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Long-Path THz-TDS Atmospheric Measurements
Between Buildings

Eom-Bae Moon, Tae-In Jeon, and Daniel R. Grischkowsky, Fellow, IEEE

Abstract—We have measured THz pulse propagation through
a 186 m distance for which the THz pulses propagated in the
atmosphere between two buildings separated by 79.3 m, with
different relative humidity (RH) and weather conditions such
as clouds, rain, and snow. The THz pulses propagated through
rain falling at 3.5 mm/h and snow falling at 2 cm/h equivalent
to 2.0 mm/h rainfall. For calm weather, the transmitted THz
pulseshapes and relative transit times were measured to a preci-
sion of 0.1 ps. These broadband measurements demonstrate the
potential of line-of-sight THz communications, THz sensing, and
THz imaging through fog and smoke.
Index Terms—Atmospheric absorption, Terahertz (THz)

spectroscopy, THz communications, THz-TDS.

I. INTRODUCTION

T HE understanding of atmospheric transparency in the
THz frequency range is important to many applications

such as ground- and space-based communications and remote
sensing [1]–[3]. The water content of the atmosphere is an
important factor in determining the THz transmission. In
general, the amount of water vapor in the atmosphere and the
THz transmission have an inverse relationship. Many scientists
have measured the relationship with different relative humidity,
altitudes, and locations [4]–[8].
Emery et al. have made long-path field measurements from

0.15 to 0.51 THz, using an FTIR spectrometer with 6 GHz reso-
lution, of the atmospheric amplitude transmission spectrum for
horizontal beam propagation 2 m above ground level in a sea
level atmosphere for distances of up to 500 m [6]. They mea-
sured transmission as a function of temperature (270–290 K),
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and water vapor density (WVD) from 4 to 11 g/m . Their re-
sults for water vapor were compared to monomer theory over
the frequency range of 150–450 GHz, and showed higher ab-
sorption, which was attributed to the continuum absorption due
to water dimers. They also measured the attenuation for a long-
path passage through fog. Recently, D. Grischkowsky’s group
has measured within a building the long-path atmospheric com-
plex transmission spectrum (both amplitude and phase) from 0.1
up to 2.0 THz, using a THz time-domain spectroscopy (THz-
TDS) system with 6.1 GHz resolution [8]–[11]. They measured
transmission through a 137 m path within a humidity controlled
sample chamber, as a function of relative humidity from 4% to
51% at 21 C. More recently, they measured broadband THz
pulse propagation through a dense artificial fog for a 137 m long
THz beam path within the sample chamber [12]. Although these
studies measured the attenuation spectra of water vapor under
different sample chamber conditions, it was not possible to du-
plicate the atmospheric weather conditions, having winds, tur-
bulence and inhomogeneity in temperature and density.
Long path THz-TDS studies under atmospheric weather

conditions can provide information for the important THz
atmospheric applications of communications, sensing, imaging
through fog and smoke [12], and measuring time dependent
changes in distances up to hundreds of meters to a precision of
30 microns.
The results presented here are to be considered as a “proof

of concept” of the potential of outdoor long-path THz-TDS to
characterize the absorption and dispersion of rain and snow in
the atmosphere from 100 to 1000 GHz. An important feature
is that the measured long-path THz pulses have a signal-to-
noise ratio (SNR) better than 100 (peak-to-peak of the THz
pulse)/(peak-to-peak of the noise fluctuations in front of the
pulse). We describe the first outside, long-path THz-TDS mea-
surements between buildings [13]. These attenuation measure-
ments were made under various weather conditions, including
rain and snow. The THz beam propagates between two build-
ings separated by 79.3 m, for which the total round trip path
between the transmitter and receiver is 186 m.
The long-term objective of these THz-TDS measurements is

to characterize (to an accuracy of 1%) the outside atmosphere
from 50 GHz to 1 THz with respect to attenuation, scattering
and dispersion under various weather conditions, and other con-
ditions, such as fire, smoke and gas plumes.

