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Abstract: Engineered terahertz diffuse reflectors were created using mixtures of paint and
varying amounts of aluminum powder to improve the reflectivity and scattering
properties of surfaces. The performance of these reflectors is measured and analyzed
using broadband terahertz spectroscopy. The effects of temporal dispersion caused by
rough surface reflections on wireless terahertz communication is quantified and predicted
using communication simulations. A scattering model using stochastic methods is used to
describe rough surfaces, including the effects group delay dispersion caused by rough
surface reflections. This model was validated using broadband terahertz spectroscopy to
compare measured and simulated results. The modeled channel transfer function was
used in a quadrature phase shift keyed (QPSK) communication simulation to find the
expected symbol error rate with respect to surface roughness. Based on these simulations,
a distinct dispersion limit in which group delay dispersion from rough surface reflections
begins to cause symbol errors is found.
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CHAPTER |

INTRODUCTION

The ability to use terahertz (THz) radiation for communication purposes is becoming
closer and closer to a reality every day. The need for more bandwidth and higher data rates is
pushing researchers to look at higher frequencies [1], [2]. Many applications pushing the need for
higher data rates, including streaming video [3], video games , telemedicine [4], education [5] and
the Internet of Things (10T) [6]. Fifth generation (5G) wireless communications have recently
come out and will ease some of the burden on the current infrastructure, but the need for higher
data traffic will continue to increase. Sixth generation (6G) networks will need to be developed to

prevent future data bottlenecks [7] and, the use of terahertz frequencies will likely be needed.

The terahertz band is between 0.1-10 THz or 3-0.03 mm. This puts the band between the
microwave bands and the infrared light bands in the electromagnetic spectrum. Frequency bands
above 275 GHz have yet to be fully allocated by the FCC [8], making it very appealing for new
communication methods and technologies. The terahertz band exhibits qualities similar to both
the infrared and microwave bands. Due to the smaller wavelengths compared to microwave;
many challenges exist in creating technologies to use it effectively for communications compared
to lower frequencies. One major challenge is providing large signal coverage [9], [10]. The

wavelength of THz radiation increases the directivity of antennas. This increase in directivity is



very beneficial for line-of-sight (LOS) communications in overcoming free space loss. This large
directivity, however, will lead to very narrow beam paths and reduce total signal coverage. This
has led many to claim that terahertz wireless links will be limited to LOS applications [11];
however, it should be noted that LOS may not be possible in many situations [12]. Non-line-of-
sight (NLOS) communications will have to be used in these situations. Very accurate beam
steering could potentially help, but in complex environments receivers may have to rely on
diffused or scattered terahertz radiation to acquire a signal. Therefore, it is important to know
how THz radiation interacts with surfaces, and how to overcome the challenges to using terahertz

radiation.

Due to the different scattering properties of materials over the terahertz range, microwave
channel models are, at many times, unsuitable for terahertz frequencies. Many of these models
are currently being developed and are discussed in more detail in section 2. The model used in the

communication simulations is described in chapter V.

The multipath effects and delay spread due to dispersion from rough surfaces are
mentioned in many studies [9], [13], [14], yet none of the studies go into the impact of temporal
dispersion on the relationship of achievable data rate and symbol error rate (SER). In this thesis, a
combination of broadband, terahertz time-domain measurements and simulation are used to
investigate the impact of group delay dispersion, induced by rough surface reflections on symbol
error rate at various high data rates. Specifically, this thesis will investigate textured surfaces,
common in many homes and buildings, on the terahertz channel. Therefore, textured drywall
samples are used as scattering surfaces. Using a channel model based on reflection measurements
from these textured samples, the simulated digital wireless communication performance is
measured using quadrature phase shift keying (QPSK) modulation at rates of 10-50 gigabaud
(GBd) at a carrier frequency of 0.25 THz. A unique finding from this work is that a distinct

“dispersion limit” on system performance is found as a function of scattering surface height



distribution. Beyond this limit, GDD can cause a massive increase of the SER, such that

communication may become impractical at high data rates.

Section 1. Terahertz Reflectors

There are many methods to overcome signal coverage limitations using non-line-of-sight
(NLOS) channels. This includes the use of diffuse [12], [14] and engineered [15], [16] surfaces
which spatially disperse an otherwise highly directive beam to reach multiple receivers. In
addition, the properties of many common building materials such as plaster, wood, cinderblock,
and glass [7], [17] have been investigated for their uses as reflectors and/or scatterers. It is
important to note that many of these surfaces are considered smooth reflectors at microwave
frequencies but have significant surface roughness at terahertz frequencies. This is due to the
surface’s standard deviation in roughness or height becoming significantly large compared to the
wavelength of the signal. Many metasurfaces have also been studied for specific communication
channel purposes, such as mirroring spatial beam dispersion or diffusion, and multi-beam
generation [16], [18], [19]. Dai developed an active metamaterial to perform QPSK modulation
[20]. Qi et al. created a coding metasurface using a Pancharatnam-Berry phase concept to achieve
a full 360 degrees phase coverage [21]. Sima et al. designed a meta-mirror to produce frequency
selective scattering using a coding metasurface [22]. Momeni et al. designed a tunable diffuse
coding metasurface using graphene [23]. Srivastava made a flexible terahertz meta-sensor in 2017
[24]. Many terahertz frequency selective surfaces (FSS) have been designed. Li et al. designed a
bandpass FSS for terahertz frequencies in 2017 [25]. Guo et al. developed a hybrid finite
difference time domain method of measuring terahertz FSSs [26]. Xiang Li et al. developed high
power high pass and low pass FSSs for terahertz [27]. None of these studies addressed the impact

of temporal dispersion induced by the device.



