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Abstract—In this paper, we have extracted the THz refractivity
of water vapor � � � �� from the complex spectra of the pre-
cise coherent THz-TDS absorption measurement with a 6.18 m
long sample path [1]. We fit the new refractivity and the previous
absorption measurements to the sum of the contributions from all
of the water vapor lines (with the same van-Vleck Weisskopf line-
shape) in the JPL, Pasadena, CA, database from 0 to 10 THz. The
precision of the resulting theoretical absorption and refractivity is
demonstrated by the good agreement between the calculated THz
output pulse and the measured output pulse, both having the same
THz input pulse.

Using this capability, we have calculated the transmitted THz
pulses through the atmosphere at specified humidity and tempera-
ture for a variety of input pulses for the distances of 500, 1000, and
2000 m. We have also tested the predicted stable propagation of
the proposed “ideal THz bit pulse” [2], and showed that this pulse
evolves into two overlapping pulses after 2000 m of propagation.
We showed these two new pulses I and II to be transform-limited
THz bit pulses with stable propagation to 2000 m. THz bit pulses
I and II span the spectral ranges of 0.13–0.18 THz and 0.18–0.33
THz, respectively, and can support the bit rate distance products
of 20 and 40 (Gb/s) km, respectively.

Index Terms—Absorption, atmospheric transmission,
spectroscopy, terahertz (THz), THz communication.

I. INTRODUCTION

I N THE FREQUENCY range 0.1–10 THz, the fre-
quency-dependent absorption and the corresponding

dispersive index of refraction of water vapor control the
electromagnetic propagation of broad-bandwidth THz pulses
and narrow-band THz waves in the atmosphere. Because the
index is quite small, the refractivity term is
usually discussed. The strong absorption by water vapor deter-
mines the maximum propagation distance of THz waves in the
atmosphere, while the reshaping of propagating broad-band-
width short THz pulses is equally controlled by both the
refractivity and the absorption . Overviews
of the earlier work involving measurements of the absorption

of water vapor in the atmosphere are presented in [1]–[3].
In this paper, we first use the previous coherent THz time-do-

main spectroscopy (THz-TDS) measurements of for water
vapor [1], to determine the corresponding . These ear-
lier amplitude and phase THz-TDS measurements were origi-
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nally only analyzed for the amplitude absorption and were not
compared to theory. We then use the numerically fit, analytic
and causal van-Vleck Weisskopf (v-VW) lineshape functions
[4], [5] for and the corresponding to calcu-
late THz pulse propagation in the frequency domain. Then, by
IFFT we obtain the time domain output pulses, in good agree-
ment with the measured pulses.

Using this capability, we calculate the transmitted THz pulses
through the atmosphere at specified humidity and temperature
for the extended distances of 250, 500, 1000 and 2000 m using
previous long-path measurements [2], as input pulses. Based on
our calculation’s close connection to experiment, the calculated
results relate to actual measurement capabilities and provide ex-
pected signal to noise predictions. We also test the predicted
stable propagation of the proposed “ideal THz bit pulse” [2],
and show that this pulse evolves into two overlapping pulses
after 1000 m of propagation. These two pulses I and II are
shown to be transform-limited THz bit pulses with stable prop-
agation to 2000 m. THz bit pulse I and II span the spectral
ranges of 0.13–0.18 THz and 0.18–0.33 THz, respectively, and
can support the bit rate distance products of 20 (Gb/s)-km, and
40 (Gb/s)-km, respectively. These results are very competitive
with optical fiber digital communications channels, and clearly
show the potential for many applications.

II. DISCUSSION OF THE PREVIOUS LONG-TUBE THZ-TDS
MEASUREMENT OF THE ATMOSPHERE

We will now discuss the previous precise coherent THz-TDS
measurement of a 6.18 m path of the atmosphere at 21 C and
relative humidity (RH) 51% [1], where the technical details
of the measurement are presented. From these measurements,
we will extract the refractivity of water vapor. For
THz-TDS two measurements of the transmitted electric field
pulse are measured, the reference pulse with no sample in place
and the sample pulse with the sample in place. Then, if all
the other measurement details remained the same, the ratios
of the corresponding amplitude Fourier transforms (amplitude
spectra) gives the amplitude transmission of the sample. This is
illustrated in Fig. 1(a), where the bottom trace is the measured
reference pulse with dry air at less than 0.5% RH in the sample
chamber, and the top trace is the measured sample pulse with
the sample chamber filled with air and water vapor at RH
51%. Fig. 1(b) shows the corresponding amplitude Fourier
transforms (amplitude spectra) of these pulses, where the upper
spectrum is that of the reference pulse and the lower spectrum
is that of the sample pulse.

