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Abstract Our measurements and complete linear dispersion theory calculations of amplitude
and phase show that it is possible to have seven high performance point-to-point, 10.7
Gb/s to 28.4 Gb/s, digital THz ground links in the atmosphere. At a RH 58% (10g/
m3) and 20 °C including O2 absorption, and for an absorption loss of 10 dB, the
seven links are: Channel 1: at 96 GHz, Bandwidth (BW) 30 GHz, 10.7 Gb/s for 17.5
km, Channel 2: at 144 GHz, BW 30 GHz, 12.0 Gb/s for 7.4 km, Channel 3: at 252
GHz, BW 50 GHz, 25.2 Gb/s for 2.5 km, Channel 4: at 342 GHz, BW 24 GHz, 11.4
Gb/s for 840 m, Channel 5: at 408 GHz, BW 30 GHz, 13.6 Gb/s for 440 m, Channel
6: at 672 GHz, BW 60 GHz, 22.6 Gb/s for 140 m, and Channel 7: at 852 GHz, BW
60 GHz, 28.4 Gb/s for 120 m.

The enabled long-path THz links are discussed. Two applications are presented in detail,
namely, a long-path 17.5 km THz ground-link operating at 96 GHz, BW 30 GHz, 10.7 Gb/s,
and a GEO satellite link at 252 GHz, BW 50 GHz, 25.2 Gb/s. In addition, Channel 7 at
852 GHz is studied by calculated pulse propagation to understand the relationships between
high bit-rates and propagation distance. It is shown that good digital transmission could be
obtained with 852 GHz, BW 108 GHz, 56.8 Gb/s for a 160 m propagation distance in the
atmosphere with RH 58% (10g/m3) and 20 °C. Good digital transmission could also be
obtained with 852 GHz, BW 108 GHz, 71.0 Gb/s for 80 m. These results are discussed with
respect to high bit-rate, short-path applications.

These digital THz communication channels were determined together with a new measure-
ment of the water vapor continuum absorption from 0.35 to 1 THz. The THz pulses propagate
though a 137 m long humidity-controlled chamber and are measured by THz time-domain
spectroscopy (THz-TDS). The average relative humidity along the entire THz path is precisely
obtained by measuring the difference between transit times of the sample and reference THz
pulses to an accuracy of 0.1 ps. Using the measured total absorption and the calculated
resonance line absorption with the Molecular Response Theory lineshape, an accurate contin-
uum absorption is obtained within five THz absorption windows, that agrees with the
empirical theory.
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1 Introduction

An important problem for the operating world-wide telecommunications network is to provide
isolated cities, islands, communities, remote industrial, technical and scientific sites with
wideband access to the fiber backbone [1–8]. Currently, their best access is with microwave
ground links or satellite links. Another long-standing problem is to be able to provide
emergency, high-bandwidth back-up service for the loss of an optical fiber link. Another
problem is to provide older large office buildings in cities, sport stadiums and shopping malls
with full high bandwidth services. Here, we describe the potential of wireless THz ground
links or satellite links to provide low loss, high bandwidth digital connections, as possible
solutions to these and other problems [1–8].

Water vapor controls the propagation of THz waves in the atmosphere. All considered
technical, commercial and research applications of THz waves depend on the variable amount
of water vapor. The humidity changes strongly with the daily weather, changing seasons,
altitude and geographical location. The propagation of THz waves in the atmosphere is limited
by the water vapor absorption, from hundreds of strong rotational lines surrounded by
thousands of weaker lines from the mm wave range through the terahertz region up to 5
THz. Also, oxygen gas has a cluster of approximately 25 overlapping lines at 60 GHz, a weak
single line at 120 GHz, and a weak three line repetitive structure every 350 GHz extending to
well beyond 2 THz. Many strong absorption lines are separated by windows of transparency
dividing the spectrum into sections from mm waves into the THz range and up to 5 THz.
However, an additional continuum absorption exists over this range and within the mm and
THz windows, which cannot be explained by the far-wing absorption of the resonant lines. In
addition, the group velocity dispersion reshapes the propagated pulses. Measurements and
understanding of the continuum absorption are important in many aspects of physics and
applications of the atmosphere, such as ground and satellite-based radio astronomy [17],
communication links [3], and remote spectroscopic applications [18].

Figure 1 shows the enormous variation of THz power attenuation (dB/km) over the
frequency range from 50 GHz to 1000 GHz. The attenuation changes by 5 orders of
magnitude from maximum to minimum over this frequency range. Curve A in Fig. 1.
is the sum of the calculated attenuation of all the water rotational lines, plus the much
weaker continuum attenuation shown as curve B, which is considered to be due to
water dimers, higher-order clusters, and self-broadening of the strong water lines [9].
The attenuation due to the water lines increases linearly with the number density of
water vapor, while one part of the continuum attenuation increases as the square of
the number density. Consequently, the relative proportion of the total absorption due
to the continuum increases with the number density. Many simulation codes have
been developed to model the absorption of THz radiation by water vapor in the
atmosphere [19, 20], and an important example is shown in Fig. 2 [20].

The shaded lines numbered 1-7 in Figs. 1 and 2, indicate the digital communication
channels, which are the subject of this paper. We will present new experimental measurements
of these windows of transparency in the atmosphere and the associated continuum absorption.
We will also simulate the propagation of a bit pulse sequence through all of these seven

J Infrared Milli Terahz Waves

Author's personal copy



Fig. 1 This figure is a revised version of Fig. 10 of [9]. “Spectral plots of the near-millimeter attenuation by the
atmospheric H2O at sea level. H2O density = 5.9 g/m3. Curve A represents attenuation calculated by summing the
theoretical contributions by all the lines and adding the continuum represented by curve B.” [9]. The H2O density
corresponds to a relative humidity of 34% at 20 °C. The indicated measurements have been made by several
groups; the open triangles below 150 GHz are from Dryagin et al. [10]; the open circles below 200 GHz are from
Frenkel and Woods [11]; the filled triangle at 200 GHz is from Straiton and Tolbert [12]; the filled squares from
200 to 400 GHz are from Ryadov and Furashov [13], and the solid circles from below 400 GHz to 1000 GHz are
from Burch [14, 15]. 7 water windows (circled numbers) are marked for comparison with the THz-TDS
measurements. (Adapted from [16])

Fig. 2 Atmospheric attenuation at sea level for different conditions of temperature, relative humidity (RH), fog,
dust and rain. (STD: 20 °C, RH 44%), (Humid: 35 °C, RH 90%), (Winter: -10 °C, RH 30%), (Fog, Dust, and
Rain: 20 °C, RH 44%) (Rain at 4 mm/hr.), (Fog at 100 m visibility), (Dust at 10 m visibility). Revised figure
taken from Ref. 16. Six water windows (circled numbers) are marked for comparison with the THz-TDS
measurements. (Adapted from [20])
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windows with the different lengths in the atmosphere at RH 58% at 20 °C (density of 10 g/m3
)

giving 10 dB attenuation for the particular channel. The simulated bit-rates range from 10.7
Gb/s to 28.4 Gb/s, depending on the group velocity dispersion of the particular channel, and
the bandwidth of the window.

The empirically determined continuum absorption is usually defined as the difference
between the measured total absorption and the absorption of the resonant lines [21]. The
resonant lines absorption can be calculated as the sum of all of the individual resonant lines.
For each line, the corresponding line intensity and linewidth can be found in a spectroscopic
database, such as the Millimeter wave Propagation Model (MPM) [22], HITRAN [23] and JPL
[24], and used with the lineshape function to obtain the resonant line absorption. Consequently,
the determined continuum absorption depends strongly on the lineshape function and spec-
troscopic database, which provides the number of lines, line intensities and linewidth for the
line-by-line summation method.

As shown in Fig. 3 [25], our first long-path measurement was the passage of transform
limited 1 ps THz pulses through a 167 m round-trip optical path, where the pulse absorption
and reshaping was caused by the atmospheric water vapor with RH 51% at 21°C. The stable
pulseshape feature at the front of the transmitted pulse in Fig. 3a, appeared to have propagated
through the water vapor with very little loss and dispersion [25]. This stable pulseshape
propagation was shown to have the highlighted coherent spectrum denoted as I and II in
Fig. 3b, describing two over-lapping transform limited pulses (THz bit pulses I and II),
respectively. Using each of these pulses as the input pulse to linear dispersion theory
calculations of additional long propagation lengths, showed they had remarkable stability
and relatively low loss [21, 25].

