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Terahertz Wireless Links Using Diffuse
Scattering From Rough Surfaces

Jianjun Ma , Rabi Shrestha, Wei Zhang, Lothar Moeller, and Daniel M. Mittleman , Fellow, IEEE

Abstract—We describe measurements of the diffuse bistatic scat-
tering of a modulated terahertz beam incident on five metallic
rough surfaces, to investigate the implications of surface roughness
for non-line-of-sight (NLOS) wireless data links at frequencies at
and above 100 GHz. The measurements were performed using
transmitter and receiver modules, operating at several frequencies
from 100 to 400 GHz. We investigate the dependence of the scatter-
ing patterns on surface roughness parameters, including rms height
and correlation length. The results are consistent with numerical
models for scattering from a rough surface. They support the
design of bistatic methods for future multiple antenna systems,
remote sensing, imaging, and localization in the terahertz range.
We demonstrate for the first time that data links which incorporate
an NLOS reflection in a nonspecular direction can be established
at frequencies above 100 GHz, with low bit error rates.

Index Terms—Diffuse scattering, reflection, rough surface, ter-
ahertz (THz) wireless communications.

I. INTRODUCTION

THE increasing requirements of huge data traffic [1], [2]
forces future wireless networks to consider the use of

higher carrier frequencies in the terahertz (THz) range, as they
offer much wider bandwidth for supporting high data rates. This
approach can address the looming capacity limitations of both
existing 4G and near-term 5G systems, and will enable new
applications such as indoor ultrahigh speed wireless communi-
cations [3], intrabody sensors [4], and secure data transfer [5].
Although THz frequencies are evidently a good candidate for
future point-to-point communications, these directional links ex-
hibit significant susceptibility to blockage due to human bodies
and other objects [6]. One solution under active investigation
is to employ steerable antennas to establish a non-line-of-sight
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(NLOS) link [7], [8]. We have recently demonstrated that a
typical indoor surface (e.g., a painted cinderblock wall) can
produce a directional reflected beam for establishing a link with
tolerable additional loss, at least up to 200 GHz [9]. Since this
result relied on a specular reflection (i.e., angle of reflection =
angle of incidence) from the rough surface, this demonstration
still represented essentially a line-of-sight (LOS) link. The pos-
sibility of a true NLOS link, which relies on diffuse scattering
of radiation along a nonspecular ray path, has yet to be studied
at these frequencies.

At lower frequencies, scattering effects due to reflection are
always a key factor affecting wireless link performance. Many
such measurements have been described, for both indoor and
outdoor links, with carrier frequencies ranging from 0.9 to
73 GHz [10]–[18]. One key observation in these studies was
a larger RMS delay spread for NLOS channels. These NLOS
channels can be exploited usefully, because they permit many
different pointing angles for establishing links with optimized
SNR and delay spread. In the THz range (above 100 GHz),
the situation may be somewhat different, as NLOS paths will
become increasingly sparse and lossy. The ultimate impact of
these changes on link performance remains unknown. This
article highlights the need for further investigation into these
phenomena at higher frequencies to support the development of
techniques and models for future wireless networks.

Some studies of scattering phenomena at THz frequency have
been reported previously. These works include studies of mul-
tiple scattering from dense random media (e.g., [19], [20]) and
scattering upon reflection by rough surfaces (e.g., [21]–[24]).
These measurements have usually been performed using THz
time domain spectroscopy, or using a vector network analyzer.
To our knowledge, studies of NLOS links above 100 GHz with
data transmission have not yet been reported.

In this article, we investigate the performance of a data link
which relies on a path that incorporates a single scattering from
a rough surface. These home-made rough surfaces are used as
models to provide a controlled scattering situation. We employ
a THz source that produces a signal with an amplitude-shift
keying modulation at a data rate of 1 Gb/s, at carrier fre-
quencies of 100, 200, 300, and 400 GHz. We characterize the
link using both received power and bit error rate, via angle-
and polarization-dependent measurements. We use the integral
equation method (IEM) as proposed by Fung [25] to predict
the properties of the scattered wave front, and we compare
with the measured polarimetric bistatic response of the rough
surfaces.
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Fig. 1. Basic geometry of scattering at a rough surface.