II. EXPERIMENTAL SETUP
For the THz-TDS technique the temporal electric field

amplitude of two electromagnetic THz pulses are measured; the
reference input pulse and the transmitted output (sample) pulse,
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Fig. 1. (top) Schematic of long-path setup. Red line is the outgoing THz beam. Black line is the reflected incoming beam. (bottom) Photograph of transceiver
building and target building.

which has changed shape due to passage through the sample
under study. Through Fourier analyses of the input and output
pulses the frequency-dependent absorption and dispersion of
the sample can be obtained.
A schematic diagram of the long-path setup is shown in

Fig. 1 [13]. All optical mirrors and the standard THz-TDS
system are on an optical table on the third floor of the Trans-
ceiver Building 1, except for the two-dimensional retro-reflector
mirrors (M6 and M7) which are installed with a stable heavy
mounting on the third floor of the Target Building 2. The two
buildings are 79.3 m away from each other for the line of sight
THz beam paths. The THz beams propagate 142 cm above
the third floor level of the five floor Buildings 1 and 2. The
ground level of the buildings is located about 3 m above the
mean sea level, and the THz beams travel 9.5 m above the
ground, between the buildings. For both buildings the glass
windows in the THz beam-path are replaced with a 20 m thin
plastic film, to minimize absorption loss and reflections and to
protect the THz transceiver system and mirrors from the outside
environment. Because the film thickness is much smaller than
the THz wavelength, the transmission is increased and the
reflection is reduced to be much better than for glass, which
absorbs THz radiation. For 0.3 THz with 1 mm wavelength
the amplitude transmission is 99.4% and the corresponding
amplitude reflection is 11%.
The THz pulses are opto-electronically generated and de-

tected on photoconductive semi-insulating GaAs and low tem-
perature grown GaAs chips, respectively. A Spectra-Physics
Mai-Tai, 790 nm, 50 fs pulse, Ti:Sapphire Mode-locked laser
beam with a pulse repetition rate of 84.01MHz was divided into
two beams used to excite and to detect the THz pulses with av-
erage laser beam powers of 15.1 and 14.8 mW, respectively. As
shown in the Fig. 1 inset, the THz pulses were out-coupled ver-
tically by mirror M1 from the confocal THz-TDS system (de-
scribed in detail in [14] and [15]) and here used as the THz trans-
ceiver, placed on the optical table. The vertically reflected THz

beam fromM1was directed to the telescope mirror (M3), by the
horizontal reflection from mirror M2. The spherical 30.5 cm di-
ameter telescope mirror with a 317.5 cm focal length was placed
with the focus at the confocal THz beam waist [14], midway be-
tweenM1 andM10. The THz collimated beam fromM3 was re-
flected fromM4 andM5 and directed to mirror M6 in the Target
Building 2, which reflected the beam horizontally to mirror M7
for return to Building 1. Mirrors M6 and M7 form an air-spaced
right angle prism (retro-reflector). The returning THz beam was
directed to the telescope mirror (M3), by the reflections from
mirrors M8 and M4. The center of the returning THz beam on
mirror M4 was displaced horizontally, 18 cm from the center
of the out-going THz beam on M4. Finally, the focusing reflec-
tion of the returning beam by M3 directed the focus to M10, by
the vertical reflection from M9. An analysis of the THz beam
coupling through a similar long-path indoor system has been
presented in [9].
The total round trip path between the transmitter and receiver

chips was 185.7 m, which is approximately equal to 52 round-
trips of the circulating 50 fs optical pulse within the mode-
locked ring laser, thereby, giving sampling pulses delayed by
52 pulses down the pulse train from the excitation pulses. The
repetition rate of mode-locked lasers has been shown to be re-
markably stable to 6 digits, with some drift and jitter in the 7th
and 8th digits [9]. For the indoor system [9], the repetition rate
was 89.6948 MHz, and the measured time jitter was less than
0.1 ps. Here, for the outdoor system with clear air and no wind,
the jitter is less than 0.1 ps.
In order to measure the coupling loss of the optical train on

