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Introduction

In recent years, world mobile data traffic is growing nearly exponentially. Rates
have doubled every eighteen months over the last three decades, and are quickly
approaching the capacity of wired communication systems [1]. Therewith, further growth
is expected [2]. Available bandwidth is one of the factors limiting data transmission rate
[3]. Therefore, the fifth generation microwave-based mobile network (5G) is being
developed. However, current wireless technologies, coupled with the new 5G technology,
is expected to meet only 81 percent of the planned need [4]. This limit and allocation of
frequency ranges to specific applications would restrict the future growth of wireless
communications unless new frequency ranges are exploited. One of the promising
candidates is the Terahertz (THz) Band, which is defined as electromagnetic waves in the
frequency region of 100 GHz — 10 THz [5]. One terahertz (1 THz = 10'2 Hz) corresponds
to a vacuum wavelength of 300 um. Wide up to 120 GHz spectrum bands with relatively
low atmospheric absorption can be found in these ranges. Therefore, availability of
unallocated bandwidth in sub-terahertz (sub-THz; 0.1 — 0.3 THz) and THz ranges together
with a fast development of system components [6], [7] spurred a rapid research of THz
applications in communications (hereinafter - BSG, Beyond 5G). Since the THz waves are
very vulnerable in the Earth’s atmosphere, the best performance of the THz wireless
networks was shown under in-door conditions [8]. However, THz communications could
benefit from the main principles of the 5G (short distances, infrastructure densification,
beamforming, multiple-input multiple-output (MIMO) antenna arrays, consisting of tens
or hundreds of antennas) [9] and well-developed fiber-optics links (i.e., wireless-over-

fiber technology for the difficult to access areas) [10].

In this work, the possibilities and limitations of the THz wireless networks were
examined in terms of the atmospheric attenuation, mostly rain attenuation and variations
of atmospheric refractive index. Also, one of the most probable technological scenarios
(short distances and quasi-optical transmission) was investigated. The results were
compared with data from a laboratory-controlled rain experiment [11]. Since most of the

existing equipment used in the industry is not designed to perform calibrated



measurements of the 5G/B5G wireless networks in air [12], such experiments can be used

to predict the expected data transfer performance.

However, simulation of atmospheric attenuation is just one of the steps in the
development of the THz telecommunications. Its components are also equally important.
Budged analysis of the THz wireless systems revealed that better transmitter and/or
receiver are required together with at least 100 dBi/km antenna gains [10]. Therefore, in
order to overcome small gain and effective area of individual THz Band antennas, very
large antenna arrays will be required [ 13]. The planar zone plate (ZP) lenses display benefit
of being much smaller in depth, volume and weight than the ordinary lenses used in
antennas [14]. Therefore, zone plate-based antennas are considered as a reduced size and
cost, easy-integrated planar solution for telecommunication systems in millimeter-wave

and THz bands [14], [15], [16], [17].

One of the tasks of this work was to simulate a compact laser-ablated focusing
optical element for the THz Band (0.6 THz frequency), combining the reflection-reducing
and phase-shifting properties. Prototype binary zone plate with a dual function
antireflective (AR) layer (alternating rings with either flat or structured surface formed on
one side, and fully structured on the other side of the silicon wafer of 500 um thickness)
was produced. Improved suitability for integration into compact optical components
formed within relatively thin semiconductor substrates are revealed. Focusing
performance of such binary ZP with dual function AR layer is close to the diffraction

limited operation.

Main goal

The aim of this work was to evaluate peculiarities of THz electromagnetic wave
propagation loss in contemporary and future wireless communication systems under real-
time atmospheric conditions and to offer integrated, reflection-reducing and focusing

passive component for THz communication systems.



Objectives

1. Theoretical investigation of the influence of instantaneous rainfall intensity
values and variations of the atmospheric refractive index on attenuation of the
THz waves propagating in the atmosphere.

2. Evaluation of the impact of random fluctuations of attenuation due to rain on
the propagation of THz waves in case of the B5G technology.

3. Theoretical validation of the reflection-reducing structured layers’ designs,
optimized for production using laser-ablation method.

4. Study of the phase shift peculiarities in the reflection-reducing layers and
investigation of the possibilities to use them in the formation of focusing

elements directly on the semiconductor substrates.

Novelty

The significance of the changes in the instantaneous rain-rate values and the
atmospheric refractive index was demonstrated by analysing the atmospheric attenuation
of sub-THz (100 GHz) and THz (300 GHz) frequencies using real-time data. It has been
shown that the averaged rain-rate values distorted the simulation results of the heavy rain
event (high instantaneous rain-rate values decreased, small values increased, and the peak
attenuation shifted in time). In addition, it has been demonstrated that in the area of poor
coverage changes of the signal strength occurred at the same time as the variations of

atmospheric refractive index.

For the first time, the attenuation fluctuations for the THz Band in case of short
distances and quasi-optical transmission (expected in the THz-based BSG networks) were

consistently evaluated and compared to the laboratory-based-experiments.

The reflection-reducing structures were consistently optimized and produced using
laser-ablation technology, and the phase-shifting properties of those structures were

investigated. The phase-shifting possibilities were employed for the zone plate design, in



which reflection-reducing and focusing features are compatible and all of this comes on

one 500 um thick silicon substrate!.