As shown in Fig. 1, the reference and sample pulses were
measured over a scan duration of 165 ps, corresponding to the
frequency resolution of 6.1 GHz. For a complete experimental
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Fig. 1. (a) Measured THz reference pulse (lower trace) and measured THz
sample pulse (upper trace). (b) Corresponding amplitude spectrum (upper
curve) for the THz reference pulse and for the sample pulse (lower curve).
(Figure adapted from [1].)

measurement series, 4 reference dry-air pulses and 4 sample
humid-air pulses were measured. The reference pulse shows
little oscillation due to the small amount of water vapor re-
maining in the sample chamber. When the sample chamber was
filled with laboratory air with RH 51% at 21 C, the sample
pulse showed very strong and extended ringing from the rota-
tional lines of water vapor.

During the later data analysis, the individual reference and
sample pulses were zero-padded to a total scan length of 1650
ps. The amplitude spectra of these zero-padded pulses were
obtained from their numerical complex Fourier transforms and
were then averaged to obtain the final amplitude spectra shown
in Fig. 1(b). The reference spectrum weakly shows the strong
water lines, indicating that the residual water vapor in the
sample space was less than RH 0.5%. In contrast, the sample
spectrum shows complete absorption for the strong water lines.

The amplitude transmission shown in Fig. 2 is simply the ratio
of the sample spectrum to the reference spectrum of Fig. 1(b).
For this result the “real data points” are indicated by the larger
open circles separated from each other by 6.1 GHz, and the in-
terpolated points obtained from the zero-padding are separated
from each other by 0.61 GHz and define the solid line. The so
called “real points” are for the frequency components obtained
from the FFT of the original 165 ps scan. The weaker water
lines appear with their expected frequencies, strengths and with
linewidths equal to the spectral resolution of 6.1 GHz. The cen-
tral frequency of the measured water lines was determined to
an accuracy of 1 GHz as indicated on Fig. 2. The frequency
in parenthesis is the accepted handbook value. Only water lines
were observed.

III. UNDERSTANDING THE THZ PULSE RESHAPING OF THE

LONG-TUBE MEASUREMENT

Obtaining the Refractivity of Water Vapor: We
will now obtain the absorption coefficient and the refrac-

Fig. 2. Amplitude transmission through 6.18 m of atmosphere at 21 C with RH
51%. 10 water windows (circled numbers) and 8 weak water lines are marked
to compare with previous predictions and measurements. (Figure adapted from
[1].)

tivity of water vapor from the original sample and
reference pulse measurements corresponding to Fig. 1(a). From
the ratio of the complex Fourier transforms of the original data
for the THz sample pulse with respect to the THz reference pulse
shown in Fig. 1(a), we obtain the phase shifts of the water res-
onance lines as shown in Fig. 3. This phase data and the trans-
mission measurement shown in Fig. 2 were fit to the causal ab-
sorption and phase shift lineshapes of the v-VW theory [4], [5],
given below as

(1)

where refers to the water vapor resonance line . The corre-
sponding change of the wave vector (phase) is given by

(2)

for which

(3)
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Fig. 3. (a) Calculated phase � � ��� (solid line) and measured phase (dots)
for transmission through 6.18 m of atmosphere at 21 C with RH 51% (water
vapor density 9.3 g/m ). (b) Refractivity ������ �) obtained from Eq.(3) and
the results of (a). (c) Relationship between the v-VW amplitude absorbance
(upper curve) and the corresponding phase shift in radians (lower curve) for the
experimental conditions of Fig. 3(a), These curves are identical with the same
7 GHz FWHM linewidth for all the � lines, except for their strength � .