In this paper, we report new measurements of the relative total water vapor absorption,
using a 137 m round-trip humidity controlled sample chamber within the 170.4 m long-path
THz-TDS system, that measures the water density from the transit time of the THz pulses [26].
For our analysis, we use the fundamental molecular response theory (MRT) [27–29], based on
physical principles and measurements, to obtain the resonant line absorption.

2 Theory

The determined continuum absorption depends strongly on the lineshape function, number of
lines, line intensities and linewidth chosen for the line-by-line summation method. It has been
shown that the van Vleck-Weisskopf (vV-W) lineshape fits the resonant lines near their centers
more accurately than the full Lorentz (FL) and Gross lineshapes [30]. Since then, in most of
the literature the vV-W lineshape has been used to obtain the continuum absorption within the
Millimeter wave [22, 31, 32] and THz regions [33–35] under various humidity and temper-
ature conditions.

Recently it has been shown that the Molecular Response Theory (MRT) lineshape is the
best model to fit the absorption line [29]. Through a weighting factor, the MRT lineshape
function smoothly changes from the van Vleck-Weisskopf (vV-W) lineshape [36] near the line
center to the full Lorentz (FL) lineshape [36] at far wings of the resonance line. The MRT
lineshape overcomes the disadvantage of the unphysical far-wing of the vV-W lineshape, as
well as the underestimated absorption from the vV-W lineshape with a cutoff. Clearly,
resonance absorption with a strictly defined lineshape function is needed for reliable and
comparable values of the continuum absorption.

The spectroscopic databases of MPM, JPL and HITRAN provide 30, 3085, and 8678
water vapor absorption lines up to 1, 30, and 30 THz, and 44, 259, and 4679 oxygen
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absorption lines up to 1, 11, and 8 THz, respectively. The necessity to include strong
absorption lines above 1 THz of our upper limit, is due to the strong effects on the
attenuation and phase from their far wing absorption, which is shown in our previous
work on water vapor refractivity [26, 37]. Moreover, the linewidths of resonant
absorption lines are also sensitive to the relative pressure and the ambient air pressure.
HITRAN is the only database to provide the factors of air-broadened width and self-
broadened width, which can be used to calculated the linewidths of all the absorption
lines. Consequently, the HITRAN database is chosen for our simulations to provide the
most accurate model for THz wireless applications.

Fig. 3 (a) Transmitted THz pulse. Inset shows the input THz pulse together with the much smaller THz output
pulse. (b) Amplitude spectrum of Transmitted pulse. Regions I and II mark the atmospheric communication
channels I and II. Inset shows the input spectrum and the much smaller output spectrum. (Adapted from [25])
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2.1 Molecular Response Theory

For the molecular response theory the absorption coefficient of a resonant line is given by
[27–29]

αMRT
j νð Þ ¼ S νð ÞαvV−W

j vð Þ þ 1−S νð Þð ÞαL
j νð Þ: ð1Þ

for which αj
vV−W(v) is the absorption coefficient with the vV-W lineshape function and

αj
L(v) is the absorption coefficient with the FL lineshape function. S(v) is the MRT weighting

function controlling the transition from the vV-W lineshape at low frequencies to the FL
lineshape at higher frequencies. S(v) is given simply by,

S νð Þ ¼ 1= 1þ 2πντ cð Þ2
h i

: ð2Þ

where τc is the collision parameter, considered to be a measure of the orientation time of
molecules during a collision and expected to be much faster than the duration of a collision.
The weighting function S(v) monotonically changes from one to zero as the frequency
increases, and S(ν) = 0.5 for ν1/2 = 1/(2πτc) = 796 GHz for τc = 0.2 ps [27, 28].
Consequently, for 2πντc≪1, αj

MRT(ν)≈αj
vV−W(ν), and for 2πντc≫1, αj

MRT(ν)≈αj
L(ν). It is

important to note that the MRT line, as defined in Eq. (1), will always be between the FL and
the vV-W lines [27–29]. Only the half-width at half-maximumΔvj linewidths of the vV-Wand
FL lineshapes remain as parameters, and these are calculated by HITRAN as Δvj = γksPs +
γkfPf with γks and γkf are the self and foreign gas line broadening coefficients [29, 35].

2.2 Empirical Continuum absorption function

The empirical equation of the continuum absorption αc has been experimentally verified [22,
31, 38] to have a quadratic frequency dependence and to be a combination of two ambient air
pressure terms, as shown in Eq. (3). One term is proportional to the square of the water vapor
partial pressure PW; the other term is proportional to the product of PW and the total of the
foreign gas partial pressures in the atmosphere PA.

αc v; 294Kð Þ ¼ v2 C�
W ⋅ρ2W þ C�

A⋅ρA⋅ρW
� �

: ð3Þ
where CW

* and CA
* are the self and foreign continuum parameters at 294 K in units of dB/

km/(GHz g/m3)2. The multiplication factor of 0.752 converts the water vapor pressure PW in
hPa to density ρW in g/m3. Similarly, the multiplication factor for air is 1.19. The normal
atmospheric pressure PA = 1004 hPa, equivalent to the density ρA =1193 g/m3, can be
considered constant, since the variable water vapor partial pressure PW is only of the order
of 1% of PA. All of parameters used in Eq. (3) are discussed in detail in Ref. 29. This empirical
equation shows good agreement with experiments results at high water vapor pressure and
high temperature measurements over a wide range [22, 31, 38].

Similar to our previous work [29], we measured the total absorption αS and αR of the humid
air sample signal and the dry air reference signal, and obtained the relative absorption Δαx

between the sample and reference signals with different humidity levels. Since the absorption
is the sum of the MRT resonant line absorption and the continuum absorption, the relative
absorption consists of the MRT resonant line absorption αMRT

S −αMRT
R and the continuum

absorption αc
S−αc

R. The relative resonance line absorption ΔαMRT=αMRT
S −αMRT

R is linearly
proportional to water vapor density. However, due to the quadratic part of water vapor partial
pressure in the continuum absorption empirical equation, a cross term was brought into the
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measured relative continuum absorption Δαcx. Based on Eq. (3), the relative continuum
absorption Δαcx including the cross term is given by,

Δαcx ¼ αS
c −α

R
c ¼ v2 C�

W ⋅ ρSW
� �2− ρRW

� �2� �
þ C�

A ⋅ρA ⋅ ρSW −ρRW
� �h i

: ð4Þ

where ρW
S and ρW

R denotes water vapor density of the humid sample and dry reference
signals respectively, and the cross term function X is given by

X ¼ v2C�
W 2ρRWΔρW
� �

: ð5Þ
The cross term X has to be subtracted from the relative continuum absorption Δαcx and

from the relative total absorptionΔαx. Eqs. (6a) and (6b) give the continuum absorptionΔαc

and the total absorption Δα, which only depends on ΔρW.

Δαc ¼ Δαcx −X ¼ v2 C�
W ⋅Δρ2W þ C�

A ⋅ρA ⋅ΔρW
� �

: ð6aÞ

Δα ¼ Δαx −X : ð6bÞ
The value of the water vapor density of the reference THz signal ρW

R in the additional cross
term ρW

RΔρW can be obtained from the water vapor partial pressure measured by hygrometers
in the sample chamber.

In the previous work [29], the lowest dry reference signal had a RH of 22.2% at 21°C
(corresponding to a water vapor density of 4.1 g/m3), which gave a cross-term with power
attenuation of 23% of the total continuum absorption before subtracting the cross-term for 7.0
g/m3 water vapor density (corresponding to a RH difference of 38.2%).

In order to obtain higher accuracy values of the water vapor continuum absorption, it is
important to have low RH dry reference signals in the experiments. For the two measurements
described here, RH of 13% and RH 8% at 21°C were obtained, corresponding to the reference
water vapor densities ρW

R of 2.3 g/m3, and = 1.4 g/m3. Consequently, the corresponding cross
terms X are much reduced from the earlier measurement [29].