the optical table, the removable retro-reflector mirrors (M6 and
M7 ) were installed inside at the window of the Transceiver
Building 1; the outgoing THz beam from mirror M5 was then
reflected by M6 and M7 , as shown in Fig. 1 by the dashed
lines. The consequent returning THz beam path from M7 in-
side the Transceiver Building 1 was aligned to be on the same
path as the returning THz beam from M7. The total round trip
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Fig. 2. (a) Measured THz input pulse from 0.6-m long path (upper pulse) and
output pulse from 25m path (middle pulse). Measured THz output pulse (lower
pulse) with a 3 expanded vertical scale from 186-m long path. (b) Corre-
sponding amplitude spectra for THz input pulse (upper curve), the 25 m output
pulse (middle curve) and the 186 m output pulse (lower curve).

path with mirrors M6 and M7 in place is 25.0 m, for which the
sampling pulses are delayed by 7 pulses down the pulse train
from the excitation pulses.

III. MEASUREMENTS

As shown in Fig. 2, the input and two output THz pulses were
measured. Because the upper input THz pulse was measured
without mirrors M1 and M10, the total THz beam path from
transmitter chip to receiver chip was only 0.6 m. The middle,
inside, 25 m short-path THz pulse was measured with the M1
and M10 mirrors and with the M6 and M7 mirrors. The out-
side, 186 m long-path output THz pulse, shown as the lower
pulse on a 3 expanded vertical scale. It was measured with
M1 and M10 mirrors, without M6 and M7 mirrors, and using
M6 and M7 mirrors. For the 186-m pulse, the additional oscil-
lations near 40 ps were caused by the combined action of the
dispersion and absorption of the water-vapor lines. The RH for
the input pulse and the short-path within Building 1 was 45% at
21 C (density 8.4 g/m ). The RH of the long-path between the
buildings was 68% at 16 C (density 9.2 g/m ).
The THz pulses are measured by computer controlled me-

chanical scanning of the relative delay between the detected
THz pulse and the optical sampling pulses driving the THz re-
ceiver [14], [15]. Here, the THz pulses were measured over a
scan duration of 133.2 ps, which corresponded to a frequency
resolution of 7.5 GHz. A scan consisted of 1000 data points with
0.1332 ps time steps. This was achieved with 20- m steps be-
tween data points corresponding to a double-pass distance of
40 m between data points. The total scan has 1000 steps, and a

single scan takes 190 s. For sequential measurements over time
durations extending to several hours, the data collection runs
continuously, whereby the 190 sec. data scan is made, followed
by a 30 sec reset, and then the 190 sec. data scan is repeated,
and so on.
The corresponding amplitude spectra, obtained by a nu-

merical Fourier transform of the pulses of Fig. 2(a) with
zero-padding to a total scan length of 6750 ps, are displayed in
Fig. 2(b). Because of much the shorter THz beam path of the
input measurement, the input spectrum shows well resolved
strong water lines. In contrast, the two output spectra show
complete absorption bands for the strong water lines and some
weak lines in the low frequency range, which cannot be seen in
the input spectrum because of the short beam path.
Because of the relatively short path difference, for frequen-

cies between the water lines and below 1 THz, the spectral
amplitude difference between the 0.6 and 25 m beam paths is
mainly due to the coupling loss of the complete optical train
with mirrors M6 and M7 shown in Fig. 1, and not the water
vapor absorption. Here, coupling loss is broadly defined to be
loss that is independent of the water vapor density. However, the
25-m reduction is not the total coupling loss of the entire optical
train with mirrors M6 and M7, because of the additional cou-
pling loss due to the frequency dependent diffraction of the THz
beams during the 158.6 m round trip between the two buildings.
For example, consider an out-going, spherical wavefront,