II. SCATTERING THEORY

An electromagnetic wave incident on a rough surface gen-
erally scatters in all directions. Consider the general scattering
geometry shown in Fig. 1(a), where the wave bounces off a
surface with an incident angle of θi. Here, we just consider
one-bounce scattering; the effects of multiple scattering have
been considered at lower frequencies [16]. When the surface is
smooth, the wave with polarization q (where q = h or v) is re-
flected along the specular direction as determined by Snell’s law,
and no scattering occurs. This component is called the coherent
component with a uniform phase front; its reflected power is
related to the incident power as P s

q = Γ q
smooth P i

q as derived
from the Fresnel equations. Here, Γ q

smooth is the q-polarized
Fresnel reflectivity of the flat surface; P i

q , P r
q are the incident

and reflected power, respectively. When the surface is rough,
the scattering pattern also includes an incoherent component,
with power propagating along all other directions. In this case,
the coherent power along the specular direction is determined
by a modified reflectivity Γ q

rough = ρ.Γ q
smooth with ρ as the

scattering loss factor, ρ < 1 [26]. In a regime of intermedi-
ate roughness, both the coherent and incoherent components
can contain significant fractions of the incident wave’s power.
However, when the roughness increases further and further, the
incoherent component dominates along all directions while the
coherent component becomes negligible (i.e., ρ << 1).

To characterize surface roughness, two fundamental parame-
ters are usually considered. The standard deviation of the surface
height variation (rms height) σ characterizes the vertical rough-
ness (i.e., perpendicular to the surface), and the surface corre-
lation length Lc indicates the correlation between the heights
of adjacent points along the surface [27]. Lc can be regarded
as a measure of horizontal roughness of a surface. For small
values of the correlation length, the surface is very discontinuous
with many irregularities, whereas larger values indicate a more
smoothly continuous variation. A third parameter is the rms
slope m, which can be used to assess the relative contribution
of multiple scattering effects. Here, we neglect the effects of
multiple scattering, so this parameter is not relevant for the
present discussion.

In order to evaluate whether a surface is electromagnetically
smooth or not, the Rayleigh roughness criterion, which relies
on the attenuation of the coherent intensity owing to the rough

surface, is useful as a first-order classifier. Here, we consider
a common situation for the millimeter and terahertz region in
which the wavelength λ is of the order of the rms height σ. In this
situation, we must use a more stringent criterion, known as the
Fraunhofer criterion, as described by Ulaby [28]. This criterion
states that the surface may be considered smooth when the phase
difference between two rays scattered from separate points on
the surface Δφ < π/8. This corresponds to σ < λ /(32cosθi)
for a random natural surface.

We note that the general problem of the scattering of elec-
tromagnetic waves is still not solved completely and no exact
closed-form solutions exist. Yet, because of the ubiquity of
the problem, there have been many studies investigating these
effects [24], [26], [29]–[33]. In one recent example, Ju et al. em-
ployed a dual-lobe directive scattering model and obtained good
agreement with measured peak power in the specular direction
after reflection [24]. Here, we use the modified IEM, which is
among the most commonly used theories for the modeling of
diffuse scattering [25], [27], [34]–[36]. It permits the compu-
tation of the radiated field from a rough surface by integrating
the total bistatic scattering over the upper hemisphere above the
rough surface. This model employs four correlation functions
and multiple roughness scales to characterize the surface height
profile. It can be used to compute the backscattering and bistatic
scattering coefficient of a random surface with any specified
degree of roughness for any combination of receive and transmit
wave polarizations. An exponential correlation function with
different rate parameter can be used to describe the surface
height profile. Here, the rate parameter indicates how often on
average the scattering events occur. Different from exponential
and Gaussian function, the two fitting parameters (rate parameter
and correlation distance of the surface) can provide greater flex-
ibility in matching the model based on measured surface height
profiles. Fung [27] demonstrated that, in practice, scattering
is more sensitive to the surface correlation length than to the
surface height statistics.

As mentioned above, the bistatic scattering pattern consists of
a coherent component along the specular direction and incoher-
ent component along all other directions. So the total scattering
coefficient consists of a coherent component σ0

qq_coh (θi) and an
incoherent component σ0

qq_inc (θi,φi; θs,φs) as follows:

σ0
qq (θi, φi; θs, φs) = σ0

qq_coh (θi) + σ0
qq_inc (θi, φi; θs, φs) .

(1)
In our measurements, we consider the case where the incident

angle θi = 45o; the azimuth angles φi = φs = 0o for bistatic
configuration. The scattering angle θs (i.e., the angle at which
the detector is located) changes from 0° to 90°. The subscript
qq (q = v or h) indicates the orientation of the polarization; the
first index refers to the orientation of the receive antenna and the
second one refers to the polarization of the transmitted wave.
This notation will be used throughout this article.