The practical value

Since most of the existing industrial equipment is not designed to perform
calibrated measurements of the 5G/B5G wireless networks over-the-air, accurate
evaluation of the instantaneous rain-rate values and variations of the atmospheric
refractive index would help to improve the evaluation of the connection quality. In
addition, studies of the THz radiation in the rain will allow a better assessment of not only
(already standardized and well understood) calculations of the average attenuation
coefficient, but also expected deviations in the case of short distances and quasi-optical

transmission.

As a result of phase shifts in the laser-ablated reflection-reducing structures,
suggested zone plates could replace the currently used high-resistivity silicon (HR-Si)
lenses and, in comparison, provide smaller losses on the surfaces, thus improving the
signal-to-noise ratio and avoiding strong parasitic reflections from the surfaces of the
focusing elements. Implementation of the sub-THz/THz communication systems may
require large antenna arrays. The zone plates are more compact optical elements than the

standard lenses. This feature would reduce antenna dimensions.

Statements to defend

1. Modelling of the electromagnetic wave attenuation in the atmosphere in the case
of the 5G/B5G networks, requires the instantaneous (“‘one minute”) rain-rate
and refractive index values, since averaged data may lead to significant

deviations from the real values.

! Works in this field: C. Kadlec et al (2008), Y. W. Chen et al (2009), Y. W. Chen and X. Zhang (2014),
A. Brahm et al (2014), O. Yurduseven et al (2016), N. T. Nguyen et al (2008), N. T. Sénmez and N. T. Tokan (2016),
T. Nitta et al (2017).



2. Due to the quasi-optical transmission and relatively short distances of the
5G/B5G wireless networks (in relation to today's wireless communications),
attenuation deviations can be noticeable from values based on today's
standardized models.

3. In the reflection-reducing layers, where the period of the structure is close to the
incident wavelength, it is possible to produce a thinner antireflective layer and
to ease the production of the layers using laser-ablation method, still
maintaining a small reflection coefficient.

4. Phase shifts in such structured reflection-reducing layers made of silicon are
sufficiently well controlled, therefore, high quality focusing elements could be
obtained for both THz telecommunication and THz imaging systems allowing

to reach close to diffraction limited operation.

Contribution of the author

The author performed numerical simulations, prepared manuscripts related to the
topic of the doctoral thesis, participated in the preparation of reports for conferences and

presented some of them herself.

Contribution of the co-authors of the publications: the ablation of reflection-
reducing coatings and zone plates was carried out at the FTMC Laser Research
Department by dr. S. IndriSitinas and dr. G. Raciukaitis. The Terahertz time-domain
spectroscopy (THz-TDS) and THz imaging experiments were performed with
dr. L. Minkevicius. All co-authors of the articles contributed by editing the manuscripts

and preparing the articles for press.

The summary of doctoral thesis is organized as follows

Chapter 1 describes main mechanisms of the atmospheric attenuation, discuss in
details impact of rain attenuation and variations of the atmospheric refractivity. It also
presents simulations using real-time data. Chapter 2 is dedicated to the simulations using
classical scattering theory. Finally, Chapter 3, considers optimization and investigation of
reflection-reducing and focusing as well as phase-shifting structures for THz

communication systems, fabricated using laser-ablation.
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1. Atmospheric attenuation

1.1. Atmospheric composition and attenuation mechanisms

In the atmosphere, due to presence of the constituent gases and water droplets,
attenuation of the propagating electromagnetic waves occurs. Some of the energy is
absorbed due to resonant frequencies of the gas molecules, some is scattered by water
particles. Some aerosols are very important for the condensation of water vapour, which
in turn form water drops. In addition, the free-space loss (FSL) [18] is always present;
therefore, the signal strength is constantly decreasing as the distance increases.
Furthermore, due to variations of the atmospheric refractive index, anomalous

propagation, fading and phase-front distortions might occur [6].

Oxygen and highly variable water vapour molecules are the main contributors to
the gaseous attenuation. In the molecular absorption spectrum [19], [20], there are several
regions of relative transparency between the absorption peaks, called transmission
windows. Under standard atmospheric conditions, transmission windows are present at
about <0.300, 0.330-0.370, 0.390-0.440, 0.625-0.725, and 0.780-0.910 THz [21], and
the absorption above 1 THz is critical [10]. The effect due to water droplets depends on
the type of the phenomenon (i.e., rain, fog). The effect due to rain is severe for frequencies
above 10 GHz [22]. The attenuation due to fog is proportional to frequency. For example,
at 300 GHz fog can be treated as a light rain, and at about 1 THz the attenuation due to fog
exceeds attenuation due to heavy rain [23]. The atmospheric refractive index is defined as
the ratio of the velocity of propagation of a radio wave in free space to the velocity in a
specified medium. At standard atmosphere conditions near the Earth’s surface, the radio
refractive index has a value of approximately n =1.0003. Changes in pressure,
temperature and density affect the value of the atmospheric refractive index and its

gradient.

The design techniques of the new telecommunication links take into account a
series of various factors that are comprehensively explained by Freeman [22] and

regulated by the International Telecommunication Union (ITU).
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1.2. Empirical and physical design techniques of the rain attenuation

Averaged attenuation of THz radiation due to rain could be evaluated using
relatively simple empirical model [24], where the power-law relationship between the

rain-rate R (mm/h) and the specific attenuation Az (dB/km) is:
Ag = kR?, (1)

where values for the coefficients k£ and & are determined as functions of frequency, f(GHz),
in the range from 1 to 1 000 GHz. These functions and other needed values for both vertical
and horizontal polarizations are given in ITU recommendation [24]. As it will be shown

further, the challenging part of its application is evaluation of the reliable rain-rate value.