0.25 THz Gaussian beam profile from the collimated transceiver
beam waist between M1 and M10 with a 30 cm amplitude ( )
diameter at M3. The reflection from the 30.5 cm diameter tele-
scope mirror M3, with its focus at the transceiver beam waist,
collimates the beam with the Rayleigh range of 58.9 m [9],
[16]. Because the 25 m short-path is well within the Rayleigh
range, the 30 cm amplitude diameter beam remains collimated.
However, the returning 186 m long-path Gaussian beam would
have a diameter of 95.4 cm at M3 [9], [16]. The corresponding
long-path power coupling loss is given by the square of the
ratio of the diameter of M3 to the diameter of the incoming
beam at M3 (30.5/95.4)=0.320, which is 0.102 [16], equivalent
to an additional coupling loss of 9.9 dB. This simple argument
would also predict that in Fig. 2(b), neglecting the low water
absorption at 0.25 THz, the ratio of the amplitude spectrum of
the 186 m path to the 25 m path should be given by the ratio
(30.5/95.4)=0.320 in good agreement with the observation.
The transmitted THz pulses and spectra through 186 m

with four different RH and temperatures are shown in Fig. 3.
Table I shows the corresponding weather conditions outside
of the buildings. The RH and temperature inside of the build-
ings was maintained at 45% and 21 C (density 8.4 g/m )
respectively. Because the weather cannot be controlled, the
measurement was done on three different days. The THz pulse
delays due to the higher RH and water vapor density (WVD)
with respect to the first minimum of the top pulse (density
1.1 g/m ) were 12.8, 23.6, and 37.4 ps as shown in Fig. 3(a).
For Fig. 3(b), if all the experimental parameters remained

constant for the different data sets taken over several months, a
good THz-TDS measurement of water vapor absorption could
be obtained from the ratio of the spectrum of the 11.2 g/m pulse
to that of the 1.1 g/m pulse. For this ratio to be accurate, the
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Fig. 3. (a) Measured THz output pulses showing their different transit times
for the WVD values of 1.1 g/m , 4.8 g/m , 8.5 g/m , and 11.2 g/m . (b) Corre-
sponding amplitude spectra for THz output pulses. (c) Measured power attenu-
ation coefficients in dB/km for the WVD difference of 10.1 g/m , between the
reference spectrum of 1.1 g/m and sample spectrum of 11.2 g/m . The grey
regions cover the no-signal areas caused by the strong water vapor absorption
lines.

TABLE I
WEATHER CONDITIONS OUTSIDE OF THE BUILDING FOR DIFFERENT RH

MEASUREMENTS, SHOWN IN FIG. 3

beam coupling ratios and all alignments would need to be the
same. Although all of the alignment procedures were the same,
there is always small systematic variations, as shown by the out
of sequence regions in amplitude spectra comparison, for which
the spectral amplitudes should always be in the WVD sequence
of 1.1 (highest), 4.8, 8.5, and 11.2 (lowest).

Fig. 4. (a).Measured time shift (dots) for different WVD and fitted line (solid
line), for a propagation length of 159 m. The dashed line is from [10], for a prop-
agation length of 137 m. (b) Measurements of (a) re-plotted in terms of column
density (g/m) . Upper blue line and lower dashed red line of (a) are presented
in (b) after division by 159 and 137 m, respectively. They show excellent agree-
ment and overlap.