Section 2. Terahertz Modeling

Much terahertz channel modeling work has already been reported in recent literature.
These models are already being developed, based on experimental and simulation work [10],
[13], [28], [29]. Sheikh et al. discusses two different models, the Beckmann-Kirchhoff and
Effective Roughness models, showing that both are capable of predicting total received power of
diffusely scattered terahertz waves [10]. Piesiewicz et al. developed modified Fresnel equations
and ray tracing to simulate wall and ceiling scattering of terahertz radiation, quantifying absolute
power and propagation patterns in indoor scenarios [13], and Priebe et al. measured the channel
impulse response and transfer function of an indoor propagation environment, capturing power
delay profile and reflection loss for wood, plaster, and plastic surfaces [9]. Wei et al. present
integral equation and vector radiative transfer methods suitable for modeling backscatter from
metallic and dielectric rough surfaces, providing an excellent fit to measured terahertz data [28],
[29]. Dikmelik et al. introduced an analytical model to approximate reflections in the specular
direction off rough surfaces leading to an explanation of fading, specifically the roll-off of
spectral magnitude with increasing scattering surface height distribution [30]. Ma et al. and
references therein comprise a review of several scattering measurements to date. Ma et al. also
showed empirical terahertz communication performance results for an NLOS channel, in which
the signal experienced a single reflection between the receiver and transmitter, using an amplitude
shift keyed system at 100, 200, 300, and 400 GHz [7]. The results proved that a 1 Gbps channel
with low bit error rate is achievable even in NLOS operation, over reflection incidence angles
between 20 to 60 degrees. Again, none of these studies addressed the topic of temporal dispersion

induced by the channel, nor its impact in communication error rates.



Section 3: Group Delay Dispersion

To understand the approach to this thesis work, it is critical to understand the
phenomenon of group delay dispersion (GDD). GDD is the second order derivative of the

frequency-dependent phase 6 of a signal or the first order derivative of the group delay (GD).
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where w is the angular frequency in rad/sec. GDD is used to describe the temporal dispersion of a
signal. This is similar to group velocity dispersion (GVD), used in fiber optic communications,
which is the GDD normalized to 1 unit (typically 1 meter) of distance. GDD, however, is much
more useful for describing the second order dispersion caused by reflections from surfaces since a
distance is ill-defined for the phase accumulation induced by a single surface. When GDD is
present, the frequency components of a signal will have different propagation times. This

temporally spreads out a signal as shown in Fig. 1.
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Fig. 1: Filtered time-domain terahertz pulse before and after being dispersed by a rough surface reflection.

Section 4: Organization of Thesis

The rest of the thesis follows this structure. Chapter Il details the creation of the samples used
to reflect and scatter terahertz signals. Chapter 111 discusses the methods and results of THz band
measurements of the sample from chapter I1. Chapter 1V discusses a THz band channel model
and simulation thereof. This will include the simulation verification and its implications to overall
THz symbol error rate (SER) from reflections off rough surfaces. Finally, chapter V is the

conclusion of this thesis with any final remarks.



CHAPTER II

SAMPLE CREATION AND CHARACTERIZATION

Section 1. Sample Preparation

Samples were made with the goal to enhance terahertz band connectivity by coating
drywall with special metal “doped” paints. The paints are doped by adding metal powders to the
paint mixture before applying it to a surface. The original hypothesis was that adding metal
powders to paint would increase the reflectivity of the surface, and that using a coarse powder

would create a textured surface that would spatially diffuse reflected terahertz radiation.

All the drywall samples used in the experiments were cut from a single 0.5-inch -thick
panel of Georgia-Pacific ToughRock Drywall. The control sample consisted of an untextured 100
mm x 100 mm section of drywall, painted with an indoor, 100% acrylic paint manufactured by
the Sherwin-Williams Company (Fig. 2a). The other samples were cut to near the same size as the
control (£2 mm) and then coated with the same paint doped with various concentrations of
aluminum (Al) powder. The metal “doped” paint samples were made using two different Al
powders. The first was a fine, 3.0-4.5 micron spherical aluminum powder from Alfa Aesar. The
spherical Al powder mixed well with the paint. The fine powder paint was able to be applied to
the drywall in the same manner as the un-doped paint. However, at the maximum concentration

tested, the paint mixture was much thicker and harder to apply to the drywall smoothly. There



was also a slight discoloration of the paint. The second was a coarse, 149-297 micron Al powder
from Atlantic Equipment Engineers. The coarse powder was selected to provide a texture to the
drywall (enhancing spatial dispersion) and to improve the reflectivity of the surface, which would
increase the received signal strength for NLOS communications. The coarse powder paint was
more difficult to mix compared to the fine powder paint. However, there was no discoloration to
the paint using the coarse Al powder. The paint was mixed with each Al powder at the following
mass (powder) to volume (paint)ratios: 500 mg/mL, 250 mg/mL, 100mg/mL, 50 mg/mL, 25
mg/mL, 10 mg/mL, and 5 mg/mL. The doped paints were applied with a paint brush to the

drywall samples in the same manner as the undoped paint. Due to the larger particle size of the

coarse Al powder, a highly visible texture was created (Fig 1b).