3 Experimental Methods

Figure 4 shows the long-path THz system for the experimental measurements of continuum
absorption described in [25, 26]. The 170.4 m round-trip, long-path THz setup is coupled to
the standard THz time domain spectroscopy (THz-TDS) system [39]. It is noteworthy that the
long-path THz setup distance of 170.4 m is designed to be within 15 cm to an integer multiple
(51 in this case) of the mode-locked laser pulse round-trip path of 3.342 m with a repetition
rate of 89.6948 MHz for coherent detection with a high signal-to-noise ratio. The THz signals
propagate 137 m within the controlled RH sample chamber (shown by the red box), which is
transformed from the lab hallway by sealing doors and vents during measurements. A recent
improvement of the sample chamber covered the ceiling with thin plastic sheets, supported by
hundreds of button magnets. This enabled repeatable and stable 60% RH increases from the
reference RH, as well as a doubling of the water vapor holding time of the chamber. The
chamber RH was controlled by 10 humidifiers and 5 fans distributed uniformly to obtain good
air circulation; the constant temperature was maintained by building facilities.

The transit time of THz pulses propagated through THz long-path system is measured to a
precision of 0.1 ps by the THz-TDS system, using the mode-locked laser as an optical clock.
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The transit time has been shown to have a linear relation with the RH (water vapor density)
inside the sample chamber [26]. However, slow drifts of the long THz optical train and mode-
locked laser can affect the precision of the measured transit times. The slow length drift of long
THz optical train is mainly due to the heat expansion and cold contraction of the concrete floor
and stainless steel (SS) optical table, corresponding to a 5.7 ps change, for a 1 °C change of
their temperature difference. This agrees with the observed day to day and week to week
changes [25, 26]. The mode-locked laser has a frequency drift in the optical clock rate of the
order of 100 Hz. However, the measured weak water vapor absorption line center frequencies
agree with the HITRAN and the JPL databases to an accuracy of 1 GHz [25], indicating
negligible mode-locked laser drift within several scans.

The input THz pulses shown in Fig. 5 were measured with the kinematic M3-M10 mirror
assembly removed. Then the kinematic M3-M10 assembly was replaced, and the THz pulses
transmitted through the 170.4 m long-path were measured.

The measured THz pulses and their corresponding Fourier-transformed frequency spectra
are shown in Figs. 6 and 7, for two groups of measurements taken on two different days, 7
days apart. The measured THz pulses in each group were recorded from the same start position
of the time scan, which allowed the determination of the transit time difference between the

Fig. 4 Experimental setup with 170 m long-path system
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THz pulses with specified RH, as shown in Figs. 6a and 7a. The time values in ps at the
beginning of the THz signals are the transit times from the starting position. The frequency
spectra in Figs. 6b and 7b are averages of three THz pulses in each set.

The frequency independent part of water vapor refractivity is (n-1) = 61.6 × 10-6 in an
atmosphere with RH 58% at 20 °C (density of 10 g/m3) [37]. The transit time of THz pulses
through the 137m total round-trip pathwith RH 58% at 20 °C (density of 10 g/m3) in the chamber
is 27.9 ps longer, than for a dry chamber. By comparing the transmitted time differenceΔt of the
sample and reference pulses with 27.9 ps / 10 g/m3, the relative water vapor density can be
calculated to an accuracy of 0.04 g/m3, corresponding to RH 0.2%, and a 0.1 ps delay change.

From the experimental results, for a long-time period (several tens of minuets), the stable
transit times for several continuous scans in a series show the stability of the optical train of the
long-path setup. For a short-time period (<3 min), the center frequencies of measured weak
water vapor absorption line in the Fourier-transformed frequency spectra shown in Figs. 6 and
7, agree with the HITRAN and the JPL database to an accuracy of 1 GHz [25], which indicates
no significant laser-clock drift.

4 Results

The relative amplitude transmission of sample with respect to the reference of for the path
length of 137 m was obtained by dividing the sample amplitude spectra by the reference
spectra that are shown in Figs. 6b and 7b. The corresponding power absorptionΔαx shown as
black solid line and circles in Figs. 6c and 7c were obtained by taking the log to the base 10 of
the values of transmission per km, multiplied by 20.

Using HITRAN database and MRT theory with same water vapor density as experiments,
the relative resonance line absorptionΔαMRT=αMRT

S −αMRT
R were calculated and plotted as the

red solid curves shown in Figs. 6c and 7c.
It is noteworthy that oxygen absorption lines are not considered in MRT simulation since

the only variable in experiments is the amount of water vapor. But for the demonstration of
atmospheric THz wireless communication channels shown in Fig. 9, all of the water vapor
resonant absorption, continuum absorption and oxygen resonant absorption are considered.

According to the accepted definition, the continuum absorption with cross-term can be
obtained by simply calculating the difference between Δαx and ΔαMRT at all available THz
windows. Then, subtracting the cross-tem which defined by Eq. (5), the continuum absorption
was determined and shown in Fig. 8, in a good agreement compared to the empirical equation
fitting curve.

Fig. 5 (a) Input THz pulses to mirror M1 for the two different measurements. (b). Corresponding amplitude
spectra
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Fig. 6 (a) Measured THz pulses transmitted through the 137 m sample chamber at RH 13% at 21 °C (black
upper reference pulse) and at RH 71% at 21 °C (red lower sample pulse). The difference in transit times between
the reference and samples pulse is 30.7 ps corresponding to a change in water vapor density of Δρ = 11.0 g/m3.
(b) Corresponding amplitude spectra (with no zero padding) for the reference pulse (black upper spectrum) and
the sample pulse (red lower spectrum). (c) Corresponding measured absorption in dB/km (open circles)
compared to MRT theory, for which the difference is the continuum absorption plus the cross-term X
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Fig. 7 (a) Measured THz pulses transmitted through the 137 m sample chamber at RH 8% at 21 °C (black upper
reference pulse) and at 65% at 21 °C (red lower sample pulse). The difference in transit times between the
reference and samples pulse is 27.1 ps corresponding to a change in water vapor density of Δρ = 9.8 g/m3. (b)
Corresponding amplitude spectra (with no zero padding) for the reference pulse (black upper spectrum) and the
sample pulse (red lower spectrum). (c) Corresponding measured absorption in dB/km (open circles) compared to
MRT theory, for which the difference is the continuum absorption plus the cross-term X
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In Fig. 8 the values of the continuum absorption from the measurements of Figs. 6 and 7 are
compared with the empirical theory of Eq. (3), using the same values of the parameters C*

W

and C*
A , that were determined in Ref. 29. These same parameters were also used to calculate

the continuum absorption shown in Fig. 9a.
As shown on Fig. 9a, the center frequencies of the seven digital communication channels

are located in the windows of transparency. In addition, for broad-band digital communica-
tions, the center frequencies are also located at the minimum values of GVD within the
windows to minimize pulse broadening. These seven center frequencies are also indicated on
the GVD curve of Fig. 9c, and will be discussed in more detail below.

For the absorption shown in Fig. 9a, it is informative to compare the ratio of the MRT
resonant line absorption to the empirically fit continuum absorption, Rα = αMRT /αc, for the
THz windows of transparency: at 852 GHz, Ra = 2.03, at 672 GHz, Ra = 3.10, at 408 GHz, Rα

= 2.37, at 342 GHz, Rα = 1.57, at 252 GHz, Rα = 0.62, at 145 GHz, Rα = 0.59, and at 95 GHz,
Rα = 0.42. For the windows below 300 GHz, as the frequency is reduced the continuum
absorption becomes larger than the MRT absorption. This situation has driven much interest in
mm wave applications, for which the continuum absorption is the major component.

The discussion of the communication channels will now be given in two adjoining
frequency domains. The first domain covers the frequency range from 0 to 400 GHz, and
the second domain covers the range from 400 to 1000 GHz.

In Fig. 10a, we show the MRT-HITRAN calculation (red line) and the earlier vV-W-JPL
calculation (black line) [40] of water vapor and oxygen plus the continuum amplitude
transmission through 2 km of the atmosphere. The continuum amplitude transmission com-
ponents obtained from Eq. (6a) are 0.921 at 95 GHz, 0.826 at 145 GHz, 0.567 at 250 GHz, and
0.339 at 345 GHz. In Fig. 10 (a) these transmission values were multiplied by the correspond-
ing MRT-HITRAN values for the H2O plus O2 vapor transmission of 0.952 at 95 GHz,
0.885 at 145 GHz, 0.697 at 250 GHz, and 0.182 at 345 GHz to obtain 0.877, 0.731, 0.395, and
0.062, respectively. The attenuation of the proposed links are more limited by the water
continuum absorption, than by the water vapor and oxygen vapor absorption.