The corresponding power attenuation shown in Fig. 3(c) is
similar in detail to previous work [16], but is approximately 10
dB/km higher from low to high frequencies. For our measure-
ment distance of 159 m, 10 dB/km corresponds to a 20% in-
crease of the input amplitude spectrum for the WVD 1.1 refer-
ence pulse, compared to the WVD 11.2 output pulse. These two
pulses were measured more than a month apart and such a dif-
ference would not be surprising. However, these results demon-
strate the feasibility to make informative, long-path, 1% mea-
surements under various weather conditions.
The time shift of the THz pulses of Fig. 3(a) are shown in

Fig. 4(a), as a function of WVD. The dots and solid line indi-
cate the measured time shifts and fitted line, respectively. The
data points show the time shifts from the reference pulse vs the
difference in WVD, as shown in Fig. 3(a). Therefore, the time
shift slope in the figure is determined, by only the WVD outside
of the buildings. The slopes of the solid line is 3.63 ps g/m ,
while the slope of the dashed line from [10] is 3.12 ps g/m .
The slope of the solid line is 0.51 ps (g/m) larger than

that of the dashed line because the THz propagation length
outside of the building is 22 m longer than the sample chamber
length used in [10]. The THz propagation length outside of
the building in this measurement is 159 m and the propaga-
tion length through the chamber in the [10] is 137 m. The
comparative slope is obtained by the following normalization,
3.63 ps (g/m) (137 m 159 m) 3.13 ps (g/m) , giving
excellent agreement between the two values.
This agreement between the two measurements is better ex-

pressed by re-plotting the two different measurements in terms
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Fig. 5. (a) Measured THz output pulses for the two weather conditions, of
cloudy (no snow) upper (black) pulse and cloudy (with snow) lower (red) pulse.
(b) Corresponding amplitude spectra for the THz output pulses of (a). (c) Mea-
sured power attenuation coefficients in dB/km for the reference spectrum of
cloudy (no snow) starting at 100 GHz and the output sample spectrum of cloudy
(with snow) shown in Fig. 5(b).

of column density (g/m) , as shown in Fig. 4(b), for which the
data points in Fig. 4(a) have been divided by 159 m, and the red
dashed line divided by 137 m.
THz-TDS long path studies under the atmospheric weather

conditions of clouds, snow and rain can provide important
information for THz pulse propagation applications. Here,
the first measured THz pulses and corresponding spectra
transmitted through snow and rain are shown in Figs. 5 and
6. Table II shows the weather parameters. The amount of
snowfall was approximately 2 cm/h which corresponds to
2 mm/h rainfall. The amount of rainfall during the measurement
was approximately 3.5 mm/h.
The snow THz pulse measurements and the corresponding

amplitude spectra are shown in Fig. 5(a) and 5(b), respectively.

Fig. 6. (a) Measured THz output pulses for the two weather conditions, cloudy
(no rain) upper (black) pulse, cloudy (with rain) lower (red) pulse. (b) Corre-
sponding amplitude spectra for the THz output pulses of (a). (c)Measured power
attenuation in dB/km for the reference spectrum of cloudy (no rain) starting at
100 GHz and for the output sample spectrum of cloudy (with rain) shown in
Fig. 6(b).

TABLE II
WEATHER CONDITIONS OF CLOUD, RAIN, AND SNOW FOR FIGS. 5 AND 6

The cloudy (with snow) sample pulses were measured first, and
the cloudy (no snow) reference pulse wasmeasured 40min later.
From our operating experience the THz-TDS system stability
has been shown to have stable pulseshapes over several hours
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with stable weather conditions. Consequently, THz-TDS mea-
surements should be acceptable for this relatively short time
period. However, there are relative spectral amplitude fluctu-
ations between the reference and sample spectra in the region
of 0.2 THz, for which the snow amplitude exceeds the cloudy
amplitude.
The cloudy (with rain) THz pulse measurements and the cor-

responding amplitude spectra are shown in Fig. 6(a) and 6(b),
respectively. The cloudy (no rain) references pulses were mea-
sured first, and the cloudy (with rain) sample pulses were mea-
sured 5 hours later. The system stability should be acceptable
for this time period. Unfortunately, the weather conditions did
not allow cloudy reference pulses before and after the snow and
rain measurements. The cloud spectrum has higher amplitude
than the rain spectrum over the entire range indicating the lack
of obvious systematic spectral fluctuations.
The RH, temperatures and corresponding WVD for the refer-