Fig. 2: Drywall samples with (a) un-doped, and (b) 500mg/mL coarse Al powder doped paint. [31]© 2021
IEEE

Section 2. Sample Texture Measurements

The surface roughness of the samples was measured using a contact profilometer in
which a digital plunge micrometer with 5 um accuracy was affixed in the y-axis (vertical axis) to

an xz-combination translation stage upon which the sample was mounted. A custom tip was made



for the micrometer using a 198 micron radius ruby ball and was used as the profilometer stylus.

The profilometer is shown in Fig. 3.

Fig. 3: Surface profilometer used to obtain surface height profile of drywall samples.

These measurements were taken to determine the physical properties of our samples. The
surface height profile data were manually collected from the sample with 500 mg/mL doping over
an area of 19.05 mm x 2.67 mm, using a transverse step size of Ax = Az = 127 um in both x and

z dimensions. This produced a data set of K = 22 one-dimensional surface profiles, each profile



being comprised of R = 151 data points for a total sample set of 3,322 profile measurements
from the sample. Similarly, 1,661 points (K = 11 one-dimensional profiles of length R = 151)
were collected from the undoped sample, using the same Ax and Az. Fig. 4 shows a surface plot
and the surface height histogram generated from the 500 mg/mL coarse sample data, taken from
the drywall sample shown in Fig. 2b. A subset of surface height measurements was also collected
with Ax = 63.5 um to ensure sufficient resolution in the measurements. These affected very few

measurements and none more than 4% in surface height.
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Fig. 4: (a) Normalized histogram of measured surface height variations with corresponding epsilon skewed
gaussian PDF. (b) Measured surface height profile, where height is indicated by the color map. [31]© 2021

IEEE
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Fig. 5: (a) Normalized histogram of un-doped painted sample. (b) Measured surface height profile.

Fig. 5 shows the histogram and surface height plot of the un-doped painted drywall sample. It is
clear that the coarse powder increased the surface roughness significantly compared to the un-

doped painted sample.

The surface height for the 500 mg/mL coarse powder doped sample was found to fit an

epsilon skewed Gaussian distribution having the probability density function (PDF) [32] of

1 __-m? Y.
y\/Z_rteXp( 2y2(1+£)2) if y<0

—n)? ,
&)ifyzo

fo(Y) = 1
yV2m exp (_ 2y2(1-¢)?

(©)
where ¢ = —0.5794,n = 0.0895 mm, and y = 0.0841 mm are the skewness parameter, mode
(or location parameter), and scale parameter, respectively [32]. Table 1 includes other meaningful
characteristics of the surface height distribution for both the coarse doped and undoped paint
samples. It should be clarified that the skewness parameter and the skewness of the distribution
are not the same [32]. The observed positive skewness indicates that there is a relatively larger

number of valleys in our sample, as compared to an unskewed Gaussian distributed surface. The
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kurtosis gives a measure of the steepness the valleys and peaks of the surface profile [33]. Higher
kurtosis loosely means the surface peaks and valleys are spiky or abrupt while lower kurtosis
surfaces appear to transition between peaks and valleys more smoothly. In addition, from a
probability distribution standpoint, a kurtosis greater than 3 implies the tails of the distribution
approach zero more slowly than a normal distribution. For reference, a normal (unskewed
Gaussian) distribution has a skewness of 0 and a kurtosis of 3. The non-doped sample closely
matched an unskewed Gaussian distributed surface. It should be noted that many different
distribution types could potentially be used to try to match the surface profile. The epsilon

skewed gaussian distribution was the closest match for the 500 mg/mL coarse powder sample.

When discussing the nature of rough surface scattering, the correlation length C; of the
surface is another important physical property. It quantifies the distance by which two points on
the surface must be separated before their heights are considered independent of one another.
Loosely speaking, the surface can be considered “rougher” over a smaller spatial scale as the
correlation length of the surface decreases. If the correlation length is very large, then the surface
height changes slowly over distance. Correlation length is defined as the point where the average

autocovariance of the surface Cp,q(7) = €71

Cavg (€)= e”? (4)

In the case of discrete measured data shown above, the separation distance t takes values T = m *
Ax form = 1,2,3, ..., M, where the maximum correlation distance index M < R. The average
autocovariance Cg,4(7) is found by averaging the autocovariances Cy () of the individual surface

profiles, where the autocovariance of surface profile k is

R—-M
1
O Z [(Hy = ) * (Hraom = 1) 15 (5)
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where gy, is the standard deviation (or RMS height) of the surface roughness and y;, is the mean

surface height, of profile k [29]. Hj; and H},*™ are the measured surface heights of profile k at

points r and r + m respectively. For our K = 22 by R = 151 data taken from the 500 mg/mL

sample, the correlation length was found to be approximately C; = 384 um. For the non-doped

sample, the correlation length was found to be approximately 254 pm.

TABLE 1
Sample Mean Variance Skewness Kurtosis RMS Height
Coarse powder | 167 um | 8.10 um? 0.7709 3.4606 89 um
Paint only 29.0um | 0.176 um? —0.0094 3.0001 13 um

[31]© 2021 IEEE
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CHAPTER IlI

TERAHERTZ MEASUREMENTS

Section 1: THz System Information

The terahertz measurements were performed using a terahertz time-domain spectroscopy
(THz-TDS) system [34], as shown in Fig. 6. For this TDS system, the receiver was fiber-coupled
to the gating laser, so it was capable of rotating around the z-axis without altering laser alignment
or timing. This enabled measurement of the spatial dispersion of the scattered energy, though
most of the measurements utilized a specular arrangement (¢ = ¢ = 45°) to maximize received

signal power. Only horizontal linear polarization (p-polarization) was used for the measurements.