Figure 10b shows the corresponding vV-W-HITRAN (red line) and the vV-W-JPL (black line)
phase calculations for a path length of 2 km at RH 57.8% and 20°C (10 g/m3) and oxygen. For
channels 1-3, the phase is also shown for a 10 km propagation. The new vV-W-HITRAN phase
calculation gives excellent agreement with the earlier vV-W-JPL calculation [40].

We obtain the group velocity dispersion (GVD) for the seven channels by taking the
numerical second derivative with respect to angular frequency of the phase curve in Fig. 9b.

Fig. 8 (a) The determined water vapor continuum absorption at five THz windows (red open squares) compared
to the empirical equation for measurements (Δρ = 11.0 g/m3) shown in Fig. 6. (b) The determined water vapor
continuum absorption at five THz windows (red open squares) compared to the empirical equation for
measurements (Δρ = 9.8 g/m3) shown in Fig. 7
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Fig. 9 Summary results for the atmosphere at RH 58% and 20 °C (density of 10 g/m3
). The numbered shaded lines

mark the digital communication channels at 96 GHz, 144 GHz, 252 GHz, 342 GHz, 408 GHz, 672 GHz, and 852
GHz. (a) The MRT + the continuum absorption + Oxygen absorption is shown as the upper black curve in units of
dB/km. The MRT absorption is shown as the lower green curve. The continuum absorption is shown as the lowest
blue curve. The oxygen absorption lines are shown as the lowest (red) resonance lines. (b) The vV-W-HITRAN +
Oxygen phase in units of Radians/km. (c). The corresponding group velocity dispersion (GVD) in units of (ps2/km)
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The GVD results are presented in Fig. 9c, and Fig. 11 for the range from 0 to 400 GHz, and in
Fig. 12 for the range from 400 to 1000 GHz. The GVD values are given in the standard optical
fiber units of ps2/km. The seven highlighted bands are located in regions of relatively small
and stable GVD. The band frequencies and their GVD values in parenthesis are: 96 GHz (2.44
ps2/km), 144 GHz (21.6 ps2/km), 250 GHz (29.7 ps2/km), 342 GHz (55.2 ps2/km), 408 GHz

Fig. 10 (a) Calculated amplitude transmission for a 2 km length of water vapor at RH 58% (10g/m3) and 20°C
and O2 vapor in the atmosphere, for the MRT lineshape. The calculation also includes the water continuum
absorption. (b) Corresponding calculated vV-W-HITRAN phase Ф in radians. For Channels 1-3, the calculated
phaseФ is also shown for a 10 km length. The numbered shaded lines mark the digital channels at 96 GHz, 144
GHz, 252 GHz, and 342 GHz

Fig. 11 (a) GVD in ps2/km from the phase results of Figs. 9b and 10b. (b) GVD results of (a) with a factor of
200 increase in vertical sensitivity show GVD = 2.44 ps2/km at 96 GHz, GVD = 21.6 at 144 GHz, GVD = 29.7 at
250 GHz, and GVD = 55.2 at 342 GHz. The numbered shaded lines mark the digital communication channels at
96 GHz, 144 GHz, 252 GHz, and 342 GHz
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(0.37 ps2/km), 672 GHz (216 ps2/km), 852GHz (190 ps2/km). The importance of these center
frequencies will be shown in the simulated pulse propagation results.

Figure 11 shows good agreement between the new vV-W-HITRAN calculation (red
detailed line) and the earlier vV-W-JPL calculation (black line) [40], except for the weak line
within the circle at 235 GHz. For the expanded vertical scale of Fig. 11b, this weak water line
appears as the very sharp response at 235 THz. In addition, there is new fine structure on the
GVD curve in the neighborhood of 150 GHz and 250 GHz with the appearance of a small
sharp line response near 300 GHz.

5 Long-Path, Good Bit-rate, Simulations of the Seven Communication Channels

The propagated THz pulses are obtained from a linear dispersion theory calculation in the
frequency domain [21], using the absorption and phase displayed in Fig. 9, as shown below.

E z;ωð Þ ¼ E 0;ωð Þexp iΔk ωð Þz½ �exp −α ωð Þz=2½ �; ð7Þ
for which the input complex amplitude spectrum is given by E(0,ω), and the output

complex spectrum is given by E(z,ω). The phase is Ф = Δk(ω)z, and the amplitude
transmission is exp[-α(ω)z/2]. The resulting time-domain pulses are IFFT of E(z,ω).

The simulation of the seven communication channels with center frequencies of 96 GHz,
144 GHz, 252 GHz, 342 GHz, 408 GHz, 672 GHz, and 852 GHz, uses the more physically
correct MRT-HITRAN [27–29], for the absorption calculation and vV-W- HITRAN for the
phase calculation, instead of vV-W-JPL, previously used for both [21, 40]. The HITRAN data
base has significantly more tabulated water lines than the JPL data base, and HITRAN also
calculates the individual linewidths of the water lines. The HITRAN data base is also used for
oxygen, which mainly has a cluster of approximately 25 overlapping relatively strong lines at
60 GHz with FWHM linewidths of 1.2 GHz, a single weak O2 line at 120 GHz, and a weak
three line repetitive structure approximately every 350 GHz extending to well beyond 2 THz
[41, 42].

Fig. 12 GVD obtained from Figs. 9b, and 9c, and shown from 400 to 1000 GHz. GVD = 0.37 ps2/km at 408
GHz, GVD = 216 at 672 GHz, GVD = 190 at 852 GHz, The numbered shaded lines mark the digital
communication channels at 408 GHz, 672 GHz, and 852 GHz
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The following simulations for the seven channels perform the propagation calculations for
three transform-limited THz “one” bit pulses comprising the bit sequence of (1101), before and
after passage through the atmosphere with RH 57.8% (10g/m3) and 20 °C for a path length
chosen to attenuate the channel by 10 dB. The coherent bit pulses are separated by an integral
number of cycles of the center frequency. The symmetry of the input pulses shows that they are
transform-limited with their envelopes determined by the ideal raised cosine spectrum [43],
centered on the indicated carrier frequency. Their corresponding FWHM bandwidths (BW) are
also indicated. These coherent bit pulses are also changed to current pulses by simulating
homodyne detection with the local oscillator (LO) frequency equal to the carrier frequency and
with a power detector. The calculated current bit pulses are obtained from the homodyne low
frequency component centered on zero frequency. The resulting “one” bit pulses are ideal for
digital electronics, as shown by their well resolved (1101) bit sequence.

In the Figures, due to absorption, the amplitudes of all the output pulses have been
multiplied by the factor of 2 in order to increase their visibility, compared to the input pulses,.
Taking this factor into account an approximate absorption for the output pulses can be obtained
from the figures by taking the square of the ratio of the output pulse amplitude to the input
pulse. This simple calculation gives absorptions of 1 or 2 dB higher than the expected 10 dB,
which is explained by the output pulse broadening and BW broader than the channels
minimum absorption region. As will be shown in Figs. 14 and 15, pulse broadening can be
minimized by locating the center frequency at the GVD minimum within the channel and
limiting the bandwidth to the region of acceptable GVD.

A propagation calculation for three transform-limited, 96 GHz Channel 1 (Channel-I [40]) THz
“one” bit pulses is shown in Fig. 13a, before and after passage through 17.5 km of atmosphere with
water vapor at RH 58% and 20 °C (10g/m3). The FWHMbandwidth is 30 GHz. The bit separation
is 9 LO periods equal to 93.75 ps, corresponding to the bit rate of 10.7 Gb/s.

A propagation calculation for three transform-limited, 144 GHz, Channel 2, THz “one” bit
pulses is shown in Fig. 14a, before and after passage through 7.4 km of atmosphere with (10g/m3)
water vapor. The bit separation is 12 LOperiods equal to 83.88 ps, corresponding to 12.0Gb/s. The

Fig. 13 Channel 1. (a) 96 GHz, 10.7 Gb/s, 30 GHz BW (Channel-I [40]) input THz “one” bit pulses (black
larger pulses) and calculated smaller, red (multiplied by 2) output pulses after 17.5 km propagation in the
atmosphere with RH 58% (10g/m3) and 20 °C. (b) Calculated homodyne input upper black current pulses and the
output lower red (multiplied by 2) pulses, clearly showing the (1101) bit sequence
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FWHMbandwidth is 60 GHz. As shown below, the Channel 2 pulses were unacceptably reshaped
and broadened byGVDwith propagation. To reduce this broadening the bandwidthwas reduced to
30 GHz as shown in Fig. 15 with excellent results. The same propagation calculation for the above
three, 144GHz, FWHMbandwidth 30GHz, Channel 2, THz “one” bit pulses is shown in Fig. 15a,
before and after passage through 7.4 km of atmosphere.