ence and sample pulses are given in Table II. The WVD values
in Table II are obtained from continuous hygrometer and ther-
mometer measurements of RH and temperature at the single
ground station and are assumed to describe the entire 9.5 m el-
evated long-path between the buildings. In future experiments,
it is clearly important to measure RH and temperatures at sev-
eral positions along the elevated line-of-sight THz beam path
between Buildings 1 and 2. This will establish the relationship
between the ground and elevated measurements, and define the
extent of the variations along the 80 m separation between the
buildings.
An important feature of these THz-TDS measurements

is their ability to make direct measurements of the WVD
(path-length) product to establish the consistency of the results.
The WVD integrated over the outdoor path can be obtained
from the observed minimum amplitude transmission of the
weak Handbook 322 GHz water vapor line, for which the cali-
brated power absorption loss is 46 dB/km at WVD of 10 g/m
[16]. For this determination the (no-line) amplitude spectrum
without the water line is estimated from Fig. 5(b) and Fig. 6(b).
Then the amplitude transmission is obtained from the quotient
of the ratio of the minimum spectral amplitude of the 322 GHz
line to the no-line spectrum.
From Fig. 5(b) the minimum amplitude transmission of the

322 GHz line is 0.64 for the reference spectrum and 0.65 for
the sample spectrum, showing their WVD is almost the same.
The sample power transmission , is equivalent
to a power loss of 3.74 dB. However, part of this loss is due to
the 25 m path in the Transmitter building with RH 45% and 21
C, and g/m , giving a power loss of 0.97 dB.
Consequently, the power loss due to the 159 m outside path is
2.77 dB, corresponding to a power loss 17.4 dB/km. Given that
the calibrated power absorption loss for the Handbook 322 GHz
water vapor line is 46 dB/km at WVD of 10 g/m [16], and that
loss in dB/km is proportional to WVD, the desired

g/m g/m , which is reasonably consistent
with the Table II values of RH and temperature, obtained at the
ground station.
For Fig. 6(b), we obtain the minimum amplitude transmission

of the 322 GHz line for the cloud pulse and the rain pulse to be
0.40 and 0.30, respectively. Performing the same calculation as

in the above paragraph, we obtain g/m , for the
cloud pulse, and g/m for the rain pulse. The
large difference between WVD for the cloud and rain pulses is
in disagreement with Table II, and affects our analysis that the
increased absorption is due only to the rain.
This difference predicts a pulse delay of the rain pulse com-

pared to the cloud pulse of 12.3 ps, using slope of Fig. 4(a) and
the WVD difference. However, this delay was not observed. Ei-
ther the initial calculation of the line-strengths was imprecise
(see below), or the long-path length slightly changed in the 5
hours between the rain data pulses and the reference pulses, or
there was an experimental error in the starting time of the refer-
ence scans. The convergence between the time delay measure-
ments, the 322 GHz line absorption and the direct measurements
of WVD from humidity and temperature is part of our future
program to achieve 1% precision.
The 322 GHz line, minimum transmission method provides

an important consistency check, and the logic of the analysis is
correct. A feature of a stable data scan is that the weak water
lines appear narrow and centered on their Handbook frequen-
cies. Our instrument limited linewidth is 6.5 GHz, and we can
determine the line center to 1 GHz. If the weather conditions
are changing during a measurement scan, the lines are broad-
ened and shifted in frequency. Broadening reduces the apparent
line strengths. For small shifts, the measurement should always
be of the transmission minimum.
Another, point is that it is difficult to estimate the absorption

at line center without water vapor. For an approach to this deter-
mination, the amplitude transmission of the 322 GHz line can be
calculated, using the van-Vleck Weisskopf lineshape function
[17], with the linewidth of 6.5 GHz. The amplitude spectrum is
then divided by this transmission. The resulting spectrum will
show no evidence of the 322 GHz resonance line, when the
WVD-(path-length) product matches the experimental value of
WVD. A similar approach has been used to provide a reference
spectrum in [18].
As an additional consistency check, the spectrum for the well-