Specular reflection measurements were collected from both the doped and non-doped
drywall samples, as well as a first surface flat mirror, which was used as a phase and amplitude
reference. The mirror was considered lossless in this analysis. Control measurements were
performed using non-doped and unpainted drywall to isolate the effect of the paint alone, shown
in Fig. 7. The reference mirror was measured between each sample to account for any drift of the
THz-TDS system during measurements. All samples and the reference mirror were mounted such
that their front surface coincided with a single-phase reference plane established by kinematic
stops, as illustrated in Fig. 6. This is an imperfect scheme since the surface roughness of the

samples compromised the performance of the kinematic stops. However, the stops proved

14



adequate, since an absolute phase reference to the reference mirror is unnecessary to demonstrate
the reported phenomena. The THz-TDS system had a usable bandwidth of approximately 2.5

THz. When measuring samples, the loss reduced the usable bandwidth to around 2 THz.

Kinematic
Sample Mount

;e
e
~
~

/Clamping
Force

\Drywall Sample
Doped Paint

¥_Phase

Reference

-
-
Pl

Parabolic i —————= \
Fiber Mirror
Coupler

Laser _

Fig. 6: THz-TDS system. Samples are mounted with the scattering face pressed lightly against kinematic
stops to provide a constant phase reference. The terahertz receiver is fiber-coupled and capable of rotating

around the sample mount (z-axis) to measure scattering in the horizontal (xy) plane. [31]© 2021 IEEE
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Fig. 7: Normalized frequency spectra of various measured terahertz signals. Small downward spikes, most
evident on the flat mirror spectrum, were caused by residual water vapor, which was not eliminated by the

dry-air enclosure around the THz-TDS system. [31]© 2021 IEEE

Section 2: Reflectivity Measurements

The reflectivity measurements were taken in the specular direction off the sample (¢ = ¢
= 45°). The fine 2-4.5 micron Al powder increased the reflectivity dramatically at the 250mg/mL
concentration compared to the painted control sample. This increased the reflectivity over
approximately all frequencies the THz-TDS system could measure in its configuration. The
coarse powder showed an increase in reflectivity for low frequencies compared to the control;
however, at higher frequencies the signal strength was lower in the specular direction. This in
initially suggests that the higher frequency signals are more affected by surface roughness, thus
more energy is scattered. This is consistent with scattering theory, due to the surface roughness
becoming significantly larger compared to the wavelength of the signal. Fig. 8 shows the change
in reflectivity compared to the concentration of Al powder of both. Based on the results from Fig.

8, it is clear that there are diminishing returns for increased Al powder concentration beyond 250

16



mg/mL. Fig. 9 shows the received time domain waveforms of the references and the 250 mg/mL

doped samples.
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Figure 8: Comparison of fine and coarse aluminum powder samples total energy reflected compared to the

reference mirror.
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Fig. 9: Time domain measured THz pulses
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Section 3: Scattering Measurements

Additional measurements were performed with the receiver positioned at varying angles
¢ to measure spatial scattering. The incidence angle on the sample was kept at 45° with the
receiver arm being rotated in 1° increments over £20° around the specular reflection angle, ¢, =
45°, The received signals were then squared and integrated over time to give values proportional
to total received energy. The energy received around ¢ was much greater from the reference than
it was from the coarse powder sample; however, at angles ¢ > 53° and ¢ < 32°, more energy was
received from the coarse powder sample than the reference as shown by Fig 10. This
unambiguously shows that power is being spatially scattered by the rough surface, but since the
noise was becoming comparable to the signal strength at wider scattering angles, it was difficult
to separate how much specular energy was lost to scattering versus absorption. This shows that
one of the main goals of the Al powder doped paint was accomplished: the improved spatial

distribution of the signal.

0
107 ¢ ‘
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N ]
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w gl
— E e A TS
10'4 | | |

25 35 45 955 65
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Fig. 10: Total power received at various receiver angles, where ¢ is referenced from the sample surface

normal (—y axis), as in Fig. 6. [31]© 2021 IEEE

Another way to view the data from figure 10 is to look at individual frequency bands. To

do this, the same measured time-domain data was Fourier transformed, squared, and then

18



integrated over a frequency band instead of time. This would determine the effective scattering
within that band. The results of this calculation are shown in fig. 11 for 100 GHz channels. It
should be noted that the reference beamwidth becomes smaller at higher frequencies, as expected.
It also becomes very apparent that the coarse Al powder sample is scattering a large amount of
energy, eventually to the point that more power is received from the coarse sample than the

reference mirror at larger angles away from the specular direction.
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The effect of varying incidence angles ¢; = [35°:55°] was also investigated for specular
measurements. Small changes in amplitude occurred but these would not significantly affect the
GDD results reported in chapter IV. Additional measurements at more extreme angles would
have to be performed to obtain more significant results; however, the sample mount would have

to be modified to prevent interference with the signal.