The line-strength values are from the JPL data base [6],
from which was summed up to 10 THz involving 1305 lines.
It is important to note that reducing the frequency extent to 5
THz makes a significant change in the calculated phase from 0.1
to 1 THz shown in Fig. 3(a), but not the absorption as shown
in Fig. 4. Another point is that the JPL database does not in-
clude the relatively weak, but observable water lines at 0.659
and 0.861 THz. Also, there is an oxygen line at 60 GHz and a
weaker oxygen line at 118.7 GHz in the atmosphere. Both of the
sums are multiplied by the factor D (explained in [4] and [5]),
which is proportional to the density of water vapor in g/m ; L
is the distance in meters. For Figs. 3 and 4, ,

m, and the FWHM linewidth GHz for
all of the lines.

Fig. 4. v-VW amplitude transmission compared to the experimental
measurements of Fig. 2.

In Fig. 3(a) the calculated phase shown as the solid
line agrees quite well with the measured phase shown as the
black dots. A measure of our accuracy is that the small phase
shifts of the weak water lines are easily identified in the figure.
The refractivity obtained from these results, using (3). is shown
in Fig. 3(b). We note the relationship of this work to the ear-
lier work at higher frequencies [7] and to the MPM propagation
model of Liebe [8], [9]. It is also important to note the general
relationship between the absorbance and phase for the corre-
sponding causal v-VW lineshapes illustrated in Fig. 3(c).

In Fig. 4 the corresponding calculated transmission shown as
the solid line agrees quite well with the measurement plotted
as the same open circles shown in Fig. 2. The v-VW theory
achieved the best fit with the FWHM linewidth of

GHz for all of the lines. It is important to understand, that our
analysis has only three parameters, the amount of water vapor,
the distance L and the linewidth. The accuracy of the results
given above is acceptable for our initial calculations of pulse
propagation with a path length of 6.18 m, but for much longer
propagation distances of hundreds of meters, the discrepancy
between the observed and calculated absorption in the windows
of transparency (minimum absorption) below 1 THz can be-
come a problem.

The phenomenon behind this problem is the poorly under-
stood continuum absorption of water vapor, which is important
in the transparent frequency regions, where the absorption due
to the resonant lines of water vapor is a minimum.

From these self-consistent fits of the absorption coefficient
and phase to the v-VW lineshapes, we calculate
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Fig. 5. (a) The upper measured transmitted THz pulse of Fig. 1(a) is compared
to the lower calculated THz pulse with � � ���� m � � � (b) the measured and
propagated pulses are overlapped for comparison.

the frequency components of the transmitted pulse through the
water vapor in the sample chamber, using the complex Fourier
transform of the reference pulse E(0, ), as follows:

(4)

Then the corresponding THz output pulse is obtained by
taking the inverse numerical Fourier transform (IFFT) of the
output frequency components, as given by (4). Our results are
shown in Fig. 5(a) for the measured pulse in Fig. 1(a) and the
calculated pulse. These are shown overlapped in Fig. 5(b) to
indicate the good agreement between the two results, for which
the pulse modulations are quite similar with small differences
in amplitude.

IV. DISCUSSION OF THE PREVIOUS LONG-PATH

MEASUREMENTS

We now describe the previous investigation of the limits
of short, broadband THz pulse propagation in the atmosphere
using the same low-power, high signal-to-noise ratio (S/N)
coherent optoelectronic system [2]. We will use these mea-
surements to provide the input experimental pulses for our
long path calculations, and to provide realistic S/N ratios for
the calculated long path pulses. For this experiment a 30 nW
average power beam of 0.5 ps THz pulses was transmitted
through the atmosphere a distance of 167 m and the transmitted
pulses with an average power of 130 pW were measured and
compared to the input pulses, using the THz-TDS technique.

Fig. 6. (a) Measured THz input pulse (lower trace) and measured THz output
pulse (upper trace) from the 167 m long-path with RH 51% at 21 C. (water
vapor density 9.3 g/m ). (b) Corresponding amplitude spectrum for THz input
pulse (upper curve) and the amplitude spectrum of the output pulse (lower
curve). Figure adapted from [2].

Using collimating, focusing and flat mirrors, it was possible
to direct a relatively large fraction of the THz radiation onto a
distant target. The burst of THz radiation emitted by the trans-
mitter was collimated by the THz optical system into a diffrac-
tion-limited beam, which was coupled into the long-path system
and returned with good coupling efficiency into the THz re-
ceiver. The resulting tightly coupled system of the THz trans-
mitter and receiver (transceiver) gave strong reception of the in-
coming THz pulses with 130 pW average power.

