonstrated the possibility of
establishing strong NLOS links with rough reflectors at 140
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Fig. 14: Evaluating sensitivity of LOS and NLOS links against nodal
motion. We show that (a) HPSW increases with surface RMS height,
and (b) link quality is better maintained at non-specular angles for
rougher surfaces.

GHz. In addition, we showed that the SNR performance
of a specular NLOS link decreases nonlinearly with higher
surface RMS height. We also observed that under NLOS link
connectivity, the bandwidth of the link should be adapted
based on the reflector roughness.

B. Mobility Resilient NLOS Links

Next, we experimentally investigate the scattering width off
of rough surfaces and its implications for mobility-resilient
NLOS links. We repeat the experiments from Sec. VI-A for
all surface samples.

As explained in Sec. III-B, for NLOS links established with
smooth surfaces, the received power should drop significantly
with slight RX displacement while an evident increase in scat-
tering width for the rough samples is expected. To demonstrate
this trend, Fig. 14(a) shows the range of HPSW for different
surface roughness categories. There is a positive relationship
between surface RMS height and HPSW, suggesting better
resilience against mobility for NLOS links established with
rougher samples. Note that due to the extremely high surface
perturbation of the granite sample, an irregular scattering shape
is observed. Therefore, we expand the definition of HPSW
to the angular width beyond which scattered power never
raises above the -3-dB point from the peak power. Although
there is a possibility of having a very wide scattering profile
that generates a mobility-resilient beam, such unpredictable
randomness in the scattering pattern makes it non-ideal to be
selected as a reflector in a realistic wireless environment.

We notice that although the brick samples have 3x higher
RMS height compared to the tile samples, they show compara-
ble scattering widths. Recall from Sec. III-B that for smooth
surfaces with low h,,,s below the Rayleigh’s criterion, the
scattering width changes slowly with h,.,,s. This observation
suggests that mobility resilience in NLOS links only improves
for reflectors beyond a certain roughness level.

In addition, we measure the BER at several non-specular
angles (35°, 40°, 50°, 55°) for each surface, and compare them
with that for the specular link. The link quality (represented
by —log(BER)) of each type of surface at different angles
is shown in Fig. 14(b). At the specular angle, we observe an
increase in BER for rougher surfaces. As we deviate from the
specular angle, the data link established with rougher surfaces
(i.e., brick, redstone, and granite) maintained a relatively
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Fig. 15: The difference between the measured downlink and uplink

SNR when swapping the TX and RX located at various angular
configurations.

higher probability of receiving bits correctly. On the other
hand, the links established from tile suffer more severely
from angular displacement. These results imply better non-
specular link qualities and therefore better mobility-resilience
from scattering off of rough surfaces despite higher BER at
the specular angle. Interestingly, for NLOS links established
with the roughest granite, the BER does not increase uniformly
toward non-specular angles. This implies a random scattering
pattern for such surfaces.

NLOS links established with rough surfaces are more re-
silient against mobility due to a wider angular scattering
profile. However, this comes at the cost of lower peak SNR,
correspondingly higher specular BER, and possible highly
random scattering shape.

C. Non-Reciprocal Beams

Next, we experimentally investigate beam reciprocity in
NLOS links above 100 GHz. We measure the uplink and
downlink signals by swapping the locations of TX and RX.
Note that the spatial components (i.e. relative angles of the
two nodes to the surface) of the channel remain unchanged.

Fig. 15 presents the differences between downlink and up-
link power at multiple angular configurations averaged across
the three samples for each material [1]. In our setup, the
hardware front end of the TX and RX are identical. Hence, if
beam reciprocity holds, the difference between received power
under uplink and downlink should be negligible. However,
we observe noticeable power differences in the order of a
few dB, especially for rough surfaces such as granite. When
both TX and RX are at 45° with respect to the reflector, the
difference between the uplink and downlink beams is relatively
small because the reflected beam is dominated by the coherent
wavefront. Yet, we observe that as the NLOS link moves away
from the specular direction, the power difference generally
increases. Finally, we observe that the uplink/downlink power
differences are higher for rougher samples. The only excep-
tion is that at (45°,50°), the redstone sample has a higher
uplink/downlink power difference than the granite sample.
This is mainly due to the randomness in the non-coherent
wavefront. This general trend follows our intuition in Sec.
III-C because surface scattering profiles depend on the incident
angle, which is a function of the transmitter location relative
to the surface. At non-specular scattering angles (0; # 6s),
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——Calibrated Model (Eq. (2))
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Fig. 16: The measured transition frequency frougn from reflection
spectra. We show highly accurate h,.s estimation with mean abso-
lute error of 0.039 mm.

the scattering coefficient is different for uplink and downlink
(0(07;, 95) 7é 0(95, 92))

We have experimentally demonstrated that the presence of
rough surfaces can challenge the assumption of TX/RX beam
reciprocity. Wireless links established with rougher surfaces
result in larger discrepancies between downlink and uplink
power.