The specular angle measurements of the 500 mg/mL sample provided interesting results
when analyzing the return spectrum, especially in terms of GDD. Due to this, this sample was
looked at with much more detail than the other samples to characterize how rough surfaces affect
THz signals. For the additional measurements on this sample, the entire drywall sample was
divided into four regions, designated C1 through C4. Fig. 12 shows a white circle to indicate the
measured terahertz beam position and size on the measured regions. Each region was
characterized three times using THz-TDS to ensure repeatability. Since all four regions were
measured from the same overall drywall sample, these provided a good demonstration of the
variety of measured waveforms that can result from a single texture application. An additional
eight locations were also measured, producing a variety of spectral shapes with similar features

that were differently positioned and/or scaled.
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Fig. 12: Division of sample shown in Fig. 2b, showing the four regions illuminated by the terahertz beam

(white circles), C1-C4. Each illumination region was approximately 20 mm in diameter. [31]© 2021 IEEE

Spectral reflection data from areas C1-C4 are shown in Fig. 13 They were obtained by
taking the absolute value of the discrete Fourier transform to the measured time-domain terahertz
amplitude data. Many key features of this data are explained in the next few paragraphs to better
put it into the context of this thesis. Fig. 13 also includes simulated results produced by the

channel model discussed in the next chapter.
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Fig. 13: Measured data from the four beam locations (C1-C4) of the 500mg/mL coarse Al powder sample,
overlaid with individual (unaveraged) simulation results that exhibit similarity to the measured data,
showing that the model can replicate the diversity of measured spectra. Vertical arrows designate

interference nulls. [31]© 2021 IEEE

First, the bandwidth changes considerably among the measurements. Measurement C1
(Fig. 13a) had observable components only below 1.5 THz, whereas measurement C2 (Fig. 13b)
had observable components to almost 2 THz. In addition, the full-width-at-half-maximum
(FWHM) spectral bandwidth ranges from about 0.5 THz (C1) to 1 THz (C2). This is quite
different from the results shown in Dikmelik et al. [30], in which a clear Gaussian frequency roll-
off was observed beyond a cutoff frequency was determined by the standard deviation of surface
height. This cutoff behavior assumed that the surface height varies according to a Gaussian
distribution’s variance [30]. Fig. 14 shows a comparison to the measured data from the sample to
the expected results using calculations derived from Dikmelik’s paper. The Dikmelik spectrum is

calculated using the following equation, where A, is the reference spectrum, R is the reflectivity
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of the 500 mg/mL fine Al powder sample, w is the angular frequency, and o2 is the variance of

the time delays caused by reflecting off a rough surface.

w?o?

A(w) = Ag(@) exp (—2Z) R, 6)

Equation 6 is modified slightly from the equation originally shown in in [30] by the addition of
the R value. This corrects for the difference in the reflectivity between the mirror and drywall
sample. The fact that there was a different behavior is not surprising due to the appearance of a

skewed Gaussian height distribution compared to a Gaussian height distribution reported in

Dikmelik.
2000 | . ; :
——Reference
- - -Measured
Dikmelik |1
2.5 3
Frequency «1012

Fig. 14: Spectrum comparison using Dikmelik’s model, and the data measured from C1.

The second important feature of Fig. 13 is the various locations of the interference nulls.
These nulls may be the result of frequency selective fading [35] and indicate the ever-present, but
random, possibility of poorer signal transmission in certain bands for static channels. Similar to

spatial interference patterns observed in earlier work [12], this fading appears to be caused by
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multipath effects where the roughened wall produces a delay spread within the area of the
reflected beam. While some of these nulls are substantial, most are not deep enough to suggest a
total loss of signal power to the extent that communications would be impossible. Nevertheless,
since the frequency-domain spectra are analytic, changes in the amplitude of a signal must be
accompanied by changes in the phase of a signal. Since frequency-dependent phase shifts lead to
GDD (eq. 2), these spectral features can be regarded as most important in the context of the

principal result of this thesis.

A third notable feature is that all the measurements have a low cutoff frequency
approximately at 60 GHz. This is an inherent characteristic of the THZ-TDS system and not due
to the sample. This feature appears in all the measured data including the reference mirror shown

in Fig. 7.
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CHAPTER IV

COMMUNICATION SYSTEM SIMULATIONS

Section 1: Reflection Model

Because the measured spectral features directly relate to the severity of GDD and the
resulting communication system performance, it is necessary to develop a model capable of
reproducing them. Similar to the work of Dikmelik et al., [30] the scattering surface was modeled
as an array of planar perfect reflectors, where each element had a random height (in the +y
direction in Fig. 6) relative to the average surface position. The modeled reflector heights were
randomly sampled from either the physical surface measurements (Chapter 2) or from simulated
surfaces obeying the same epsilon skewed Gaussian surface profile height statistic. In this model,
when a terahertz wave is reflected by the surface, the distribution of reflector heights is manifest
as a superposition of irresolvable multipath reflections possessing independent, identically
distributed random time delays. The assumption that the distributions of scatter heights (and
corresponding time delays) are independent is valid because the region illuminated by the
terahertz beam has a radius 26 times greater than the surface correlation length. In addition, the
multipath reflections are temporally irresolvable because the bandwidth of the system is
insufficient to resolve the numerous individual reflections that arrive within a single-digit
picosecond timescale. The superposition of irresolvable multipath reflections results in temporal

dispersion (delay spread).
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The two-dimensional distribution of these reflectors in the xz-plane was ignored in our
model, effectively giving each reflector of the set the same position (x = z = 0). While this may
prevent the determination of effects due to transverse surface correlation lengths [12], it also
isolates observed effects to the time-domain, simplifying the temporal dispersion analysis and
mechanisms of causation. Again, this simplification is justified by the fact that correlation effects
should be insignificant due to the large terahertz spot size relative to the surface correlation

length.