The coupling efficiency is almost diffraction limited at the
200 GHz spectral peak of the return beam. The initial colli-
mated Gaussian beam diameter of 30 cm expands to 126 cm
after propagating 161 m to return to the 30 cm diameter fo-
cusing mirror. The returning spectral amplitude at 0.2 THz is
reduced by the ratio of these diameters. In addi-
tion, the amplitude transmission for this propagation length due
to the water vapor absorption was 0.95. Assuming 100% cou-
pling to the THz receiver, the total amplitude reduction would
be , compared to the measured ratio of 0.19
from Figs. 6(b) and 7(b), indicating that the amplitude coupling
to the receiver was 83%.

The data taking and processing was similar to that described
in Section II. Fig. 6(a) compares the averaged input pulse to
the averaged output pulse. The input pulse appears quite clean
with little oscillation due to the much smaller 50 cm path in the
atmosphere. When the input pulse was coupled to the long 167
m path in laboratory air with RH 51% at 21 C, the output pulse
showed very strong and extended ringing from the rotational
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Fig. 7. (a) Expanded vertical scale view of the measured output pulse of
Fig. 6(a). (b) Expanded vertical scale view of the amplitude output spectrum
of Fig. 6(b). The “real data points” are indicated by the open circles, separated
from each other by 6.1 GHz; zero-padding defines the solid line. Figure adapted
from [2].

lines of water vapor in Fig. 7(a), with an expanded vertical scale
compared to Fig. 6(a).

The comparison of the averaged input and averaged output
amplitude spectra is shown in Fig. 6(b). The input spectrum
shows the well resolved unsaturated strong water lines, due to
the much shorter 50 cm path in the THz-TDS system. In con-
trast, the output spectrum for the 167 m path shows complete
absorption bands for the saturated strong water lines and the sig-
nificant appearance of the very weak water lines. Fig. 7(b) shows
(with an expanded vertical scale) the amplitude spectrum of the
long-path pulse with the weak water lines clearly displayed and
identified to a precision of 1 GHz, with the resolution-limited
linewidths of 6.1 GHz. The transmission of the spectral win-
dows between the strong water lines illustrates the THz potential
for ranging, imaging, communications and sensing of vapors in
the range of a few hundred meters [3], [10], [11].

A careful study of the transmitted THz pulses through 167 m
of humid air revealed a promising THz bit pulse for digital (bi-
nary) communications [2]. As shown in Fig. 7(a), the almost
separated initial low-frequency pulse of the frequency swept
and broadened transmitted pulse, appears to be propagating with
little loss and distortion.

One can understand the formation and separation of the
THz bit pulse as follows [2]: “The initial optical excitation
pulse of the transmitter generates the initial short input THz

Fig. 8. (a) The calculated amplitude transmission through 6.18 m, 167 m and
250 m of atmosphere at 21 C and RH 51% together with the experimental “real
point” data for 6.18 m from Fig. 2. The v-VW calculation is the upper (red)
curve and the Wallace code result is the lower (black) curve. (b) The calculated
amplitude transmission from 0 to 0.45 THz through 500 m, 1000 m and 2000 m
of atmosphere at 21 C and RH 51%.

pulse with all of the corresponding frequency components of
the input amplitude spectrum in phase. During propagation
through the long-path of the atmosphere, the higher frequency
components are much more attenuated and have significantly
slower speeds. Consequently, the frequencies separate during
their passage through the atmospheric path of 167 m with the
higher frequencies extending the pulse train. The initial 0.5 ps
input pulse changes into a ringing, frequency swept, output
pulse extending to as much as 160 ps with the highest frequency
at the end of the pulse. In addition, the higher frequencies are
much more attenuated by the water vapor. The lowest frequency
components appear together at the front of the output pulse
with very little attenuation and broadening.”