defined initial pulse feature of the cloud, snow and rainmeasure-
ments has been shown to extend from low frequencies up to 0.37
THz [9]. Consequently the amplitude ratios of these features for
the snow and rain sample pulses to their cloud reference pulses
give averaged measures over this low frequency range of the
snow and rain absorption. The measured ratios of 0.88 and 0.82
are evaluated for power attenuation to be 7.1 dB/km for snow
and 10.8 dB/km for rain.
In the snow measurement of Fig. 5(c), firstly, we have the

unphysical negative absorption up to approximately 200 GHz;
this feature is considered to be due to a change in the input
spectrum. Then, the measured power absorption of snow in the
water line windows shows a monotonically increasing absorp-
tion from 200 GHz up to 20 dB/km at 400 GHz, followed by
20 dB/km from 820 to 930 GHz.
In the rainmeasurement of Fig. 6(c), there is an initial approx-

imately 10 dB/km absorption feature, which we consider to be
questionable, and probably due to an input spectral fluctuation.
From 200 GHz up to 300 GHz, there is a monotonic increase up
to 300 GHz, followed by a loss of sensitivity due to the large
difference between the sample WVD and the reference WVD.
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The expected attenuation for a rain of 4mm/h is relatively fre-
quency independent over the frequency range from 0.1 to 1 THz,
and has an attenuation of between 3 and 4 dB/km, as shown in
[16, Fig. 27]. The rain attenuation curve in dB/km is linearly
proportional to the rain rate in mm/hr. A recent single frequency
355 GHz measurement of rain attenuation vs rain rate gave an
attenuation of approximately 4 dB/km for 5 mm/h with a great
deal of data scatter [19]. As can be seen in Fig. 6(c), the atten-
uation spectrum shows a both a strong, frequency dependence
and a much larger attenuation than are theoretically predicted
[16]. This disagreement between theory and experiment will be
investigated in future measurements with the goal of 1% pre-
cision.

IV. MEASUREMENTS WITH CHANGING WATER

In order to better understand the experimental stability, THz
pulses were sequentially measured during changing weather
conditions to determine the relationship between time delay
and RH variation or wind velocity. Fig. 7(a) and (b) show RH
and wind velocity during three sequential measurements. The
different background colors indicate each measurement period.
Each single scan takes 190 s. The THz pulses were sequentially
measured with slowly decreasing RH at 23.8 0.3 C, from
RH 92% (density 20.3 g/m ) to RH 85%. (density 18.8 g/m )
and with the approximate wind velocity of 2 m/s. Because the
RH and wind velocity are measured on the ground between the
two buildings, the values in the THz path have some deviations.
Fig. 7(c) shows the red first and the blue second sequentially

measured and over-lapped output pulses. The two pulses do not
overlap over the entire scan duration because of the decrease in
RH. The second THz pulse leads the first pulse because the RH
decreased by approximately 3% over the first scan. The time
shift for the first few peaks of the two pulses is shown in the
insert of Fig. 7(c).
Fig. 7(d) shows the time shift between two THz pulses. The

red, blue, and black measurements and fitting lines indicate the
comparisons between the first and second, the second and third,
and the first and third, respectively. The dots indicate the mea-
sured time shift at every peak and minimum position of the two
THz pulses and the solid line indicates the fitted curve to the
measured dots. The curves slowly change with an increasing
scan time. The time shift between the first and third is larger
because there is a 6% change in the relative humidity the two
measurements.