However, this simplified approach is only one of the available alternatives. The
other group of the design techniques are physical methods. It is a common practice to
express the excess attenuation due to rainfall as a function of the rain-rate, which depends
on liquid water content and the fall velocity of the raindrops, which in turn depends on
drop size distribution (DSD). There are various raindrop size distributions. Dealing with
DSD is a complex task, because the shapes of actual raindrops are far from the usually
depicted spherical or tear-drop shapes, as larger drops become flattened and eventually
break into smaller droplets [25]. There are various raindrop size distributions. In this work,
Weibull raindrop-size distribution will be used, since it provides the best percentage of the
most successful approximations of raindrop-size distributions [26] and is one of the most

relevant THz attenuation approximations [27], [28].

1.3. Rainfall simulations using real-time data
A. The annual rain-rate value

An analysis of long-term rainfall data revealed that heavy rain in Lithuania can be
expected from May to September, therefore, the adjusted Rice and Holmberg model [29]
was proposed in [IP9]:

ln(0.0144%)

0.03

R(l min.) = > (2)
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where My_;x is an amount of rainfall (mm), which fell in the area between May and
September, t is the number of hours per year when the rain intensity can be equal or exceed
R(1 min) value (for example, when the reliability of the system should be 99.99%, the

R(1 min)-value can be equal to or exceeded only 0.01% of the time of the year).

According to Eq. (2) and long-term meteorological data, in Lithuania the Ry min)-
value is equal to 60.23 mm/h [IP7]. It is twice the ITU recommended value. However,
instantaneous rain-rate values can be even higher. Therefore, one of the main challenges

of the radio system design is the reliable sources of data.

B. The rain-rate of the heavy-rain event

In Figure 1, the data of the heavy-rain event are presented. During 6-h lapse, the
rain intensity differed from light to heavy rain, and 37 mm of rain was accumulated until
midnight (marked as vertical bars and “(mm)”). At the same time, the rain-rate was
measured using WS1080 local weather station. For technical reasons, the measurements
were carried out in 10-min intervals. In addition, 10-min rain rate values were converted
to 1-min values, using the Moupfouma and Martin method* [30]. According to
measurements, the maximum R-value was R = 59.4 mm/h at 20:49. However, the
calculated 1-min R-value was almost double, R;i, = 103.45 mm/h. Both of these

values were higher than the ITU-R suggested value R = 35 mm/h.

2 Please note, that the Rice and Holmberg model (Eq. (2)) was suggested for evaluation of the rain rate
value exceeded non more than specified threshold of the year. The Moupfouma and Martin method,

0,061
0,987700; C . o
R min) = (R . ) ™I (7 is a time interval between measurements), was used for conversion of individual
(1 min) (Tmin) >

10-min rain rate values to individual 1-min rain rate values.

13
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Figure 1. The heavy-rain event [PS1].
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Figure 2. The calculated values of rain attenuation at 0.1 THz, using real-time R-values of the heavy-rain
event (1- and 10-min integration time; horizontal (H) and vertical (V) polarization) [PS1].

Calculated values of rain attenuation (using Eq. (1)) at 0.1 THz are presented in
Figure 2. As can be seen, the results are different for 1- and 10-min integration time (time
intervals between rain-rate measurements, 7). 1-min rain-rate value (“R; 4”) reveals the
peak attenuation being 32.27 dB/km for horizontally (H) polarized waves and
31.55 dB/km for vertically (V) polarized ones. The values calculated using 10-min
(“R10,0,¢ ) Integration time are lower (22.11 and 21.02 dB/km, respectively). When the

rain rate starts to fall, the results in both cases are nearly similar.
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In Figure 3, the same heavy-rain event is presented. The difference is that the R-
values were calculated using more widely accessible averaged rainfall data with
integration time of 1 h and 6 h. It can be seen that the results are distorted: since the
downpours are suppressed and delayed (R = 24.6 mm/h at 21:19 according to hourly
data, R = 6.56 mm/h at 23:18 according to 6-h average data (both not seen in the figure)),
the low attenuation values become higher, and the peak values become lower
(12.13 dB/km for horizontally polarized waves in comparison with 32.27 dB/km in
Figure 2). The 6-h R-values determine low and almost constant (3-5 dB/km) attenuation

values.

— H, RGh_meas 100
30 - - - H» th_meas

. VyRGh_meas
O Vleh_meas
- - - (mm)

20

50

A (dB/km)
Total precipitation (mm)

Figure 3. The calculated values of rain attenuation at 0.1 THz, using real-time R-values of the heavy-rain
event (1- and 6-h integration time) [PS1].

The same calculations were performed for 0.3 THz (or 300 GHz; in many cases,
this frequency is considered as a realistic candidate for the THz communications, and a
starting point for power budget analysis). The main tendencies are the same as for 0.1 THz,
however, calculated attenuation values are smaller (1-min value is about 30 dB/km
(30.22 dB/km for horizontally polarized waves and 29.75 dB/km for vertically polarized
ones), 10-min values are about 21 dB/km (21.31 dB/km and 21.02 dB/km respectively)).
According to the ITU model [24], the rain attenuation values begin to slightly decrease at
about 0.25 THz and asymptotically approach a straight line. One of the possible reasons

15



behind this is the change of scattering mechanism from Mie to non-selective scattering (it
occurs when the particle sizes become much larger than the wavelength; non-selective

scattering affects the entire spectrum equally [31]).