The incoherent component can be obtained using the IEM
model, which gives a simple solution to describe the scattering
behavior caused by the rough surface. In the model, the surface
field is separated into the Kirchhoff field and the complementary
field, and the bistatic scattering coefficients can be summarized
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Fig. 2. (a) Configuration of the measurement system. (b) Picture of Sample I in Table I.

as follows [27]:

σ0
qq =

k2

2
exp

[−σ2
(
k2z + k2sz

)] ∞∑

n=1

σ2n

n!

(
InqpI

n∗
rs

)
W (n) (2)

where W(n) is the roughness spectrum of the surface related to
the nth power of the surface correlation function by the Fourier
transform as follows:

W (n) =

∫ ∞

0

ρn (ξ) J0 (kξ) ξdξ (3)

with ρ(ξ) as the correlation function and J0(kξ) as the first
spherical Bessel function

Inαβ = (ksz + kz)
nfαβ exp(−σ2kszkz)

+
(ksz)

nFαβ (−kx,−ky) + (kz)
nFαβ (−ksx,−ksy)

2
(4)

where fαβ is the Kirchhoff field coefficient and Fαβ is the
complementary field coefficient, which are correlated to the
Kirchhoff and complementary fields. The parameters kx, ky , kz ,
ksx, ksy , ksz are the Cartesian components of the wave vectors k
and ks. So, the total scattering coefficientσ0

qq depends on the rms
height and the surface correlation length, as well as the dielectric
constant of the surface material ε through the Fresnel reflection
coefficients [25], [27], [34].

The Friis transmission formula is used to calculate the re-
ceived power by integrating this cross section, as in a distributed
target bistatic radar equation

Pr = Pt
G2

0λ
2

(4π)3

∫∫
dA

R2
rR

2
t

· σ0
qq (θi, φi; θs, φs) . (5)

Here, G0 is the antenna gain for both transmitter and receiver,
and A is the illuminated area on the rough surface, over which
the integral is performed. Rt and Rr refer to the distances from
the rough surface to the transmitter and receiver, respectively.

The IEM model has been employed to characterize backscat-
tering effects by several authors, by setting the azimuth angle
φs = 180o in (5). For example, in [37], the model shows good
agreement with measured backscattering behavior of a rough
aluminum plate at 160 GHz, 240 GHz, and 1.55 THz. It has

TABLE I
METALLIC SAMPLE PARAMETERS

also been used to calculate the surface scattering behavior of a
multilayer dielectric material [29].

III. MEASUREMENTS

Our THz source is based on a frequency-multiplier-chain
(Virginia Diodes), which consists of several cascaded frequency
doublers and triplers, all based on Schottky diodes. A 1 Gb/s
non-return-to-zero (NRZ) format signal is generated by a pulse
pattern generator. A duobinary modulation technique is utilized
for driving the THz, which enables signaling at high data rate,
with relatively compact spectrum and higher output power com-
pared to regular NRZ modulation by applying phase coding and
pulse broadening. A quasi-Gaussian low-pass filter (LPF) with
about 500 MHz 3 dB bandwidth is then applied to reduce the
spectral width of the signal. This signal is launched into the
intermediate frequency port of a double-balanced mixer, where
the data modulates the output of a frequency synthesizer that
is connected to the local oscillator port. The data modulates
the THz radiation which is coupled to free space by a horn
antenna.

The output of the horn is collimated by a THz lens (beam
diameter ∼50 mm) with short focal length (∼75 mm) and trans-
mitted through air. An identical THz lens couples the beam into a
receiver horn similar to the transmitter antenna, whose output is
connected to a zero biased Schottky diode. The Schottky diode’s
output is amplified by about 52 dB using two amplifiers and
filtered by a quasi-Gaussian LPF with 1.5 GHz 3 dB bandwidth.
A 6 dB electrical power splitter launches one output to an RF
power meter and the other to a bit error rate tester (BERT). The
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Fig. 3. Received power and BER pattern measurements as a function of the scattering angle θs after reflection by [(a), (c)] smooth surface and [(b), (d)] sample
V with a carrier frequency of 100 GHz. Measurements were performed at a fixed incidence angle θi = 45o.

BERT saturates at an error rate of 10−9, which we consider to be
error-free operation. Both the Tx and Rx antennas are mounted
at a height of 0.4 m above the table, which is covered by ab-
sorbers to suppress unwanted reflections from the table surface.
The system gains and half-power-beam-widths are specified
in [9].