Fig. 14 Channel 2. (a) 144 GHz, 12.0 Gb/s, 60 GHz BW, input THz “one” bit pulses (black larger pulses) and
calculated red (multiplied by 2) lower attenuated output pulses after 7.4 km propagation in the atmosphere with
RH 58% (10g/m3) and 20 °C. (b) Calculated homodyne input upper black current pulses and the output lower red
(multiplied by 2) pulses, showing an unacceptable four bit sequence (1101)

Fig. 15 Channel 2. (a) 144 GHz, 12.0 Gb/s, 30 GHz BW, input THz “one” bit pulses (black upper larger pulses)
and calculated red (multiplied by 2) lower attenuated output pulses after 7.4 km propagation in the atmosphere
with RH 58% (10g/m3) and 20 °C. (b) Calculated homodyne input upper black current pulses and the output
lower red (multiplied by 2) pulses, clearly showing the four bit sequence (1101)
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A propagation calculation for three transform-limited, 252 GHz Channel 3 (Channel-II
[40]), THz “one” bit pulses is shown in Fig. 16a, before and after passage through 2.5 km of
atmosphere with (10g/m3) water vapor. The bit separation is 10 LO periods equal to 39.68 ps,
corresponding 25.2 Gb/s. The FWHM bandwidth is 50 GHz.

A propagation calculation for three transform-limited, 342 GHz, Channel 4, THz “one” bit
pulses is shown in Fig. 17a, before and after passage through 840 m of atmosphere with (10g/
m3) water vapor. The bit separation is 30 LO periods equal to 87.72 ps, corresponding 11.4 Gb/
s. The FWHM bandwidth is 24 GHz.

A propagation calculation for three transform-limited, 408 GHz, Channel 5, THz “one” bit
pulses is shown in Fig. 18a, before and after passage through 440 m of atmosphere with (10g/
m3) water vapor. The bit separation is 30 LO periods equal to 73.53 ps, corresponding to 13.6
Gb/s. The FWHM bandwidth is 30 GHz.

A propagation calculation for three transform-limited, 672 GHz, Channel 6 THz “one” bit
pulses is shown in Fig. 19a, before and after passage through 140 m of atmosphere with (10g/
m3) water vapor. The bit separation is 30 LO periods equal to 44.64 ps, corresponding to 22.64
Gb/s. The FWHM bandwidth is 60 GHz.

A propagation calculation for three transform-limited, 852 GHz, Channel 7 THz “one” bit
pulses is shown in Fig. 20a, before and after passage through 120 m of the atmosphere with
(10g/m3) water vapor. The bit separation is 30 LO periods equal to 35.21 ps, corresponding to
28.4 Gb/s. The FWHM bandwidth is 60 GHz.

6 Short Path, High Bit-Rate Simulations for 852 GHz Channel 7

We now present propagation simulations for digital data in Channel 7 at 852 GHz with a
108 GHz bandwidth, and bit-rates of 56.8 Gb/s for propagation distances of 10 m, 40 m, and
160 m. We also present simulations with bit-rates of 71.0 Gb/s for propagation distances of 10
m, 40 m, and 80 m.

Fig. 16 Channel 3. (a) 252 GHz, 25.2 Gb/s, 50 GHz BW, (Channel-II [38]), input THz “one” bit pulses (black
larger pulses) and calculated red (multiplied by 2) output pulses after 2.5 km propagation in the atmosphere with
RH 58% (10g/m3) and 20 °C. (b) Calculated homodyne input upper black current pulses and the output lower red
(multiplied by 2) pulses, showing the four bit sequence (1101)
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Fig. 17 Channel 4. (a) 342 GHz, 11.4 Gb/s, 24 GHz BW, input THz “one” bit pulses (black upper larger pulses)
and calculated red (multiplied by 2) lower attenuated output pulses after 840 m propagation in the atmosphere
with RH 58% (10g/m3) and 20 °C. (b) Calculated homodyne input upper black current pulses and the output
lower red (multiplied by 2) pulses, showing the four bit sequence (1101)

Fig. 18 Channel 5. (a) 408 GHz, 13.6 Gb/s, 30 GHz BW, input THz “one” bit pulses (black upper larger pulses)
and calculated red (multiplied by 2) lower attenuated output pulses after 440 m propagation in the atmosphere
with RH 58% (10g/m3) and 20 °C. (b) Calculated homodyne input upper black current pulses and the output
lower red (multiplied by 2) pulses, showing the four bit sequence (1101)
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A propagation calculation for three transform-limited, 852 GHz, Channel 7 THz “one” bit
pulses is shown in Figs. 21, 22 and 23, before and after passage through 10 m, 40 m, and 160

Fig. 19 Channel 6. (a) 672 GHz, 22.6 Gb/s, 60 GHz BW, input limited THz “one” bit pulses (black upper larger
pulses) and calculated red (multiplied by 2) lower attenuated output pulses after 140 m propagation in the
atmosphere with RH 58% (10g/m3) and 20 °C. (b) Calculated homodyne input upper black current pulses and the
output lower red (multiplied by 2) pulses, showing the four bit sequence (1101)

Fig. 20 Channel 7. (a) 852 GHz, 28.4 Gb/s, 60 GHz BW, input THz “one” bit pulses (black upper larger pulses)
and calculated red (multiplied by 2) lower attenuated output pulses after 120 m propagation in the atmosphere
with RH 58% and 20 °C. (b) Calculated homodyne input upper black current pulses and the output lower red
(multiplied by 2) pulses, showing the four bit sequence (1101)
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m, respectively, of the atmosphere with (10g/m3) water vapor. The bit separation is 15 LO
periods equal to 17.61 ps, corresponding to 56.8 Gb/s. The FWHM bandwidth is 108 GHz.

A propagation calculation for three transform-limited, 852 GHz, Channel 7 THz “one” bit
pulses is shown in Figs. 24, 25, and 26 before and after passage through 10 m, 40 m, and 80 m,

Fig. 21 Channel 7. (a) 852 GHz, 56.8 Gb/s, 108 GHz BW, input THz “one” bit pulses (black upper larger
pulses) and calculated red, lower, slightly-attenuated output pulses after 10 m propagation in the atmosphere with
RH 58% and 20 °C. (b) Calculated homodyne input upper black current pulses and the output lower red pulses,
showing the six bit sequence (011010)

Fig. 22 Channel 7. (a) 852 GHz, 56.8 Gb/s, 108 GHz BW, input THz “one” bit pulses (black upper larger
pulses) and calculated red lower attenuated output pulses after 40 m propagation in the atmosphere with RH 58%
and 20 °C. (b) Calculated homodyne input upper black current pulses and the output lower red pulses, showing
the six bit sequence (011010)
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respectively, of the atmosphere with (10g/m3) water vapor. The bit separation is 12 LO periods
equal to 14.08 ps, corresponding to 71.0 Gb/s. The FWHM bandwidth is 108 GHz.