1.4. Variations of the atmospheric refractive index and its gradient
The atmospheric refractive index, n, can be calculated by the following formula:
n=1+N-10"°, 3)
here N is atmospheric refractivity (in N-units).

Since changes are observed in the fourth or fifth decimal places, it is more
convenient to observe the changes of the N-value. According to the procedures described
in [32] and [22], the N-value can be calculated as a function of temperature, atmospheric

pressure and partial vapour pressure:

_ 776
T

N (P + 4810%), (4)

here P is atmospheric pressure (hPa), T is absolute temperature (K), e is water vapor
pressure (hPa). Since there is no frequency dependence in Eq. (4), and the expression is
considered to be true up to 100 GHz [22], the results should be suitable for the sub-THz

frequencies.

The refractivity changes in the vertical direction can be restated in the terms of

gradient, G (N-units/km):

_An _ AN -6
Gy =2 =210, (5)
AN _ N;-N,
E - h1_h2’ (6)

here N; and N, are atmospheric refractivities above ground at the heights of h; and h,.

The refractivity gradient is an important parameter since it determines the type of
the atmospheric refraction, which in turn determines how the travelling electromagnetic
wave will bend. The G-value from 0 to -79 N-units/km means that the refraction is normal;

-40 N-units/km is the value of the standard refraction; from -79 to -157 N-units/km is the

16



condition of the super-refraction (the situation when the propagating signal is bending

towards ground); below -157 N-units/km is ducting (the atmosphere turns into waveguide,
therefore there are some “dead zones” outside of it).

On the basis of averaged multiannual data®, the annual, seasonal and daily values
of the atmospheric refractivity were evaluated [IP8], [IP5], using Eq. (4). The results are
presented in Figure 4. It can be seen that on average the N-value increases in the summer

months, also, the highest value is in the morning, and the lowest in the evening.

2005 2006 2007 2008 2009 2010

—o— 6:00
—%— 12:00
340
8
=
7
2 320
Z
300

Month

Figure 4. Annual, seasonal and daily variations of the atmospheric refractivity (year 2005 - 2010 in
Vilnius) [IP5].

However, instantaneous variations of the radio refractivity are not so smooth. One-

day measurements* are presented in Figure 5.

3 Collected from the national weather stations and freely available archives, such as

https://www.wunderground.com/.
* The measurements were carried out in Vilnius, on 8th April, 2015. No precipitation were observed.
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Figure 5. (a) Comparison of the N-value (in N-units) and the measured RSSI value (in dBm) (3.5 GHz
frequency); measurements were carried out in the area of the poor coverage. Essential signal changes
occur at the same time as the refractivity changes; (b) Linear regression of the N and RSSI values (a
moderate negative correlation) (data from [PS1]).

The N-values were calculated in 10-minute intervals using real-time meteorological
data, measured using WS1080 local weather station. The measured Received-Signal-
Strength-Indicator (RSSI) values of the 3.5 GHz (WiMAX) signal are presented as well.
The measurements of the meteorological data and the RSSI values were carried out in the
same time and place, in the area of the poor coverage. As can be seen in the Figure 5, the

essential signal changes occur at the same time as the refractivity changes.
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Another subject of the study is atmospheric refractivity gradient, G. In
measurements carried out in Kaunas (2009 —2011) [IP6], [[P4] the temperature inversion,

super-refraction and ducting layers were observed.

Sometimes there is no possibility to measure required meteorological parameters
in the locations of interest. Therefore, a new model was proposed in [IP3]. It is based on
the three known points outside the location of interest. In this case, unknown atmospheric
refractivity value, W, could be calculated mathematically (Eq. (7-11)), knowing the

coordinates of these three points (see Figure 6).

Figure 6. Model based on the three known points outside the location of interest [1P3]

t—(t—d)f%’?O

W =Z+ f sin9 +j H (7)

sin(mt—-{)

here ,9,t,d are:

. 1 j2+f2_b2
¢ = cos (—Zf ) (8)

. 1 a2+f2—h2
Y = cos (—Zfa ), 9)
t=x—z, (10)
d=y—2z. (11)
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The aforementioned findings allowed to formulate the following statement for defense:

Modelling of the electromagnetic wave attenuation in the atmosphere in the case of
the 5SG/B5G networks, requires the instantaneous (“one minute”) rain-rate and
refractive index values, since averaged data may lead to significant deviations from

the real values.
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2. Simulations using the classical scattering theory

The purpose of this part is to theoretically examine the expected peculiarities of
THz wave attenuation due to rain in case of short range communications and quasi-optical
transmission (such scenarios will most probably be necessary to provide high bit-rates
with sub-THz and THz carrier frequencies) [IP2]. This will also reduce the volume in
which the interaction between the THz waves and rain droplets occurs. In turn, this might
mean substantial deviations [27], [28] of instantaneous absorption from well-known
averaged attenuation models. Calculations were performed emulating both drop size
distributions of the real rain and the laboratory controlled rain described in literature

sources.