D. Performance of Surface Roughness Inference Framework

Finally, we evaluate our roughness estimation frameworks,
i.e., the one-shot albeit ultra-wideband inference vs. few-shot
narrowband roughness extraction.

Single-Shot Ultra-Wideband Estimation. First, we use
our THz time-domain setup shown in Fig. 11(c) for full-
band single-shot roughness extraction from specular reflection
spectra. We place the THz transceiver at a normal incident
angle and log the reflected signal. We normalize each received
signal to the LOS case so that the effect of path loss in power
spectra is eliminated. As discussed in Sec. IV-C, we inspect
the spectrum of each reflected signal to extract the frequency
transition signature, or fy.ougn, and estimate surface h,p,s. As
shown in Fig. 16, the measured f;.o,qr and the ground truth
RMS height of the surface samples agree well with the model
obtained from Rayleigh’s criterion, which is cross-verified
with the wideband reflection spectra from both the IEM model
as well as the EM simulations. We report an average absolute
error of 0.039 mm. Despite its robust performance, it’s not
practical in wireless communication systems due to the need
for transmission/detection in a prohibitively large swath of
the spectrum. Nevertheless, this approach can be effective in
certain sensing use cases such as industrial surface roughness
characterization.

Few-Shot Inference from Spectral Variance. Next, we
evaluate our few-shot roughness inference method that relies
on mean spectral variance under different TX beams. Specif-
ically, we emulate an IEEE 802.11ay-like downlink beam
sweep procedure by angularly rotating the TX and keeping
both TX and RX physically fixed at the specular angle of
45°. The center frequency is 140 GHz and the bandwidth is
20 GHz.

To estimate surface RMS height, we first log the power
spectra of the qualified NLOS beams, and then calculate the
mean spectral variance as discussed in Sec. IV-C. Fig. 17

——Model (Eq. (9))
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Fig. 17: The measured mean spectral variance of received spectra
near the specular angle for natural everyday reflectors and select 3D-
printed surfaces. There is a reasonable agreement between measured

data, simulated data, and the fitted model in Sec. IV-C.

0.06 0.08

shows the measured MSV as a function of RMS height. We
also plot our model that captures the relationship between
MSV and RMS height according to Eq. (9). We find that
our simulation-driven model is a good representative of the
relationship between MSV and RMS height in practice. Note
that for MSV calculation, we first normalize the power spec-
trum captured under each angular configuration to its peak as
shown in Eq. (8); hence, we have removed the discrepancies
in received power values in simulations vs. in measurements.
In other words, MSV only captures the random spectral
perturbation due to the non-coherent phase front which is
a function of surface roughness and not the total received
power. Therefore, our roughness estimation technique can be
exploited in realistic wireless settings without prior calibration.

Finally, due to the lack of availability of real-life samples
with intermediate roughness with h,.,,s values between 0.4
and 0.7 mm, we custom-designed and 3D printed 8 new
random surface samples, with 2 surfaces at each h,.,s =
0.4, 0.5, 0.6, and 0.7 mm. We repeated the measurement for
these samples and calculated the corresponding MSV values
to serve as test data. For all 15 real-life surfaces and the 8
additional 3D-printed samples we measure, we observe a mean
absolute error of 0.101 mm and a median absolute error of
0.092 mm in h,.,s estimation, comparable to that observed
with the training data set from electromagnetic simulations
shown in Fig. 9. Although less accurate than the resource-
demanding ultra-wideband estimation technique, this few-shot
framework is more scalable, and such error has small impacts
on the scattering patterns from a surface, which is the primary
purpose of estimating surface roughness in sub-THz wireless
networks.

Observing the smooth-rough transition from ultra-wideband
reflection spectra produces 0.039 mm mean absolute error in
RMS height estimation. In addition, the amount of spectral
perturbation in sub-THz reflection measurements is also an
accurate indicator of surface roughness. Our few-shot rough-
ness estimation technique provides a mean absolute error of
0.101 mm in over-the-air experiments.