To simulate the reflected wave time-domain profile, an input waveform, a, (t), is first
established. For Fig. 13, an actual THz-TDS specular reflection measurement from the flat
reference mirror serves as a, (t). The model then calculates a time delay ¢; in the reflected wave
for every reflector in the modeled surface height distribution, and these time shifts are then
applied to copies of the input pulse. The resulting delayed reflected waves are finally averaged

together in a superposition to make the final output waveform,

at) =2 Y a,(t—t) W)

where N is the number of reflectors in the set and is established based on the beam size of the
signal and the correlation length of the surface profile. A global scaling factor S accounts for
losses due to diffuse scattering, material absorption, and general system inefficiencies, however it
also assumes that each reflected wave of the set has the same amplitude. This is a very simplified
model that can be modified in many ways to improve accuracy; however, the stochastic nature of

the time delays created by the rough surface makes many of them moot.
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Fig 15: Diagram of the steps used to produce a channel transfer function using the model discussed in

section 1.

Section 2: Model Validation

The reflected terahertz pulse spectra predicted by the model were compared against those
measured in the TDS system, using an array of N = 100 reflectors with epsilon skewed, normally
distributed time-delays as the model parameters. N = 100 was selected due to the area occupied
by the total beamwidth of the system at the sample location and the surface area occupied by a
particle of the coarse Al powder. One hundred thousand iterations of the simulation were
performed to do a random search to find potential matches to the measured signal. New arrays of
reflector heights were generated for each simulation. The use of a large number of reflector array
instances (and thus time shifts t;) allowed for the determination of the model’s capability of
reproducing the measured results. To illustrate, four example frequency spectra from the 100,000
simulations are shown in Fig. 16 (repeated here from Figure 13 for convenience). As in the
measured data, these spectra were obtained by taking the absolute value of the Fourier

transformation of the simulation’s time-domain output. The model proved capable of producing
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variability like measured reflection spectra and these were selected due to their similarity to

actual measured data from four different areas of the textured drywall.
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Fig. 16: Measured data from the four beam locations (C1-C4) of the 500mg/mL coarse Al powder sample,
overlaid with individual (unaveraged) simulation results that exhibit similarity to the measured data,
showing that the model can replicate the diversity of measured spectra. Vertical arrows designate

interference nulls. [31]© 2021 IEEE

While an exact fit to the data was not expected from this approximate stochastic model,
many of the measured features were reproduced by the model, including the spectral magnitudes,
bandwidths, general spectrum shape, and some interference nulls. The most obvious disagreement
from the selected simulations to the measured data is the location and the depth of random
spectral nulls. It is not yet clear whether this is a weakness in the model, an insufficiency in the
number of simulation trials, or a result of the simplistic process by which simulated data are
selected for comparison; however, the model does produce random spectrum nulls within the
frequency range of the measured data. In addition, the simulated null depth can reach high values

consistent with measured data, although the simulated spectra shown in Fig. 16 did not. These
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spectra were selected by using a least sum of differences algorithm between the measured and
simulated data. The algorithm favors matching spectra based on the overall shape of the spectra,
while locations and depths of frequency nulls have less weight. Apart from adjusting the scaling
factor S to normalize out system losses, no attempt was made to fit the model spectra to the
measured data. Due to the closeness of the simulated results, the scattering (channel) model can
be regarded as adequate for follow-on studies of scattering, associated GDD, and its effect on

communication system performance, as are described in the next section.

Section 3: Group Delay Dispersion Analysis

The effects of multipath scattering are well known in microwave and millimeter-wave
wireless systems but have been studied relatively little in the terahertz regime thus far. Small-
scale, frequency-dependent fading is often described as the principal penalty from multipath
propagation. However, by the analyticity of the complex spectra, any frequency-dependent
amplitude effect must be accompanied by some frequency-dependent change in phase (time shift
and temporal dispersion). This results in large spikes in the GDD of a signal around these
interference nulls. Since these nulls are approximately 100 GHz wide, and can appear almost
anywhere in the usable spectrum, this means GDD is always a potential problem for high
bandwidth terahertz signals. Likewise, they suggest that the presence of GDD in a particular band
of interest is likely to be unpredictable, as the locations of the spectral nulls depend on the exact
surface characteristics, which are stochastic and potentially variable (in the case of a moving
beam). This effect on phase becomes increasingly impactful for higher bandwidth 6G signals.

This model can be used to quantify these effects by simulating both GD and GDD.
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Fig. 17: Measured THz time domain signals. Note the larger amount of time for the coarse powder signal

to be completed compared to the reference signal.