2.1. Simulation methods

The classical scattering theory for a plane wave radiation by an absorbing sphere
particles [33] is widely used (including [6], [11], [27], [28]) tool for the detailed analysis
of attenuation in the THz range. Rain attenuation coefficient @ (in dB/km) within this

theory can be calculated as:

a = 4.343 [ N(D)Q,(D, A, m)dD, (12)

Q:(D,,m) =L 3% ,(2n + 1) Rela, + b, (13)

here D is a raindrop diameter, N(D) is a raindrop size distribution, Q.(D, 4, m) is an
attenuation cross-section of a raindrop, A is a wavelength, m is the complex coefficient of
refraction for water, a,, and b,, are the Mie scattering coefficients, and 4.343 factor is used
to obtain values in dB per unit distance. Values of m in sub-THz and THz ranges were
taken from [34], and the Mie scattering coefficients were calculated using Matlab
functions from [23], [35]. Weibull distribution and coefficients from [27], [28] were used
to evaluate N(D):

N(D) = Nog(g)c_l e (14)

here N, = 1000 m3, b = 0.26R%*** mm, ¢ = 0.95R%* and R is the rain-rate (in mm/h).
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Two data transmission scenarios were considered. First, the relatively large
distance (“Terahertz wall” at L = 100 m), quasi-optical transmission and uniform beam
shape between the antennas; and second, quasi-optical transmission at short distances

(L = 4 m for easier comparison with the results of the laboratory-controlled rain [11]).

2.2. Simulation results

The distributions of raindrop sizes (presented in Figure 7(a)) were obtained from
Eq. (14) for several rain-rates of heavy rain. The complex coefficient of refraction of water
and attenuation cross-sections (also Figure 7(a)) were calculated for temperature t = 20°C
and f = 0.3 THz frequency. Contributions by rain drops of various sizes to the rain

attenuation coefficient (Eq. (12)) are presented in Figure 7(b).

—~~
(=3
~

(a)
1,000

——0.3THz

800
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Figure 7. (a) Distributions of raindrop sizes for several rain rates R; the dependence of Q; and raindrop
cross-section area S = 1 - D? /4 ratio on the diameter of the raindrop for f = 0.3 THz frequency.
(b) Dependence of the contribution to the averaged absorption coefficient on the diameter of the raindrop
at f = 0.3 THz for several rain rates R [IP2].

As can be seen, the contribution of the small drops (D < 0.2 mm) to the overall

loss is low even for lowest rain-rate R = 10 mm/h with highest concentrations of small

3 Transmitting at distances of less than 100 meters is the only way to avoid the “Terahertz wall” (power
needed to send data at terahertz frequencies would be impractically high in many cases) Invalid source specified..
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drops. For higher R-values, larger drops of D > 0.2 mm start to dominate both in terms

of concentrations and contributions to the overall loss.

In the case of the first scenario, interaction with raindrops within large volume of
V = 100 m? order and independently appearing raindrops are assumed. Even for narrow
ranges of raindrop diameters AD = 0.01 mm, average number of raindrops in such size
intervals would reach tens and hundreds for most sizes of interest. In such conditions,
Poisson distribution could be approximated by normal distribution with probability density
function. Loss a; induced by rain drops in the i-th interval can be evaluated using Eq. (12),
divided by volume V in which interaction between the wave and raindrops occurs, and
multiplication by AD can replace the integration for small AD, and thus ; is also normally

distributed with the mean &;. Then the variance is:
o? = (4.343Q.(D;, 4, m))ZN(Di)AD JV = u?/N(D;)VAD. (15)

Within the model of independent raindrops, absorption coefficient a, for wider

ranges between i; and i, can be expressed as:
_ V2 = _yiz2 = 2 _ iz 2
Uy = Zi=i1 a, ar = Zi=i1 a, Oy = 21‘:1‘1 o; . (16)

Nevertheless, an explicit o; oc V~1/2

dependence in Eq. (15) means that one should
expect numerical values of 30, uncertainties to grow into tens of percent of the average
value once V ~ 1m® beam-rain interaction volumes are approached. Such values,
however, are exactly of the same order as ones discussed for ultra-dense outdoor 5G
networks [35] and thus influence of the absorption coefficient deviations will have

inevitably be considered for 5G.

The second scenario and comparison with the experimental data of [11] brings
additional challenges. Small volume and Figure 7(a) data mean that average number of
rain drops interacting with the wave might be well below 1 for each i. Thus, Poisson
statistics was employed instead of normal distribution approximation. In addition,
influences of multiple measurement (1000 in [11]) averaging and influence of more
uniformly distributed drop sizes of the experimental set up have to be assessed. Results of
such emulated measurements representing 1000 numerically generated rain drop size

distributions within the communication channel are presented in Figure 8. A slight
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difference between a, - L and A can be noticed suggesting that 1000 sets of rain drops (or
data points for averaging in the experiment) is still insufficient to obtain a precise value of
the average absorbance. To verify this assumption, simulated experiment was repeated

100 times (with 1000 measurement averaging in each) and distribution of A is presented

in Figure 8(b).
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Figure 8. (a) Distribution of 1000 simulated absorbance A values at R = 40 mm/h rain rate,

f = 0.3 THz frequency and Weibull distribution of drop sizes. Graph is split in the middle to reveal
better lower numbers of ngjy v, (emulated single “measurements”) with high absorbances. Bar width
equals 0.007 dB. Average expected absorbance of @, - L = 0.069 dB is indicated by an arrow in the
same figure. (b) Distribution of the average values of A, obtained in simulated 100 absorbance data set
series by averaging 1000 absorbance values within each set. Similarly to (a), central vertical line
indicates the obtained average and two others - standard deviation from the average for such series (+o07)
[TP2].