Fig. 2(a) shows our experimental configuration used to ex-
plore the diffuse scattering from rough metal surfaces. The
schematic illustrates the Tx and Rx subassemblies, with Teflon
lenses, directed toward a spot on the surface. The distance from
the Tx and Rx antenna to the surface is constant (d1 = 0.5 m
and d2 = 1 m). The antennas always point to the surface for
all frequencies, and a direct LOS free-space calibration was
performed at each measured frequency at a Tx–Rx separation
distance of 1.5 m (d1 + d2 = 1.5 m). To assure the linear
behavior of the SBD, we used calibrated attenuators after the
Tx antenna. We mount the receiver on a movable rotator which
permits it to rotate along an arc with its center at the rough
surface. By scanning the detector along this arc, we map the
angular distribution of the beam arriving at the receiver horn.
The detector angle is optimized to ensure accurate pointing, prior
to each scan. The incident angle θi is restricted to 45°, azimuth
angle φi = φs = 0o, while the detection angle θs was varied in
most cases between 10° and 80° with a step of 1°. Scattering
in the backward direction (φs = 180o) is not measured in this
article due to the fact that the transmitter obstructs the view of
the receiver.

We fabricated a set of scattering metallic samples with rough
surfaces. As shown in Fig. 2(b), 10 000 small steel balls with
identical diameter were poured randomly onto a smooth steel
surface with a thin layer of glue on top of it. Then, the surfaces
were painted by silver paint. This paint has a dielectric constant
ε = 2.6 × 105 − j1.0 × 106 [38]–[40], when it is dried. We

fabricate five different samples, using steel balls with different
diameters ranging from 0.7 to 3.0 mm. We measured height
profiles of the surfaces by using a mechanical up-down height
meter. The profiles were collected by positioning a movable
needle above the surface, without perturbing the surface, while
performing horizontal scans at a step smaller than λ/10. The
rms height and correlation length are derived from the measured
height profiles and are shown in Table I.

IV. RESULTS AND DISCUSSION

In Fig. 3, we show the scattered power and BER pattern
measured when a surface is illuminated with a 100 GHz data
stream. This figure compares the results from a smooth surface
to those from Sample V. The scattering pattern is shown for
both vertical and horizontal input polarization. We observe that
the scattering pattern is broadened with a strong coherent com-
ponent along the specular direction when the surface is rough.
The angular broadening is due to the presence of the incoherent
component, which gives rise to radiation along directions other
than the specular direction. This result illustrates that a data link
can be established when the angle of reflection is different from
the angle of incidence, as a result of the incoherent component
scattered from the rough surface. To our knowledge, this is the
first demonstration of a true nonspecular NLOS data link by
rough surfaces at terahertz frequencies.

We also note that the difference in power level between the
vv and hh curves is almost negligible for the smooth surface,
whereas they are similar, but not identical, for the rough surface.
Specifically, the difference never exceeds 5 dB for the rough
surface. We conclude that for a rough surface, σ0

vv = σ0
hh, and

the magnitude of these two co-polarized coefficients are related
to the angle-dependent reflectivity of the surface.
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Fig. 4. Measured BER pattern with respect to scattering angle θs after reflection by Sample (a) I, (b) II, (c) III, (d) IV when incident angle θi = 45o.

Fig. 5. Measured power pattern as a function of the scattering angle θs after reflection by smooth surface (black) and Sample III (blue) for carrier frequency of
(a) 100 GHz, (b) 200 GHz, (c) 300 GHz, and (d) 400 GHz.

Fig. 4 displays the angular variation of BER values for vv
polarization configuration with a 100 GHz data stream reflected
by samples I, II, IV, and V. As in Fig. 3, all the patterns are
wider than the pattern from a smooth surface. For all the rough
surfaces studied here, it is possible to establish an error-free
data link at receiver positions (angles,) where no such link
would be possible from a smooth surface. These nonspecular
paths can be accessed even though the radiated wave from the
transmitter is highly directional, due to the incoherent scattering
component. We also observe that, in all cases, the reflection from
the rough surface introduces perturbations to the beam pattern
which resemble interference fringes due to the superposition
of the coherent and incoherent waves, as well as diffraction
effects (i.e., speckle patterns). This speckle varies in a ran-
dom fashion as the illuminated area on the rough surface is

Fig. 6. Comparison between measured (black and blue) and calculated (red)
power pattern as a function of the scattering angle θs. 0-deg (black) means a
single measurement when the rough surface is not rotated; average (blue) means
an averaged beam pattern when the rough surface is rotated over 360° with a
step of 20°.
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Fig. 7. (a) Measured power pattern width as a function of surface correlation length and (c) main lobe power level versus rms height. And compared with [(b), (d)]
theoretical prediction. Filled circles connected by solid lines are for vv polarization configuration; open squares connected by dashed lines are for hh configuration.

changed, due to the random variation of the surface height
profile.