Fig. 23 Channel 7. (a) 852 GHz, 56.8 Gb/s, 108 GHz BW, input THz “one” bit pulses (black upper larger
pulses) and calculated red (multiplied by 3) lower attenuated output pulses after 160 m propagation in the
atmosphere with RH 58% and 20 °C. (b) Calculated homodyne input upper black current pulses and the output
lower red (multiplied by 3) pulses, showing the six bit sequence (011010). The six black vertical lines mark the
center of the bit slots. The decision point values are marked by the black circles

Figure 24 Channel 7. (a) 852 GHz, 71.0 Gb/s, 108 GHz BW, input THz “one” bit pulses (black upper larger
pulses) and calculated red lower output pulses after 10 m propagation in the atmosphere with RH 58% and 20 °C.
(b) Calculated homodyne input upper black current pulses and the output lower red pulses, showing the six bit
sequence (011010)
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Fig. 25 Channel 7. (a) 852 GHz, 71.0 Gb/s, 108 GHz BW, input THz “one” bit pulses (black upper larger
pulses) and calculated red lower attenuated output pulses after 40 m propagation in the atmosphere with RH 58%
and 20 °C. (b) Calculated homodyne input upper black current pulses and the output lower red pulses, showing
the six bit sequence (011010). The six black vertical lines mark the center of the bit slots. The decision point
values are marked by the black circles

Fig. 26 Channel 7. (a) 852 GHz, 71/0 Gb/s, 108 GHz BW, input THz “one” bit pulses (black upper larger
pulses) and calculated red lower attenuated output pulses after 80 m propagation in the atmosphere with RH 58%
and 20 °C. (b) Calculated homodyne input upper black current pulses and the output lower red pulses, showing
the six bit sequence (011010). The decision point values are marked by the black circles
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7 Quasi-Optic Analysis of Antenna Coupling

Quasi-Optics refers to the use of optical concepts, systems and components for frequencies with
wavelengths as large as 1/4 the size of the lenses and focusing mirrors. For example, silicon
hyper-hemispherical silicon lenses with a diameter of 10 mm and a 5 mm radius of curvature
were shown to provide good THz coupling, into 240 μm diameter cylindrical metal tubes
(waveguides) from the cut-off frequency at 0.65 THz to 3.5 THz [44]. Using cylindrical Si
lenses with a curvature of 5 mm, excellent TEM coupling, into a parallel plate metal waveguide
with a 108 μm plate separation, was demonstrated from 0.1 to 4.5 THz [45]. For these
observations 12.5 cm focus, 75 mm diameter, 90 degree paraboloidal metal coated focusing
mirrors were used. Basically, all THz transparent optical components can be used. Metal coated
flat and focusing optical mirrors give excellent performance for THz and mm-waves.

Here we bring together optical, THz, mm-wave and microwave concepts, by showing that
the Friis Transmission Equation [46, 47] given below is identical to the intuitive quasi-optic
understanding of antenna coupling [48].

PR=PTð Þ ¼ GTGR λ= 4πRð Þ½ �2 ð8Þ
PT is the power to the no-loss transmitting antenna and PR is the power delivered to the

receiving antenna. GT and GR are the antenna gains for the transmitter and receiver with
respect to the isotropic radiator; λ is the wavelength and R is the distance between the two
antennas. The antenna gain is given by the ratio of the 4π solid angle of the sphere to the solid
angle defined by the propagating beam of the antenna [48]. The gain is equivalent to the
surface area of the sphere divided by the area illuminated on the sphere by the propagating
beam with the Gaussian amplitude diameter DTR at the distance R

GT ¼ 4πR2
� �

= 0:25πDTR
2

� � ð9Þ
For a Gaussian beam emitted by the transmitting antenna with diameter DT, the amplitude

diameter at distance R is given by

DTR ¼ 4Rλ= πDTð Þ ð10Þ
Equations (9) and (10) have the same form for the receiver, for which DTR is replaced by

DRR. Using these substitutions and replacing GT and GR with Eq. (9) and the equivalent for GR

with DRR, Eq. (8) becomes

PR=PTð Þ ¼ DR=DTRð Þ2 ð11Þ
Equation (11) shows the intuitive result, that (PR / PT) is simply the ratio of the area of the

receiver antenna to the area of the transmitted beam at the distance R. In the following
presentation of applications, we will discuss antenna coupling in terms of DTR and DR. With
respect to the power transfer of the incident Gaussian beam through the circular aperture of the
receiving antenna, we note that 86% of the incoming power is contained within the amplitude
diameter DTR [49], and that usually DR << DTR.

Equation (10) is for R in the far-field Fraunhofer region, where the angular variation of the
diffraction pattern is constant. A more general result, which includes R values in the near-field
is given by

DTR ¼ DT 1þ R=RRð Þ2
h i1=2

; ð12Þ
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where RR is the Rayleigh range [49]. and is given by

RR ¼ π DT=2ð Þ2=λ: ð13Þ
Equation (12) is valid for short paths and goes smoothly into the stable Fraunhofer region as

R is increased.
In order to later discuss a variety of applications, for which a wide range of propagation

distances are needed, Table I shows the calculated Rayleigh ranges RR for THz Gaussian
beams with different initial diameters DT for the seven Communication Channels. For a
propagation distance equal to the Rayleigh range the amplitude beam diameter of the
Gaussian transmitter beam has increased by the square root of two, as shown by Eq. (12).

8 Fog, Rain and Scintillations

The effect of rain on direct THz links is approximately shown in the comprehensive Fig. 2 for
4 mm/hr. The attenuation of such a 4 mm/hr rain is also shown in Fig. 27, for a calculation
based on the ITU-R-Model-2005 [50]. From an examination of the figure it can be seen, that
for the seven channels described in this paper, we can use the conservative upper value of 4
dB/km to determine the new 10 dB attenuation lengths for all of the channels in the presence of
4 mm/hr rain. This simple approach adds 4 dB/km to the entire absorption plot shown in
Fig. 9a. The resulting new pathlengths in the rain for a total of 10 dB attenuation are the
following: Channel 1: 96 GHz (2.2 km), Channel 2: 144 GHz (1.9 km), Channel 3: 252 GHz
(1.3 km), Channel 4: 342 GHz (630 m), Channel 5: 408 GHz (375 m), Channel 6: at 672 GHz
(133 m), and Channel 7: 852 GHz (115 m).

The attenuation of fog at 20°C and RH 44%, for the seven links is also shown in Fig. 2, for
a visibility of 100 m. The attenuation of fog with a visibility of 50 m and a density of 0.1 g/m3

is approximately 0.4 dB at 100 GHz and monotonically rises to the constant value of 4 dB/km
for a plateau starting at 700 GHz and extending past 1000 GHz [51]. This dependence gives
the additional fog only attenuation for our seven channels of 0.4 dB/km, 0.6 dB/km, 1.3 dB/
km, 1,8 dB/km, 2.2 dB/km, 4.0 dB/km, and 4.0 dB/km, at 96, 142, 252, 342, 408, 672, and
852 GHz, respectively. This simple approach adds these values to the attenuations for the
channels shown in Fig. 9a. The resulting new fog pathlengths with 10 dB attenuation are the

Table I Calculated Reyleigh range RR for THz transmitter beams with different initial diameters DT for the
Communication Channels.

Channel 1 2 3 4 5 6 7

DT 96 GHz 144 GHz 252 GHz 342 GHz 408 GHz 672 GHz 852 GHz

3.13 mm 2.08 mm 1.19 mm 877 μm 735 μm 446 μm 352 μm

50 cm 62.8 m 94.2 m 165 m 224 m 267 m 440 m 558 m

25 cm 15.7 m 23.6 m 41.3 m 56.0 m 66.8 m 110 m 139 m

10 cm 2.51 m 3.77 m 6.60 m 8.96 m 10.7 m 17.6 m 22.3 m

5 cm 62.8 cm 94.3 cm 1.65 m 2.24 m 2.67 m 4.40 m 5.58 m

2.5 cm 15.7 cm 23.6 cm 41.3 cm 56.0 cm 66.8 cm 1.10 m 1.40 m

1 cm x 3.78 cm 6.61 cm 8.96 cm 10.7 cm 17.6 cm 22.4 cm

5 mm x x 1.65 cm 2.23 cm 2.67 cm 4.39 cm 5.57 cm

X indicates too few wavelengths for the quasi-optic solution.
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following: Channel 1: 96 GHz (10.3 km), Channel 2: 144 GHz (5.1 km), Channel 3:
252 GHz (1.9 km), Channel 4: 342 GHz (730 m), Channel 5: 408 GHz (400 m), Channel
6: at 672 GHz (130 m), and Channel 7: 852 GHz (110 m).

However, if such a fog is associated with the humidity rising to RH 100%, the attenuation
of the 7 channels shown in Fig. 9a would need to be increased by the factor 100/58 = 1.72,
these values added to the fog only attenuations given above. For these large attenuations due to
the fog only plus the increase due to the associated 100% humidity, the corresponding 10 dB
attenuation, channel lengths are the following: Channel 1: 96 GHz (7.2 km), Channel 2:
144 GHz (3.4 km),Channel 3: 252 GHz (1.2 km), Channel 4: 342 GHz (450 m), Channel 5:
408 GHz (240 m), Channel 6: at 672 GHz (80 m), and Channel 7: 852 GHz (70 m). Such a
situation will lead to signal reductions of more than 10 dB.