The same numerical experiment series was repeated for the same 0.069 dB average
loss, but with single allowed diameter of the drops D = 1.9 mm to evaluate the possible
influence of more homogeneous drop sizes on the standard deviation. Calculated standard
deviation in case of one single experiment was slightly smaller in comparison with Figure
8(a). On the other hand, average value for 100 experiment series and its’ standard deviation
are very close to the one obtained in Figure 8(a), confirming that larger series of
substantially more than 1000 measurements would probably lead to very similar statistical
results despite the size restrictions. An additional series of experiments were performed
for average absorbance of 0.69 dB, corresponding to a case of an extreme rain. Dispersion
is reduced about 30 times (when normalized to the average value), as expected when the

average number of interacting rain drops increases. Furthermore, after additional
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experiment series the results agreed with the experiment of the laboratory controlled rain,
thus, confirming that laboratory-based experiments could be a valuable tool for estimating
the upper limit of rain induced noise in communication channels despite of rain drop size

distribution differences.

The aforementioned finding allowed to formulate the following statement for defense:

Due to the quasi-optical transmission and relatively short distances of the 5G/B5G
wireless networks (in relation to today's wireless communications), the attenuation

deviations can be noticeable from values based on today's standardized models.
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3. Simulation of the anti-reflective and phase-shifting compact optical

elements for terahertz frequency band

As it was mentioned in the introduction part, simulation of the atmospheric
attenuation is just one of the steps in the development of THz telecommunications. The
other step is the system components that will support the basic principles of the 5G/B5G
technology under very high absorption and scattering conditions. Therefore, one of the
tasks of this work was to simulate anti-reflective and radiation phase-shifting compact
elements for the THz spectral band. The results were used to create a zone plate design, in
which reflection-reducing and focusing features are compatible and all of this comes on

one 500 pum thick silicon substrate.

Zone plates are a type of the focusing elements that perform a phase shift function
[36] and are thinner than the standard focusing elements [14], [37] , therefore, could
replace the convex lenses in the THz antennas. The idea of the zone plate antenna was
described both for 5G and B5G technologies at [16], [14], [17]. It was concluded in [14],

that the zone plates are more compact in terms of depth, volume and weight.

This work emphasizes the design of the zone plane, combining both reflection-
reducing and phase-shifting properties, as well somewhat unusual laser production method
(compared to etching [38], [39], [40]). Binary focusing zone plate for 0.6 THz frequency
was designed, produced and its focusing performance was evaluated. Nearly diffraction

limited performance was obtained.

3.1. Optimization of anti-reflective structures for laser processing

Two types of anti-reflective (AR) layers were first investigated and compared: one
with the vertical side-walls, which could potentially be obtained by means of anisotropic
or deep inductive plasma etching (DRIE), and the other one with the sloped side walls,
optimized for laser micro-machining. Their initial thickness was estimated to be
approximately equal to the quarter wavelength of 0.6 THz radiation at the interim effective
refractive index between air and silicon. Simulations were performed using MIT Meep

[41] software package. For an infinite 2D array of repeating elements, propagation of
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waves within only one segment was simulated, and Bloch-periodic boundary conditions
were applied on the side-walls of the segment. Propagation of a pulsed THz wave was

simulated in order to obtain the whole reflectance spectrum within one simulation.

First of all, vertical side-wall AR coating was investigated. The same fill factor (FF,
ratio of the remaining silicon volume to the total volume of the layer) of FF = 0.64 and
variable period of the structure (L = 50;100; 150 um) revealed several frequency- and
size-dependent features. The simulation results are presented in Figure 9(a). Thereafter,

structures with the 100 um period were investigated in more detail.

f, THz
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(a) h = 65um, L:
03 ’ ‘ e 50um Al/TLSi = L
—=— 100pm l
0.2 —— mod. X i
<
0.1
()
B THz wave / abs. b.
b) ; :
0.3 ) h, um; Aw/h
0.2
~

0.1

02 04 06 038
f, THz

Absorbing boundary

Figure 9. (a) Calculated reflectance spectra of three coatings of the same depth h = 65 um, FF = 0.64
and w/L = 0.8, but different periods L. For comparison purposes, an analytical solution based on a
simplified equivalent circuit model for the effective dielectric constant evaluation [38] is also presented
(black line). (b) Results of simulations for a fixed position of reflectance minimum and adjusted height %
and side wall slope (d). Si pyramid base width w; was increasing when specifying sloped side walls to
maintain the averaged within AR structure fill factor of FF = 0.64 + 0.01. Simulations were performed
for a semi-infinite substrate in order to emphasize properties of a single AR structure. (¢) Sketch of the
structure with sloped side-walls with indicated parameters used for further describing simulations.
Dashed line indicates a contour of the structure with a vertical side wall. [IP1]

Due to the focusing of the laser beam, perfectly vertical walls are hardly possible,

therefore, structure with sloped side-walls (see Figure 9(c)) was chosen. Several additional
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series of simulations were performed with similar FF = 0.64 £+ 0.01, but different side-
wall slope. For a fixed depth h, the reflectance minimum shift to higher frequencies once
the slope increases has to be compensated by the increase of the depth h. Once the Si
pyramid width at the base w; approaches the period of the structure L, an effective
refractive index of the structure approaches that of bulk Si thus reducing the contribution
of this area to distributed reflections. No significant distortions of the spectrum due to the

slope of the side walls were expected.

So far, a semi-infinite (that is, one side is infinite) substrate was assumed. The
situation becomes more complex once the finite thickness of the substrate and option of
the second structured surface are considered. In addition, fabrication tolerances have to be
taken into account. Thus, much thicker AR structures were selected for fabrication. AR
structures were fabricated on both sides of high resistivity float-zone (FZ) Si wafers to
obtain the best performance. Fixed period of L = 100 um was selected based on the
previously discussed optimization be means of finite-difference time-domain (FDTD)

simulations.