V. REQUIREMENTS FOR PRECISE MEASUREMENTS

The results presented here are to be considered as a “proof
of concept” of the potential of outdoor long-path THz-TDS to
characterize the absorption and dispersion of rain and snow in
the atmosphere from 100 to 1000 GHz. An important feature is
that the measured long-path THz pulses have a signal to noise
ratio better than 100 (peak-to-peak of the THz pulse)/(peak to
peak of the noise fluctuations in front of the pulse). However,
because of experimental constraints and difficulty, the measure-
ments did not have simultaneous reference pulses.
For accurate THz-TDS 1% measurements the primary ex-

perimental problem is to stabilize the system, so that the input
pulses remain the same during the measurements of the output

Fig. 7. (a) Measured RH during the first (white), second (grey), and third
(yellow) scans. (b) Measured wind velocity during the first (white), second
(grey), and third (yellow) scans. (c) The over-lapped, sequentially measured
first (red) and second (blue) THz pulses. The insert figure shows the expanded
pulses from 10 ps to 30 ps. (d) Measured time shift. The red, blue, and black
indicate the comparisons between the first and second, the second and third,
and the first and third, respectively. The dots indicate the time shift at each
maximum and minimum points of the pulses. The solid line indicates the fitted
curve for the dots.

pulses. To check that this requirement is satisfied, typically sev-
eral sequential reference pulses are measured before and after
the measurements of the output pulses. For an acceptable stable
system, the spectral ratios of the amplitude and phase of se-
quentially measured pulses must show deviations of less than
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1% from unity for amplitude and 0.05 radians from zero for
phase. The driving laser and the beam train are adjusted until
this stability is achieved.
The ideal solution would be to simultaneously measure the

input pulse and the output pulse, but this has proven to be ex-
perimentally difficult. With respect to the Fig. 1 schematic of
the setup, this approach would require another THz receiver on
the optical table that would be coupled to a non-intrusive beam
splitter in the outgoing beam. The beam splitter must not disturb
the outgoing beam pattern, must be spatially separated from the
incoming return beam, and should not cause any reflections in
the time window of the measurement.
Another utilized approach [8]–[11], has the ability to measure

the stability of the input THz pulses to the long-path system;
for these mirrors M1 and M10 need to be mounted on a 3-ball
kinetic base, which can be quickly removed and reinstalled
without any changes in alignment. This feature enables the
sequential measurement of the stability of the input THz pulses
to compare with the above stability criteria. This approach
would check the reference pulses before, during, and after the
long-path outdoor measurements, which cannot be done with
the proof of concept set-up, presented here.
For accurate measurements the sample characteristics need

to remain constant during the measurement. This can be moni-
tored by comparison of themeasured starting times of sequential
output pulses. An acceptable range of the differences would be
0.3 ps, corresponding to a change in the water vapor density

of 0.08 g/m , equivalent to 0.5% relative humidity at 20 C.
Our measurement gives the integral of the absorption over the
long-path, which is simultaneously measured by the weak water
lines in the output amplitude spectrum.
Future measurements will also include several simultaneous

elevated measurements of RH and temperature along the out-
side beam path for every data scan. Extensive experimental runs
including many sequential reference and sample pulses will be
taken under conditions of snow, rain and fog. Data will be an-
alyzed during the run to obtain the best match of WVD for the
reference and sample pulses. With such improvements, needed
precise 1% characterizations should be obtained.

VI. SUMMARY AND CONCLUSIONS

Our proof of concept experiments have shown that THz-TDS
long path studies under atmospheric weather conditions have
the potential to provide needed 1% accurate information from
100 to 1000 GHz for THz applications in the atmosphere such as
communications and imaging through fog and smoke [12]. The
THz output pulses were measured with a signal to noise ratio
better than 100, after transmission through a 186 m long round
trip path with different RH levels and with the different weather
conditions of clouds, rain, and snow. They were compared with
reference pulses to determine their attenuation. The measured
THz pulse transit time delays were proportional to the water
vapor density in agreement with previous indoor measurements
with a long-path in a controlled sample chamber. The attenua-
tion measurements were of the order of expectations, but lacked

the required 1% precision due to the lack of simultaneous ref-
erence pulse measurements.
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