For the direct long-path links, it might be expected that scintillations, time varying
fluctuations in the refractivity, due to atmospheric temperature and humidity variations, would
lead to phase distortions of the transmitted coherent THz pulses and consequent changes in the
incoming beam direction. The effect of such turbulence on propagating electromagnetic
radiation has been predicted theoretically [52], and verified experimentally for propagating
IR and optical radiation [53], that the log amplitude variance of amplitude fluctuations due to
atmospheric turbulence varies as (f)7/6 , with f = frequency. Consequently, it was quite
surprising that the observed mm-wave turbulence effects were more than 2 orders of magni-
tude larger than expected. This is due to the comparatively very large and frequency indepen-
dent refractivity of water vapor from microwave frequencies to beyond 1000 GHz [37, 54].
Within this range, the scintillation effecr is expected to increase with an essentially linear
frequency dependence. An experiment measuring intensity and angle of arrival (AOA) effects
has been done with a 140 GHz beam over pathlengths of 1.3 km. Also, for a longer 25 km path
with a 173 GHz beam, using an interferometric radar system capable of measuring deviations
of micro-radians, an AOA distribution with standard deviation of only 10 micro-radians was
observed [55]. This angular distribution is considerably smaller than the full angular beam
divergence of 1.4 mrad (1,400 micro-radians) for the proposed 17.5 km, 96 GHz digital
communications link with 2 m diameter antennas and for the proposed 252 GHz LEO satellite
link with a full angular beam divergence of 100 micro-radians. Consequently, for our proposed
longer links scintillation does not appear to be a problem, even though for higher frequencies
the problem becomes more severe.

Fig. 27 Calculation of attenuation due to 4 mm/hr rain
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9 Long-Path, Good Bit-Rate, Applications

Consider a THz ground link transmitter with a 2 m dish antennas operating at 96 GHz would
have the diffraction-limited beam amplitude power diameter of 35.2 m at 17.5 km. The power
transfer between the two 2 m antennas is given by the ratio of the area of the 2 m receiving
antenna to that of the diffraction limited beam (2 m/ 35.2 m)2 = 3.23 × 10-3, corresponding to
the diffraction propagation loss of 24.9 dB. The full angular beam power divergence is 2.0
mrad, compared to the human eye with a resolution angle 0.29 mrad. Consequently, an optical
sight could enable the initial alignment between the two antennas. A telescopic sight aligned to
the transmitting antenna, would facilitate precise alignment.

Another important consideration for the point-to-point 17.5 km link is effect of the
curvature of the earth. Compared to a flat surface, the curvature of the earth, drops the receiver
by the significant distance of 24.0 m. This will have to be compensated for by surface elevation
differences or tower heights.

Although THz waves have higher attenuation than microwaves from a humid atmosphere,
rain, fog, dust and scintillations, THz waves are much better than the Free Space Optical (FSO)
communication systems, which use infrared and optics, under the same weather conditions.
Moreover, the FSO has limitations on the data rates and transmission distance, from eye-safety
limited transmission power, and the misalignment between transmitter and receiver. The THz
wireless communication system is an alternative option to replace FSO with a more robust
operation in bad weather.

An important demonstration of a custom built NTT prototype wireless system [3], was the
800 m wireless transmission trial of live television broadcast coverage of the Beijing 2008
Olympics [3]. The transmitted power of 10 mW of 120 GHz Band 10 GbB (10.3125 Gb/s),
had simple amplitude shift keying, and the receiver sensitivity was -35 dBm for a bit error rate
of less than 10-12 [3].

The NTT system would be capable of driving the proposed 17.5 km link, using 2 m dish
antennas, but with a change to the optimal carrier frequency of 96 GHz for lower absorption
and minimal GVD. The total of the atmospheric loss of 10 dB and the diffraction loss of 25 dB
for our 17.5 km link is 35 dB, giving the proposed system a power margin of 10 dB.

Another significant application to consider would be a 252 GHz THz link to a geo-
synchronous communications satellite approximately 35,800 km above sea level has several
important features compared to existing satellite links. Using a 5 m diameter antenna for the
earth gateway antenna, the diffraction-limited beam amplitude diameter at the satellite would
be only 3.63 km. The power transfer between the 5 m ground antenna and the 2 m satellite
antenna is given by the ratio of the area of the 2 m receiving antenna to that of the diffraction
limited beam (2 m/3.63 km)2 = 0.30 × 10-6, corresponding to the diffraction propagation loss
of only 65.2 dB, compared to 90 dB for a 10 GHz microwave system with a 20 m Gateway
antenna and a 2 m satellite antenna. The full angular 252 GHz beam divergence is 0.10 mrad,
requiring a pointing accuracy and stability 3 times better than the human eye. This stability is
relatively easily obtained. A feature of this alignment precision is secure point-to-point
communications.

It is important to note that the channel frequencies of 96 GHz, 144 GHz, and 252 GHz of
this work are contained within the mm-wave domain, also designated as the extremely high
frequency domain (EHF) extending from 30 to 300 GHz [5]. Our proposed Channel I, THz
ground link with the center frequency of 96 GHz and 30 GHz FWHM bandwidth essentially
fills the EHF-W Band with boundaries from 81-111 GHz [5]. Our Channel 3, THz geosyn-
chronous satellite link with center frequency 252 GHz and 50 GHz FWHM bandwidth is also
within the EHF domain.
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At the present time no operative W-Band communication systems have been developed [3],
and there is no commercial activity from W-Band up to 300 GHz, the high frequency limit of
the EHF range. The W-Band is currently considered as the frontier for space telecommunica-
tions. There are several ongoing W-Band projects sponsored by the Italian Space Agency
(ASI), Japan Aerospace Exploration Agency (JAXA), and NASA [5]. The program goals
range from investigating the possibility of collecting data at 100 Mb/s with a BER of 10-11, and
thereby enabling an upload to the on-board memory of at least 1 GB of data during the short
time window of each passage over base stations [56]. Another program’s goal is designing and
developing a complete line of W-band communication satellite payloads [57]. A long term
program is the development of the W-band Integrated Interplanetary Network to support future
solar system exploration missions [58]. This system will consist of many data relay satellites
positioned throughout the solar system.

10 Short Path, High Bit-Rate Applications

Advanced techniques, such as QAM, MIMO, Orthogonal Frequency Division Multiplexing
(OFDM) can enhance THz wireless communication to even higher data rates. Recently, many
investigations have been reported that focus on modern THz communication experiments,
such as 2.5 Gbit/s Error-free links at 625 GHz for several meters [59], 25 Gbit/s MMIC-based
link at 220 GHz for 10 m [60], and a 24 Gbit/s link at 300 GHz for 0.5 m [61]. Most recently, a
20 m direct digital link at 237.5 GHz with a bit rate of 100 Gb/s has been reported [62].

Here, we have shown, using as an example the highest frequency Channel 7 at 852 GHz
with a 108 GHz bandwidth, that simple amplitude modulation can easily reach the data-rate of
56.8 Gb/s (corresponding to a 15 cycle bit separation) and propagate essentially undistorted for
a 10 m path with insignificant absorption in the atmosphere at RH 58% and 20 °C (10g/m3). A
propagation of 40 m slightly distorts the pulses; the power absorption is 3.3 dB. A propagation
of 160 m severely distorts and broadens the pulses, but the clean bit signal is maintained; the
power absorption is 13.3 dB.

We have also shown using Channel 7 at 852 GHz and 108 GHz BW, that with a bit
separation of 12 cycles, the bit-rate of 71.0 Gb/s is achieved and propagates for 10 m with only
slight distortion and insignificant power absorption. A propagation of 40 m causes significant
overlapping of adjacent pulses, but a clean bit-rate is maintained; the power absorption is 3.3
dB. A propagation of 80 m almost merges the adjacent pulses, but a clean bit rate is still
maintained; the power absorption is 6.7 dB.

These simulations for the achievable bit-rates and our discussion of beam coupling, as
summarized in Table I, provide a framework to present technical specifications for some of the
short path high data rate applications. These applications have been listed and presented in Ref.
[8], and discussed in various detail in the reviews [1–8]. Initially, we note that for all of our
simulations, there is no pulse reshaping and insignificant absorption for pathlengths of less
than 10 m. For such applications, the problems are to achieve a coupling between the
transmitter and receiver with the coupling loss significantly less than the dynamic range of
the system. We assume a dynamic range of 45 dB, that was demonstrated with the 10 Gb/s 800
m THz-link for the 2008 Olympic Games [3, 6, 7].