3.2. THz time-domain spectroscopy (THz-TDS) measurements

Transmittances of the samples were studied using Ekspla-Teravil THz-TDS
spectroscopy and THz imaging system. Two-dimensional scan was performed in order to
check whether irregularities of pyramid shapes led to irregularities of transmittance. The

results are presented in Figure 10.

Table 1. Parameters of ablated AR structures and their theoretical approximations [IP1]. A — numerically

simulated, E - experimentally investigated.

Ablated Structured Simulated Approximation parameters

structure  sides structure
Boe Yes Boa h =100 um, w; = 75 um, Aw/h = 0.25 um
Bsg Yes Bsa h =195 um, w; = 100 um, Aw/h = 0.33 um
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Figure 10. Distribution of amplitude transmission coefficient ¢ for samples B (a) and Bsg (b) at 0.6 THz
frequency. Rightmost black points indicate positions of flat unprocessed wafer reference areas for which
transmittance spectra are presented in panel (c). Rectangles and points at their corners in (a) in (b)
indicate the positions of AR structure for which transmittance spectra are presented (d), and (f)
respectively. Two simulated transmittance spectra for wafers with B2 and Bsa structured surfaces on
both sides (parameters are listed in Table 1) are presented in (¢). Measurement errors due to the influence
of atmospheric absorption lines are indicated in (f) by vertical blue arrows [IP1].
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Two points of the flat wafer and four points near the middle of the structured part
(indicated by black points) of the sample Bak (see Table 1) were investigated in detail.
Transmittance spectra for two points of the flat wafer (Figure 10(c)) nearly perfectly match
the one expected for 500 um thick HR Si wafer. Transmittance spectra obtained at 4 points
near the middle of the structured area of sample Bog are presented in Figure 10(d).
Disappearance of interference fringes and stable transmittance of T = 0.9 in a vicinity of
0.5-0.6 THz confirms efficiency of the produced AR layer. This finding is consistent with
simulation results for B2a. This indicates that the average amount of a removed material
was correctly estimated for modelling and small local effective thickness variations do not
introduce substantial differences between the phase shifts between the measurement

locations®.

3.3. Phase shift performance of AR structures

Dependences of normalized electric field on time for THz pulses to be transmitted

through samples B2k and Bsg are presented in Figure 11.

2 Big:—ref. 92 Bog:—ref.
— flat —flat
AR
2.39 ps
-1 -1
-20 2 4 6 8 -20 2 4 6 8
T, ps T, pS

Figure 11. Dependence of normalized electric field on time for three pulses: reference (ref.”),
transmitted through a flat area of the wafer (”flat”) and transmitted through the structured sample area
(”AR”). Pulse delay differences between flat and structured areas of the sample are indicated by arrows
[IP1].

6 Larger phase shift differences due to local variations at higher frequencies are not substantial enough to
prevent an efficient operation of the binary zone plate.
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Delays of the pulses are reduced in both areas of the samples with AR structures
due to Si removal and reduction of the effective refractive index (reduction by 1.44 ps and
2.39ps in Bog and Bsg, respectively; the difference of 0.95ps corresponds to
approximately 57% of the period for 0.6 Hz and half for 0.53 THz). Such result opens a
possibility for a future implementation of such layers in, for example, high efficiency zone
plates at THz frequencies, ensuring thus both required phase shifts between zones and high

transmittance.

Further thinning of the remaining unstructured middle part of substrates is one of
the most obvious ways to further reduce pulse delays and achieve full 2x phase shifts in
comparison with thinner Bz coating. Complete replacement of 110 um thick Si with air
would be enough for efficient wave front management at a given frequency, however, the
mechanical stability of the Si film holding AR structures would suffer dramatically.
Therefore, additional FDTD simulations were employed. The results are presented in

Figure 12. Several calculated reflectance spectra are presented as well.

Nearly uniform amplitude distributions and only marginal wave front distortions
are visible at z < —200 pum, confirming that there is no scattering despite relatively large
sizes of pyramids. Also, the expected phase shift differences can be calculated from
positions of electric field maxima (indicated by arrows). The 15 um difference in Si and
narrowing of pyramid base by 15 um would eliminate the difference to 1A. Reflectance
spectra revealed that even at 85 um width, no significant reflectivity increase is expected,

therefore, such width would be sufficiently small to achieve a shift of full wave.

31



400 200 0 —200  —400

Wl @ abs(E, )/ Eq » X 2

abs(E,)/Eq

abs(L, )/ Ey

400 200 0 —200  —400

&= 0.2
0.1

Figure 12. Simulated distributions of electric field component E, for 3 AR structures (a-c) on a semi-
infinite substrate and reflectance spectra of the structures (d). Amplitude data are presented in the upper
parts (y > 0) of the panels (a-c) and phases of E,, - in lower (y < 0) ones. Arrows and dashed lines
indicate maxima positions of a real part of the electric field within the substrates in panels (a-c) [IP1].

3.4. Focusing performance of AR structures based on the phase shifts

Prototype binary zone plate (ZP) for 0.6 THz frequency and F = 5 mm focal
length was produced aiming to verify whether phase-shifting properties of AR structures

are sufficiently uniform for focusing applications.