When we increase the carrier frequency, the effective rough-
ness increases because the wavelength becomes smaller com-
pared with the surface texture size, and so the related scattering
effect is more pronounced. Fig. 5 illustrates this effect, showing
the angular distribution of the scattered power at all four of
our carrier frequencies, reflected by sample II. Here, we cannot
directly compare the pattern width at different frequencies be-
cause of their different divergence angles at the transmitter (see
[9]). Instead, we compare the widths to those obtained from a
smooth surface, at each frequency. We see that the beam pattern
is broadened by rough surfaces at 100 and 200 GHz, in addition
to a power loss in the specular direction (main lobe); for example,
at 200 GHz the main lobe is decreased by about 6 dB compared
to the smooth surface. At higher frequencies, the pattern width
becomes narrower, not broader, after reflection by the rough
surface, and the loss of power in the main lobe is much larger
(around 14 dB at 300 GHz and 18 dB at 400 GHz). In these cases,
the redistribution of power from the main lobe (coherent) to the
other directions (incoherent) is so large that the signal scattered
into the solid angle of the detector is too low to measure at angles
outside of the main lobe. The apparent narrowing of the angular
pattern is therefore an artifact of the finite dynamic range of our
detector. We confirm this result using theoretical predictions
based on the IEM model, discussed below.

In Fig. 6, we compare the measured power as a function of
the scattering angle to theoretical predictions based on the IEM

model discussed above, using sample V and a carrier frequency
of 100 GHz. In the calculation, we assume that the rough surface
is homogeneous (i.e., that both σ and Lc are constant across the
surface). We find that there is a higher discrepancy between the
model and measurements, in comparison with earlier work on
the characterization of back-scattering from a rough surface [41],
although the qualitative behavior is well reproduced. To further
investigate this, we measured the beam pattern repeatedly, by
rotating the rough surface over 360° with a step of 20° in order to
sample different realizations of the randomness. The blue curve
in Fig. 6 illustrates the average of these 18 measurements. Here,
we see the side lobes characteristic of speckle are suppressed,
indicating that these features are characteristic of the specific
random distribution.

Based on the above discussion, we conclude that, if the
amount of scattering in a multipath environment is large enough,
then true NLOS links could be established when both the direct
LOS path and specular reflection paths are blocked completely. It
is therefore important to understand how the surface parameters
which characterize a rough surface can affect the scattering
patterns.

Fig. 7(a) and (c) show the evolution of the scattering pattern’s
angular width (3 dB width above noise level) and main lobe
power level with the surface parameters (i.e., correlation length
and rms height). The values are set to 0 at several points for the
highest carrier frequency (400 GHz), since at this frequency the
beam is scattered broadly and the beam power is below the noise
level of our detector. The measurements are strikingly similar to
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those predicted by the IEM model [see Fig. 7(b) and (d)]. We find
that the rms height has the greatest effect on the power level of
the main lobe in the specular direction, while the surface height
correlation length is more responsible for changes in the width of
the scattering pattern. In particular, a larger rms height variation
leads to more power loss in the specular direction, and a smaller
correlation length results in a larger value for the angular width
of the scattering pattern.

V. CONCLUSION

In this article, the diffuse bistatic scattering response of several
metallic rough surfaces were measured using a data stream in
the THz frequency range. NLOS paths can either take the form
of specular reflection or diffuse nonspecular scattering; both can
be valuable for establishing a link when the direct LOS link is
blocked. We show that the angular width of the diffuse scattered
component is more sensitive to the surface correlation length
than to the rms height variation. We compare our results to the
predictions of the IEM model for bistatic scattering, and find
reasonable agreement with the predictions. We emphasize that
these results have been obtained using amplitude-only modula-
tion of the terahertz carrier wave. One might expect somewhat
different results if a more complex modulation scheme such
as BPSK is used. Even so, it seems plausible that nonspecular
NLOS paths can play a valuable role in THz wireless systems,
even though the beams are highly directional and the channels
are lossy. If a directional LOS link is temporarily blocked by a
moving obstruction [6], one can envision that the access point
would need to dynamically respond by switching to an NLOS
channel in order to maintain the connection. The possibility of
using a nonspecular NLOS path, as demonstrated here, would
broaden the range of possible options for the access point, and
therefore improve the overall link performance.
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