For the important application of Kiosk downloading [8], the THz transmitter is attached to
the fixed download station, and makes a wireless connection of a few cm to accomplish an
ultrahigh download of multimedia material to the mobile THz receiver of the customer. This
application could be enabled by transceiver chips with standard 10 mm diameter Si lenses [44,
45] in optical contact to the chips. The generated 5 mm diameter beam of the 852 GHz signal
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would maintain its size for a 2 cm propagation path with essentially complete coupling to the
similar 10 mm diameter lens on the receiver. This confocal situation is quite accommodating,
and good coupling will occur for ± 0.5 mm alignment of the central axes of the lenses.
However, the flat faces of the lenses in contact with the chips should be aligned parallel to ± 6
mrad. This requirement could be easily met with a standard mechanical alignment fixture. The
reflection of the signal beam from the focusing lens of the receiver is not a problem, but the
internal reflections from the transmitting lens could cause serious problems, which could be
mitigated by anti-reflection coatings on the curved surfaces of both lenses.

For applications with a range of 10 m, THz wireless links are a promising solution for a
wireless home entertainment system. The wireless solution for device connections is preferred,
because it is portable, switchable and avoids tangling wires. However, at the present time only
wireless speakers are commercialized due to the low data-rate required for the sound track. For
the video signal stream, the compressed Blu-ray Disc video with a full 1080p High Definition
(HD) picture runs at up to 40 Mb/s data rate, but to transmit an uncompressed Blu-ray video
with the same resolution will require a data rate of 1.5 Gb/s to 3 Gb/s. Consequently, the Ultra
High Definition (UHD) TV signals are now transmitted with various kinds of compression by
HDMI cable between the storage devices (Blu-Ray, PC, Camcorder) and display (TV, projec-
tor) because currently available wireless links do not support ultra-fast data- rates.

The solution of the THz wireless link with center frequency of 852 GHz can use a typical
transmitter with an output beam diameter of 1 cm. After 10 m transmission, the THz beam
diameter has expanded from 1 cm to 90 cm. If the receiver diameter is 2.5 cm, the corre-
sponding power coupling loss is 31 dB, which is less than the 45 dB dynamic range of the
NTT receiver. For the distance of 10 m and stable indoor RH, the water vapor absorption can
be neglected. To avoid the problem of people and moving objects blocking the THz beam
connecting the TV and the distributed storage devices, a signal hub (or a reflector) could be
mounted on the ceiling with a direct vertical THz link to the TV receiver. In addition, other
distributed storage devices could set up links with this hub to transmit a HD signal stream to
the TV, providing a geometry of multi-point to point switchable links. We note that the
important problem of wall reflections has been studied in detail by ray-tracing simulations [1].

For applications with a range of 50 m, 852 GHz wireless links can provide a 70 Gb/s direct
point-to point connection between computer clusters. In order to maintain the beam size and
high point-to-point coupling efficiency, a transmitter with a 15 cm diameter output beam
would produce a diffracted beam with a diameter of 19.6 cm, after a 50 m propagation. If the
receiver has the same diameter as the transmitter, the power coupling loss would be only 2.3
dB. Extending the propagation to 100 m, the corresponding beam diameter will increase to
29.5 cm, with the corresponding coupling loss of 5.9 dB. The absorption loss is 8.3 dB for the
100 m propagation in the atmosphere with RH 58% and 20 °C. Metal coated flat and focusing
mirrors, beam-splitters and large diameter plastic lenses are available for this application.

For a range of 100 m, the 852 GHz wireless links are ideal to provide hotspots in a stadium,
where large amounts of data are required by the crowds. If the signal generated from a 10 cm
diameter transmitter and the average data transmission distance is 100 m, the 852 GHz beam
will have expanded to 44.6 cm. The corresponding power coupling will be (10/44.6)2 = 5.0 ×
10-2, corresponding to 13 dB, plus the water vapor absorption loss of 8.3 dB for the 100 m
propagation in the atmosphere with RH 58% and 20 °C.

With respect to the important need for the intermediate small cell and nanocell back-haul,
that would be in place at near street level and would use the street signal light poles, large sign
poles, and sturdy street light poles, for secure mounting, we point out the enabling features of
the atmospheric THz link of Channel 7 at 852 GHz, BW 108 GHz, 56.8 Gb/s, which has a
range of 160 m. Using 15 cm diameter transmitters and receivers, the 852 GHz beam diameter
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at 160 m would be 47.2 cm, giving a power coupling of (15/47.2)2 = 0.101, equivalent to 10
dB coupling loss. This pattern would be easy to align using a light beam co-aligned and with
the same divergence. The absorption loss would be 13.3 dB for the 160 m propagation in the
atmosphere with RH 58% and 20 °C. Metal coated flat and focusing mirrors, beam-splitters
and large diameter plastic lenses are available for this application.

For a longer THz back-haul from the inter-cell network, Channel 3 at 252 GHz, BW 102
GHz, 50.4 Gb/s, could be used. This channel would have a range of 1000 m, but would require
larger optics, because of the wavelength increase of more than 3 times. Using 25 cm diameter
transmitters and receivers, the 252 GHz beam diameter at 1000 m would be 606 cm, giving a
power coupling of (25/606)2 = 0.00170, equivalent to 27.7 dB coupling loss. At 500 m, the
coupling loss would be 21.7 dB. Using 50 cm diameter transmitters and receivers, the
252 GHz beam diameter at 1000 m would be 307 cm, giving a power coupling of (50/307)2

= 0.0265, equivalent to 15.8 dB coupling loss. This pattern would be easy to align optically.
The absorption loss would be 4 dB for the 1000 m propagation in the atmosphere
with RH 58% and 20 °C. These technical features can provide realistic parameters for
future network design.

11 Conclusions

Combining recent measurements with the latest physical understanding of the atmo-
sphere and using the extensive HITRAN data base, we have calculated, using linear
dispersion theory, the propagation of THz bit pulses within the seven most promising
THz atmospheric digital communication channels. The THz-wave digital communica-
tion channels have the following favorable features for a propagation loss of 10 dB at
RH 58% and 20 °C (density of 10 g/m3

): Channel 1: at 96 GHz, Bandwidth (BW) 30
GHz, 10.7 Gb/s for 17.5 km, Channel 2: at 144 GHz, BW 30 GHz, 12.0 Gb/s for 7.4
km, Channel 3: at 252 GHz, BW 50 GHz, 25.2 Gb/s for 2.5 km, Channel 4: at 342
GHz, BW 24 GHz, 11.4 Gb/s for 840 m, Channel 5: at 408 GHz, BW 30 GHz, 13.6
Gb/s for 440 m, Channel 6: at 672 GHz, BW 60 GHz, 22.6 Gb/s for 140 m, and
Channel 7: at 852 GHz, BW 60 GHz, 28.4 Gb/s for 120 m.

The enabled long-path THz links were discussed. Two applications were presented
in detail, namely, a long-path 17.5 km THz ground-link operating at 96 GHz, BW 30
GHz, 10.7 Gb/s, and a GEO satellite link at 252 GHz, BW 50 GHz, 25.2 Gb/s. In
addition, Channel 7 at 852 GHz was studied by calculated pulse propagation to
understand the relationships between higher bit-rates and propagation distance. It was
shown that good digital transmission could be obtained with 852 GHz, BW 108 GHz,
56.8 Gb/s for a 160 m propagation distance in the atmosphere with RH 58% (10g/m3)
and 20 °C. Good digital transmission was also obtained with 852 GHz, BW 108 GHz,
71.0 Gb/s for 80 m. These results were discussed with respect to high bit-rate, short-
path applications.

These channels with an optimum frequency and bandwidth to achieve minimum loss
and minimum group velocity dispersion were chosen to optimize their performance to
transmit digital data, without regard for frequency band boundaries and bandwidth alloca-
tions. Our results, which can enable many applications, have demonstrated the importance
of the center frequency of wide-band allocations for optimized digital communications in
the mm-wave and THz frequency range from 50 GHz to 1 THz, for which cross-talk is
much reduced due the absorption of water vapor and to the line-of-sight nature of the mm-
wave and THz links.
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