Alternating rings with either flat or structured surface were formed on the one side
of the same highly resistive Si wafer of 500 um thickness (Figure 13). Bz design served
as a basis for the AR structure, whilst amount of removed Si was increased by
approximately 10% to obtain 7 phase shift at 0.6 THz when compared to flat surface. The
another side of the wafer was uniformly structured to reduce the influence of the

reflections.
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Figure 13. SEM and THz transmittance (at f = 0.6 THz) images (top) and sketch (bottom, not to scale)
of the prototype zone plate. Alternating zones with either flat or structured surfaces are seen in SEM
image. ZP was placed a sample in the focal point of the continuous wave (CW) THz imaging system

with pyroelectric sensor to obtain the presented transmittance map. Three regions of interest are shown in

THz image: flat silicon with approximately 30% transmittance (1), silicon with one AR structured
surface and approximately 60% transmittance (2) and center of ZP with maximum transmittance of 76%
[IP1].
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Figure 14. Distributions of electric field amplitude in case of matching positions of pyramids on both
surfaces (a) and in case of shifted by half of period pyramids on the front surface (b). Values were
divided by the amplitude of the incident wave. Phase distributions in both cases are presented in the same
panel (c) for an easier comparison. The upper part (y > 0) is dedicated to the case with matching
pyramid positions and the lower part - to the position mismatch case. Assumed ablation depth was
increased to 110 pm to match better the structure later used for the zone plate [IP1].

33



Two additional simulations were made to compare the cases of matching pyramid
positions and of the shift by half of the period. Both amplitude and phase distributions for
these two cases are presented in Figure 14. No essential phase differences can be observed
both in the middle of the substrate and outside the sample. It thus confirms that very exact

pyramid position match between the layers is not required.

Focusing performance of the incident THz waves was evaluated by imaging of the
spatial beam profiles of THz radiation. The distance between the THz source and zone
plate was approximately 1 meter. Initially, the profile of collimated THz beam was
measured (Figure 15(b)), then the spatial profile measurements were repeated with the

zone plate inserted at the focal distance from the detector (Figure 15(c)).
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Figure 15. Cross-sections of the beam profiles of the incident wave and the focused one through the
maximum point (a). First dependence of detector signal on coordinates was recorded when it was
illuminated with a collimated THz beam (b). Afterwards, zone plate was inserted, and measurements
were repeated at the focal plane with higher resolution (c) [IP1].

Cross-sections are presented in (Figure 15(a)) for easier comparison. Presented data

confirms that maximum signal increase of approximately 240 times is obtained and full-
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width at half-maximum below one wavelength is evaluated even though relatively narrow
incident wave spans just several Fresnel zones of the zone plate. Therefore, binary zone
plate can successfully be used for focusing and uniformity of the fabricated AR structures

is sufficient to obtain nearly diffraction limited performance.

The aforementioned finding allowed to formulate the following statements for defense:

* In the reflection-reducing layers, where the period of the structure is close to the
incident wavelength, it is possible to produce a thinner antireflective layer and
to ease the production of the layers using laser-ablation method, while
maintaining a small reflection coefficient.

= Phase shifts in such structured reflection-reducing layers made of silicon are
sufficiently well controlled, therefore, high quality focusing elements could be
obtained for both THz telecommunication and THz imaging systems, allowing

to reach close to diffraction limited operation.
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Main results and conclusions

D)

2)

3)

Modelling of the electromagnetic wave attenuation in the atmosphere in the case
of the 5G/B5G networks, requires the instantaneous (“one minute”) rain-rate
and refractive index values, since averaged data may lead to significant
deviations from the real values.

a. It was demonstrated for sub-THz (100 GHz) and THz (300 GHz)
frequencies that averaged rain-rate values on heavy-rain conditions
distort the results: the decrease of large values, the increase of small
values and shifts in time were observed;

b. In the area of the poor coverage changes of the signal strength occurred
at the same time as variations of atmospheric refractive index with a
moderate negative correlation (r = —0.46).

c. A model for calculation of the atmospheric refractivity, when there is no
possibility to measure required meteorological parameters in the
locations of interest, was suggested.

Due to the quasi-optical transmission and relatively short distances of the
5G/B5G wireless networks (in relation to today's wireless communications), the
attenuation deviations can be noticeable from values based on today's
standardized models.

a. Calculations of the expected absorption coefficient deviations for the
THz frequency band and quasi-optical transmission in short-range
scenario, that can be expected in the B5G networks, revealed, that
deviations are significant compared to the average, and in some cases
(i.e., laboratory-controlled rain) it can be exceeded.

In the reflection-reducing layers, where the period of the structure is close to the
incident wavelength, it is possible to produce a thinner antireflective layer and
to ease the production of the layers using laser-ablation method, while
maintaining a small reflection coefficient.

a. On the basis of this finding, reflection-reducing AR layers were designed

and optimized for production using laser-ablation method.
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b. Inevitable shape imperfections, occurring due to physical processes
during laser processing can be compensated by the increase of the depth.

c. Transmittance reaching about 90% was obtained within 0.5 - 0.6 THz for
Si wafers with both structured surfaces.

4) Phase shifts in such structured reflection-reducing layers made of silicon are
sufficiently well controlled, therefore, high quality focusing elements could be
obtained for both THz telecommunication and THz imaging systems, allowing
to reach close to diffraction limited operation.

a. Peculiarities of the phase shift in the reflection-reducing AR layers and
possibilities to use them for focusing elements directly on the on the
semiconductor substrates were investigated;

b. The phase-shifting possibilities were employed for the zone plate design,
in which reflection-reducing and focusing features (2m phase shift,
maximum signal increase of approximately 240 times) are compatible on

one 500 pum thick silicon substrate.
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