When the GD is variable over frequency, GDD becomes non-zero, or equivalently there
is non-zero second-order dispersion in the channel that spreads out temporal waveform features
[36]. Fig. 17 shows measured THz time domain waveforms of the coarse powder sample and
reference mirror. In this figure, it is clear how the waveform reflected off the coarse sample has
been spread out temporally. Figure 18(a) shows GDD determined from the measured reflection
data of the coarse textured drywall sample and the reference mirror. This measurement was taken
near the C1 area of the sample shown in Fig. 12. The bipolar spike at ~0.65 THz in the coarse
sample GDD is most notable, rising well above the GDD of the reference mirror, which is
expectedly near zero over most of the bandwidth. The areas below 0.15 THz and above 1.4 THz
are outside the range of the THz-TDS system. This makes the GDD calculation very inaccurate
due to insufficient signal-to-noise in the signal so the measured GDD below 0.15 and above 1.4
THz should be ignored. To obtain the GDD measurements between 0.15 and 1.4 THz, A very
large SNR was required. To produce the plot in Fig. 18 many measurements had to be averaged

together to raise the SNR to an acceptable level for the measurement to be valid.
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Fig. 18: (a) Measured GDD plot from textured wall sample and reference mirror. (b) Four GDD plots
resulting from different random instances of the same distribution. These are simply random GDD

examples produced by the model and are not correlated with the measurements in Fig. 13.
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Fig. 18(b) shows four examples of the GDD predicted by our model when terahertz
waves reflect off textured surfaces using random surface height values measured from the
500 mg/mL coarse powder sample. Note that because the model essentially disregards transverse
particle extent, the mean value of the particle size has no dispersive effect and only produces a
constant phase shift, which contributes nothing to GD or GDD. Like the measured data, the plots
confirm a bipolar GDD response can reach substantial levels over bandwidths approaching 100
GHz. Again, given the random nature of texturing, this large band of dispersion can occur almost
anywhere between 0.3-1.0 THz. Coarser textures (larger o) exhibit stronger GDD bands at lower
frequencies, while still having a major effect on higher frequencies. Substantial GDD effects
begin to occur once ¢ of the surface becomes comparable to the operating wavelength, since such

a surface would impart substantial phase shifts to the reflected copies of the signal.

The measured GDD data are noticeably more jagged than the simulated data. This
appears to be mostly due to system noise, which is not a factor in the model. In addition, the
second order derivative in Eq. 2 is very sensitive to frequency step size and signal noise, both of
which can artificially create large oscillations in the resultant GDD. Frequency step size is
governed by the durations of the time-domain signals, which are necessarily limited to avoid
Fabry-Perot reflections from the back side of the samples. The reflection model does not take this
into account. Regardless, the measured and simulated GDD appear to be similar in form,

bandwidth, and general amplitude, supporting the model validity.

As stated before, GDD causes temporal dispersion of the waveform, which in turn can
cause neighboring symbols in a digital data stream to blend into one another, resulting in inter-
symbol interference (I1SI) [37]. Therefore, as GDD increases, I1SI also increases, resulting in a
larger SER. In this way, GDD directly impacts what SERs are achievable for a particular data

rate. Conversely, GDD will impart a reduced upper limit on data rates for a fixed low SER, even
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in the absence of noise [38], which is detrimental since the primary motivation of terahertz

wireless is to achieve extremely high data rates.

Section 4: Error Rate Simulation Methodology

Although plots such as Fig. 18 are useful in demonstrating the varied GDD profiles that

can be produced by a textured surface, they are not as useful in predicting the precise impact of

that surface on the fidelity or data-carrying capacity of an incident communication signal. To

determine whether the GDD presented in Fig. 18 is truly “substantial,” it is necessary to quantify

the expected SER — that is, the probability that a reflection from the surface will cause sufficient

distortion to the waveform such that a communication symbol is received in error.
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Fig. 19: Block diagram of the QPSK simulation used to measure the effects of GDD.

To quantify how scattering from rough surfaces affects the relationship between data rate

and SER, a communication system was simulated in MATLAB® at 0.25 THz [39], [40]. A simple

block diagram of the simulation is shown in Fig. 19. The simulation generates a pseudo-random

symbol stream, splits the data into | and Q channels, and then modulates the two channels onto

the carrier at 0.25 THz, using phase shift keying. This results in a quadrature phase shift keying
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(QPSK) modulation scheme, which offers 2 data bits per symbol. The propagated communication

signal takes the form of the following equation (8).
s(t) = %I(t) cos 2mf .t — %Q(t) sin 2mf, .t (8)

Next the time domain QPSK signal is converted into the frequency domain by a Fourier
transform and multiplied by the channel transfer function. This channel transfer function was
generated by the rough surface model described earlier in this chapter. After the signal has been
multiplied by the channel transfer function, it is converted back into the time domain using the
inverse Fourier transform. This accounts for all the effects caused by the rough surface. White
Gaussian noise is then added to the channel to model a real system more accurately. After the

noise is added, the signal is then demodulated.

At this point the received data is compared to the transmitted data to calculate the SER.
Symbol rates of 10, 30 and 50 GBd were chosen to test the channel. Additive white Gaussian
noise was added to the signal to achieve an SNR of 50 dB (as measured at the receiver after
filtering), implying the SNR is not a limiting factor. The simulation was run iteratively over a
wide range of surface height standard deviations, and for every value of standard deviation, a new
random reflection surface was generated by our scattering model. For each surface, the simulation
then sends approximately 1.1 million pseudo-random symbols through the channel and calculates
the SER. This entire process was repeated 200 times, each time with a new randomized surface.
Finally, all the calculated SER results were averaged to produce the presented SER results (hext
section). The averaging is very important to calculate the SER of the system. Due to the
stochastic nature of the GDD produced by the rough surface, it is possible to produce very high
and low SERs with the same surface height distribution parameters. Some surfaces generated
produce zero errors, while others can cause a SER of 1. By averaging multiple runs together, an

estimated SER can be found.
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Section 5: Simulation Results — Single Reflection