To provide a test of the simple proposal that the lower fre-
quency THz components would keep their initial phase coher-
ence, while propagating through the 167 m long-path, the pre-
dicted output pulse was numerically calculated (IFFT) from the
output amplitude spectrum between 0.07 and 0.37 THz with all
of the frequency components in phase. The calculated phase
coherent output pulse was compared to the experimentally ob-
served THz bit pulse on the leading edge of the output pulse. The
similarity of the two pulses confirmed the coherent and stable
THz bit pulseshape for the 167 m propagation distance and pre-
dicted stability for longer distances.
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V. CALCULATION OF LONG-PATH THZ PULSES

Now, using the analysis presented in (1)–(4), it has become
possible to test the range of the THz bit pulse and its predicted
emergence from the complicated wide bandwidth pulse at 167
m. In order to first gain some insight into the expected absorp-
tion, we plot in Fig. 8(a), the calculated amplitude transmission
for the 6.18 m path of Figs. 2 and 4, the 167 m path of Figs. 6
and 7, and a 250 m long-path, all at 21 C and RH 51% (water
vapor density 9.3 g/m ). Here, we compare the results from (1)
with GHz for all of the lines, with the more
sophisticated calculation of H.B. Wallace, responsible for Fig. 3
in [11]. The Wallace curve includes the poorly understood con-
tinuum absorption of water vapor, which can be the dominant
absorption in the low frequency windows of transparency of
water vapor. It also includes the two weak water lines at 0.659
and 0.861 THz, and the relatively strong and weak oxygen lines
at 60 and 118.7 GHz, respectively. We note that the Wallace cal-
culation is closely related to the work of Liebe [8], [9].

In Fig. 8(a) the v-VW and Wallace calculations look quite
similar for the 6.18 m path, but show the effect of including the
continuum absorption in the much longer 167 m path and the
250 m path. In Fig. 8(b) the two calculations are compared from
0.0 to 0.45 THz for the much longer paths of 500, 1000, and
2000 m. The red dots at 0.08, 0.13, 0.22, and 0.3 THz are taken
from the recent experimental measurements and numerical fit-
ting of the absorption of the water vapor continuum [12]. The
yellow highlight indicates the predicted Wallace code (black
lines) amplitude transmission at 250 m [Fig. 8(a)] and 2000 m
[Fig. 8(b)]. The v-VW calculation predicts the higher transmis-
sion indicated by the red lines. For frequencies below 0.3 THz,
it is not possible to decrease the van-Vleck Weisskopf trans-
mission to that of the Wallace curve by simply increasing the
linewidth. For example, with a linewidth of 12 GHz, the v-VW
transmission is still above that of the Wallace curve, while such
a broad linewidth destroys the acceptable agreement at higher
frequencies.

Fig. 9 shows the data set from a recent experiment for a 137 m
path with relatively good system stability for measurements at
21 C and RH 10.5% and RH 46.5%. These two measurements
were used to test the accuracy of the much longer path calculated
output pulses, as shown in Fig. 9(a). The top trace is the mea-
sured output pulse at RH 10.5%, and the trace underneath is the
measured THz output pulse with RH 46.5%. The complex nu-
merical Fourier transform of the RH 10.5% pulse provides the
input spectrum to the two numerical propagation calculations,
one using the hybrid Wallace absorption with v-VW phase ((2))
and other using the pure v-VW absorption and phase of (1) and
(2). The hybrid Wallace approach was needed, because the Wal-
lace code only gives absorption. The numerical Fourier trans-
forms of both frequency-domain calculations using (4) are com-
pared with the RH 46.5% output pulse in Fig. 9(a). The output
pulses from both calculations show good agreement with each
other and the experiment. Consequently, we can extend our cal-
culations to longer lengths with reasonable confidence in their
tested accuracy.

We will now test the predicted range of the THz bit pulse and
its emergence from the complicated wide bandwidth pulse at
167 m [2]. In order to do this, the ringing frequency swept output

Fig. 9. (a) Measured output pulse for 21 C, RH 10.5% and 1.9 g/m (input
pulse), and the measured output pulse for 21 C, RH 46.5% and 8.5 g/m . Cor-
responding calculated output pulse using the RH 10.5% pulse as input and cal-
culating the propagation through 137 m at RH (46.5%–10.5%), using the hybrid
Wallace calculation or the pure v-VW calculation. (b) Corresponding amplitude
spectra.

pulse of Fig. 7(a) is taken to be the input pulse to the longer
path lengths of 100 and 200 m at RH 51% at 21 C. These cal-
culations assume perfect coupling and use the absorption and
dispersion (phase) given by (1) and (2). The consequent THz
output pulses are shown in Fig. 10(a), together with the 167 m
THz pulse, used as the input pulse to the calculation. The THz
bit pulseshape changes and broadens with the additional propa-
gation, while the higher frequency ringing is significantly atten-
uated. However, it remains clear that the THz bit pulse structure
is capable of digital transmission for distances of the order of
300 m.