VII. RELATED WORK

Surface Imaging. Accurate imaging of rough surfaces has
various applications in clinical diagnosis [29], security check
[30], defect detection [31], archaeological analysis [32], and
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interactive robotics [33]. Conventional systems utilize touch,
laser, and vision-based sensors to track surface perturbations
[34], [35]. Although these methods provide accurate surface
profiling, they require specialized tools and equipment while
imposing stringent requirements on the size and location of the
surface. Recently, using wireless signals for surface imaging
has become an area of increasing interest because of the
ubiquity of wireless signals. Prior works leverage holographic
arrays [36] and mmWave radar sensors [37] to capture surface
perturbation. These efforts aim to reconstruct the surface
height profile at the cost of high computation complexity and
specialized hardware. However, estimating overall statistics
of the surface perturbation would suffice for NLOS wireless
communications. We emphasize that none of these imaging
efforts has investigated the estimation of surface roughness in
the context of wireless communications.

Rough Surface Scattering. The earliest efforts in mod-
eling rough surface scattering for IR and UV wavelengths
date back decades ago [38]. The Beckmann-Kirchhoff Model
(KA) uses tangential surface fields to approximate scattering
beam distribution [39], [12]. The small perturbation method
(SPM) formulates scattering as a partial differential equation
boundary value problem and is valid only for a small scale
of surface roughness [12]. More complex models such as the
small slope approximation (SSA), and the integral equation
model (IEM) have also been introduced [7]. We take advantage
of these models to understand the implication of rough surface
scattering in sub-THz wireless networks.

Diffuse Scattering at THz. A few recent works looked
at diffuse scattering above 100 GHz [3]. These works have
mainly focused on the impact of rough surfaces on NLOS path
loss [40], [41] and the possibility of establishing NLOS non-
specular links in THz wireless communications [8]. Different
from past works, we further investigate the implications of
diffuse scattering in transmit-receive beam reciprocity and
mobility resilience with over-the-air communication links [42],
[1]. Further, we propose two schemes for surface roughness
statistics estimation. Our approaches infer roughness level via
the unique spectral-spatial signatures captured in the spectra
of received signals.

VIII. DISCUSSION

Opportunities in Channel Modeling and Control Plane
Design. Ray-tracing approaches have been commonly adopted
for channel modeling for sub-THz wireless networks [43].
However, very few ray tracing models consider the additional
propagation loss and non-specular components from rough
surface scattering. Introducing the effect of scattering into ray-
tracing models can substantially improve the channel modeling
accuracy in sub-THz frequencies. To help with this line of
work, we have made our dataset available online [44].

Meanwhile, the knowledge of rough surface scattering pro-
vides opportunities for wireless networking, such as choosing
the optimum reflectors for establishing NLOS links. Given the
tradeoff between the highest achievable data rate and better
link reliability, a smooth reflector should be selected for sta-
tionary settings and when the data rate is prioritized. However,

a rough reflector should be selected to minimize mobility-
induced link failures. Second, the lack of uplink/downlink
beam reciprocity necessitates new beamforming strategies to
find the best TX and RX beam configurations at a minimum
time overhead. In addition, the frequency-selective scattering
response also sheds light on bandwidth allocation and equal-
izer design. We will explore these research topics in the future.

Surface Roughness Sensing for Robotic Applications.
Another opportunity for surface roughness sensing lies in robot
grasping. The friction between a robot gripper and a target
object is important to guarantee successful grasping. However,
estimating friction information without contact remains an
open challenge. Interestingly, surface roughness is directly
correlated with the friction between surfaces. Using THz
reflection to estimate surface roughness statistics (both surface
RMS height and correlation length) at the area of contact
between the robot gripper and the object opens a new realm
for robot sensing. In addition, THz signals also have the
potential for object and material identification, which can
further enhance robot planning for grasping tasks. We leave
this topic for future exploration.

IX. CONCLUSION

In this paper, we demonstrate the implications of rough
scattering in sub-THz wireless networks and present a novel
low-complexity scheme for surface roughness estimation. At
this regime, the wavelength of wireless signals becomes com-
parable to minute surface height variations yielding rough
scattering. Hence, reflection at sub-THz can yield patterns
unique from that depicted by Snell’s law. We investigate the
impact of rough scattering on NLOS link strength, possibilities
for strong non-specular links, mobility resilience, and beam
reciprocity through a comprehensive discussion based on
scattering theories and experimental analyses. In addition, we
further exploit the spectral variations induced by the super-
position of coherent and non-coherent wavefronts to estimate
surface roughness statistics. Our approach is compliant with
IEEE 801.11ay-like beam sweep protocols. Our over-the-air
experiments demonstrate a mean absolute error of 0.101 mm.
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