Fig. 20 shows the averaged SERs and demonstrates how errors increase as the standard
deviation of scatterer size (surface roughness) increases. It is of particular importance that symbol
errors are almost non-existent up to a certain surface roughness (deemed the “dispersion limit”),
at which point they abruptly turn on and then quickly reach levels that would render the
communication system almost unusable. This threshold appears to occur when 6 ~ 0.28\—0.354,
which is sensible considering this means the roughness is a significant fraction of the wavelength.
As expected, higher symbol rates result in worse SER, since bits would be spaced more closely
together in time, giving greater opportunity for ISI. While this does not appear to change the
dispersion limit significantly, it does result in orders of magnitude higher SER once dispersion-
induced symbol errors begin to occur. The large SNR of 50 dB means these effects are almost
entirely due to dispersion alone. Lower SNRs would be expected to produce larger SERs. Upon
preliminary investigation, the jagged appearance of the simulation data is due to the random
nature of the rough surfaces. As stated earlier, the random occurrences of large GDD spikes
coinciding with the simulated channel bandwidth can produce numerous errors, while other
surfaces produce no errors. This makes it very time-consuming to smooth outlier data with
averaging. As is apparent in Fig. 18, the lower data rate links (e.g., 10 GBd) are more severely
affected by this phenomenon because their operational bandwidth is narrower, which means the

entire bandwidth of the link may be strongly affected by GDD.
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Fig. 20: Symbol error rates produced by a single reflection from a random diffuse surface whose height
distribution standard deviation o is expressed in fractions of a wavelength A on the abscissa. Data is QPSK
modulated at a 0.25 THz carrier frequency with a received SNR of 50 dB. Results shown are an average of

200 simulations from different random surface instances. [31]© 2021 IEEE

Section 6: Simulation Results — Multiple Reflections

Fig. 20 showed the effect caused by the dispersion resulting from a single reflection from
a diffuse surface. Such effects, however, will accumulate when multiple reflections occur, which
is important in the design of NLOS links. Fig. 21 shows the effect of multiple reflections on a 50
GBd data stream. This simulation was performed in the same manner as the previous simulation.
For each reflection, a new random surface was generated. The effect of all the reflections is
finally determined by the product of all the associated channel transfer functions. Multiple
reflections are observed to shift the dispersion limit to smaller 6, meaning the channel is

becoming more sensitive to the texture of the surfaces. At 5 reflections, which is here assumed to
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be the maximum encountered in practical NLOS systems, the dispersion limit has reduced to
o ~ 0.182-0.201. Moreover, the SER beyond that limit is truly abysmal, quickly reaching 0.50
and trending to 0.75 as ¢ grows to multiple wavelengths. An SER = 0.75 corresponds to a

complete loss of the original data stream [31].
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Fig. 21: Symbol error rates produced by multiple reflections from random diffuse surfaces whose height
distribution standard deviation o is expressed in fractions of a wavelength A on the abscissa. Data is QPSK
modulated at a 0.25 THz carrier frequency with a received SNR of 50 dB. Results shown are an average of

200 simulations from multiple random surface incidences. [31]© 2021 IEEE
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CHAPTER V

CONCLUSION

Due to the unique properties of terahertz radiation, it is important for terahertz
communication models to be as accurate as possible. Economical and easy to implement methods
for manipulating terahertz radiation have been made using mixtures of aluminum powder and
indoor paints in this thesis. These advancements will assist in the implementation of terahertz

radiation for communications purposes.

Aluminum powder can be added to paint to increase the reflectivity of the surface. For an
indoor environment, this improves the ability to contain the signal to improve the in a room. This
can also be used to prevent a signal from entering areas where the signal is unused. In addition,
reflective textured surfaces can be effectively used to spread THz beams by the process of
scattering. As shown in this work, coarse Al powder was mixed with paint to create a rough
textured surface. These two factors can be combined to improve THz NLOS communications.
The increase in reflectivity can increase the signal strength at the receiver of a communications
link, while a scattering surface can be used to increase the probability of a signal reaching a

receiver.

An accurate model was needed to be made to recreate features found in the scattered

terahertz signals. This allowed for large scale testing of how rough surfaces affect terahertz
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radiation. Using a summation of multiple copies of a signal from a flat surface with random time
delays, it is possible to recreate the reflected signal from a rough surface. This method, similar to
Dikmelik, gives a very accurate representation of the scattered signal in both the time and

frequency domains.

Using the modeled and measured data, the GDD caused by rough surfaces was measured
and found to be significant. Applying these effects to a simulated QPSK communications system,
an important, novel result was found. This result of these simulations is a dispersion limit at a
surface roughness around ¢ ~ 0.28X-0.35A. At this point, the roughness of the surface becomes
capable of causing bit errors in the transmitted signal. This result indicates a limitation to any
THz NLOS link relying on scattered radiation. Due to this limit being primarily caused by ISI, no
increase in power at the transmitter of link will improve the received data. Exacerbating this

problem, the effect of dispersion increases with multiple reflections and higher baud rates.

In conclusion, this thesis shows that terahertz radiation can be manipulated by
economical wall covering made by mixing aluminum powder and paint. This work shows the
effects of GDD caused by rough surface reflections con communication channels and the limit at
which the surface roughness begins to negatively affect SER. Further work can be done on
improving the scattering model. Physical terahertz communication systems should be used in the
future to further investigate the effects of GDD on large bandwidth links and confirm the findings

of the simulations.
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