Fig. 11(a) presents much longer path propagation results,
where the 167 m output pulse was again used as the input
pulse to the calculations. The top trace shows the 167 m input
pulse together with the additional path lengths of 500, 1000,
and 2000 m at RH 51% at 21 C. Fig. 11(b) shows the corre-
sponding amplitude spectra. The important similarity shown in
the transmitted pulses for 500, 1000, and 2000 m in Figs. 11(a)
and 13(a) and also in the transmitted spectra of Figs. 11(b) and
13(b) shows the emergence and overlapping of two new THz
bit pulses I and II, which will be discussed in detail later.
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Fig. 10. (a) Input pulse is the 167 m pulse shown in Fig. 7(a). The 167 m �
100 m pulse shows the v-VW propagated pulses after 100 m, and the 167 m �
200 m pulse after 200 m of calculated propagation. (b) Corresponding amplitude
spectra.

It is noteworthy that the predicted pulses are within the sen-
sitivity range of our coherent system. A realistic estimate of the
actual signal strength that would come back to the receiver is
based on the simple expansion of a spherical wave. This addi-
tional attenuation factor of the amplitude spectrum is simply the
ratio of m , where is the additional pathlength.
Correspondingly the attenuation factors are 0.250, 0.143, 0.077
for the additional path lengths of 500, 1000 and 2000 m, respec-
tively. For the measured input pulse the signal to noise ratio is
200, indicating a receiver sensitivity of 1 pA. The peak-to-peak
signal of the 2000 m signal is 50 pA and after multiplication by
the spherical wave factor is 3.8 pA, which would be observable
with a S/N ratio of 4.

As an additional check on the results of Fig. 11, the corre-
sponding 167 m 2000 m output pulse (hybrid Wallace) is
compared to the v-VW pulse on an expanded vertical scale in
Fig. 12(a), and the corresponding amplitude spectra are com-
pared in Fig. 12(b). The impressive agreement between the two
pulses in their oscillation structure shows the importance of the
phase term. The disagreement in amplitude is simply explained
by their respective amplitude spectra showing the higher Wal-
lace absorption.

Fig. 13 shows the predicted THz bit pulse [2] as a function of
the extra propagation length at RH 51% at 21 C. The spectrum

Fig. 11. (a) Input pulse (167 m pulse of Fig. 7(a). Input pulse after 500, 1000,
and 2000 m of v-VW calculated propagation. (b) Corresponding amplitude
spectra.

of the THz bit pulse was cut from the spectrum of the 167 m
output pulse as shown in Fig. 13(b). Then, the entire spectrum
was assumed to be in-phase at the start of the additional path-
length. The corresponding starting pulse is the top trace shown
in Fig. 13(a) and shows by its symmetry that all of the frequency
components are in-phase. This pulse is the same as the THz bit
pulse shown in Fig. 10 of [2]. The changing pulseshape is shown
in Fig. 13(a) as a function of the propagation distance.

The results in Fig. 13 show that during the propagation of the
THz-bit pulse [2], the pulse appears to be separating into two
independent pulses. A successful test of this concept is shown
in Fig. 14 for which the original THz bit pulse [2], is considered
to be the overlap of THz bit pulse I and THz bit pulse II. The
natural boundary of the water line at 0.184 THz separates the
spectra of the two pulses, and the natural boundary of the water
line at 0.326 THz defines the high frequency boundary of pulse
II. The low-frequency boundary of pulse I at 0.13 THz is de-
termined by the spectral response of the THz receiver, slightly
above the weak oxygen line at 0.12 THz.

THz bit pulse I is the coherent pulse shown in Fig. 14(a) with
the amplitude spectrum indicated in Fig. 14(c). THz bit pulse II
is the coherent pulse shown in Fig. 14(b) with the corresponding
amplitude spectrum shown in Fig. 14(c). The long-path v-VW
numerical propagation of these pulses is shown in Fig. 14(a)
and 14(b), where it is seen that these pulses propagate with a
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Fig. 12. (a) Comparison of the calculated 167 m � 2000 m output pulses of
(hybrid-Wallace) and (pure v-VW). (b) Corresponding amplitude spectra.

relatively small amount of broadening and attenuation up to the
impressive distance of 2 km.

From the propagation results shown in Fig. 14(a) for the
THz-bit pulse-1, it is reasonable to consider a bit stream of these
pulses separated from each other by 100 ps, corresponding
to the bit rate of 10 Gb/s. From the propagation distance of
2 km, we obtain the bit rate distance product of 20 (Gb/s)-km.
Similarly, for the propagation results shown in Fig. 14(b) for
the THz bit pulse 2, consider a bit stream of these pulses
separated from each other by 50 ps, corresponding to the bit
rate of 20 Gb/s. Given the propagation distance of 2 km, we
obtain the bit rate distance product of 40 (Gb/s) km for 21 C
at RH 51% with 9.3 g/m water vapor density. These values are
competitive with optical fiber communications channels [13],
[14], and show the potential for THz communications.

The bit rate distance products are dependent on weather con-
ditions. Referring to Fig. 3 in [11], for winter conditions with

C at RH 30% and water vapor density of 0.6 g/m , the
propagation distance can be increased 30 km with similar propa-
gation results, thereby giving the corresponding products of 300
and 600 (Gb/s) km. However, for conditions of rain at 20 C and
RH 44%, the propagation distance must be reduced to 500 m,
giving the corresponding products of 5 and 10 (Gb/s) km. For
Fog and dust at 20 C and RH 44%, the propagation distance
must be reduced to 400 m, giving the corresponding products of
4 and 8 (Gb/s) km.

Fig. 13. (a) Calculated v-VW propagation of the phase coherent THz-bit pulse
[2], with the corresponding amplitude spectrum shown in (b). High frequency
boundary at 0.326 THz is the center of the water line.

VI. DISCUSSION AND SUMMARY

We have extracted the measured refractivity of water vapor
by analyzing the complex spectra from the original

data of the precise coherent THz-TDS absorption measurement
for a 6.18 m long sample path of the atmosphere [1]. The excel-
lent fit of the new refractivity measurement and the previous ab-
sorption to the sum of the effects from all of the water vapor lines
in the JPL data base from 0 to 10 THz [6], showed the precision
and self-consistency of the original THz-TDS data. The con-
sequent precision of the resulting numerically calculated ana-
lytic absorption coefficient and refractivity , for
which all of the lines had the same van-Vleck Weisskopf line-
shape with the FWHM linewidth of 7 GHz, and strengths from
the JPL database, were demonstrated by the excellent agreement
between the calculated output pulse after 6.18 m of atmospheric
propagation and the measured output pulse, both using the same
input pulse. The accuracy of and was also
tested and proven to be excellent by comparison with new 137
m long-path propagation measurements.

Based on the demonstrated accuracy of the of and
calculations, the THz output pulses for a variety of

input pulses with the propagation distances of 500, 1000, and
2000 m have been calculated. The predicted stable propagation
of the previously proposed “ideal THz bit pulse” [2] was
tested and showed that this pulse evolves into two overlapping
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Fig. 14. (a) Calculated v-VW propagation of the low-frequency THz-bit pulse
I. (b) Propagation of the High-Frequency THz-bit pulse II. (c) Amplitude spectra
of the THz-bit pulses I and II. Indicated low frequency boundary is 0.128 THz.
The central dividing boundary is defined by the water line at 0.184 THz, and the
high frequency boundary is at the water line at 0.326 THz.

THz bit pulses after 1000 m of propagation. These transform
limited THz bit pulses I and II span the spectral ranges of
0.13–0.18 THz and 0.18–0.33 THz, respectively. These two
pulses were shown to have pulse stability with propagation of
up to 2 km, and can support the bit rate distance products of 20
and 40 (Gb/s) km, respectively. These bit rate distance prod-
ucts are competitive with optical fiber digital communications
channels, and clearly show the potential for many applications.
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