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High-resolution frequency-domain spectroscopy (FDS) is set up using a coherent and continuous wave terahertz
(THz) emitter and receiver. THz waves are generated and detected by two photomixers with two distributed
feedback (DFB) lasers. Atmospheric water vapor with different relative humidity is systematically investigated
by the FDS. A high-frequency resolution of ~14 MHz is obtained with the help of Hilbert transformation, leading
to a well resolved and distinct transmittance characterization of water vapor. Compared with conventional THz
time-domain spectroscopy, the high-resolution continuous wave THz spectrometer is one of the most practical
systems in gas-phase molecular sensing, identification, and monitoring.

OCIS codes: 300.6495, 010.7340, 010.0280.
doi: 10.3788/COL201917.073001.

Gas-phase molecules are strongly correlated to environ-
mental pollution, drug detection, human breath analysis,
and so on’Z. Therefore, qualitative and quantitative
analyses of the gas-phase molecules are significantly im-
portant for many industrial applications.

Located between microwave and infrared frequency
ranges, terahertz (THz, 0.1-10 THz) spectroscopy is
one of the most important and powerful tools for gas
molecules analysisY. By comparing the characteristic
absorption signatures in THz gas-phase spectroscopy
(0.03-3 THz), we can identify the composition of gas
samples and monitor its concentration under suitable
conditions”. THz spectroscopy systems used to monitor
the gas-phase molecules are divided into time-domain
spectrometers and continuous wave (CW) spectro-
meters®22. Due to the existence of many sharp and
crowded transitions of gases, THz spectrometers are not
only required to have the characteristics of high-frequency
resolution and high-detection sensitivity, but are also
cost-effective, portable, stable, and reliable®L2,

CW THz spectrometers are one of the most promising
systems for practical applications, especially for gas-phase
spectroscopyl. CW THz spectrometers based on photo-
mixing not only have megahertz (MHz) frequency resolu-
tions with the frequency range covering up to 3 THz, but
also are very compactZZ¥. In particular, the recently devel-
oped CW THz coherent spectrometer [THz frequency-
domain spectroscopy (FDS)] has become a powerful tool
to study gas molecules and high Q-factor THz devices.
The frequency resolution of THz-FDS can be tuned by
changing the optical path difference. By using a whispering
gallery mode bubble resonator and employing Hilbert
analysis, the frequency resolution can go to 4 MHz™.

Compared with Fourier transform infrared spectros-

copy (FTIR), the THz-FDS has a higher signal-to-noise
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ratio (SNR). It is very difficult for the FTIR to reach
low frequencies (<1 THz) with very high SNR. The reso-
lution of the most advanced FTIR Bruker IFS 125HR
reaches 0.001 ecm™' (30 MHz), and the spectral range is
20-1000 cm ™t (0.6-30 THz), decided by the far-infrared
synchrotron radiation?. This system takes up a lot of
space in the laboratory, and the THz source of the system
must work in an appropriate environment. Compared
with THz time-domain spectroscopy (TDS), THz-FDS
has the following advantages. (1) THz-FDS has a very
high resolution, which is very useful for gas-phase mole-
cules monitoring and remote sensing. In our system, if
the Hilbert transformation is used to analyze the data,
the resolution can reach the sampling frequency of
10 MHz, which is determined by the frequency step and
frequency stability of the lasers. The frequency resolution
of THz-TDS is determined by the time window of the
scanning delay lines. Not only the reflection waves from
the photoconductive antennas (PCAs) or the nonlinear
crystal generators or detectors primarily limit the
frequency resolution. Up to now, the best frequency reso-
lution from THz-TDS can only go up to 0.9 GHz, while the
THz-FDS can go up to ~4 MHz22, Therefore, for some
specific molecular applications, high-resolution spectrom-
eters are required. Also for some high- @ devices like whis-
pering gallery resonatorsY, it has been demonstrated that
only the THz-FDS can be applied to do this work.
(2) THz-FDS does not need a femtosecond laser as a
pump. It only needs two cost-effective distributed feed-
back (DFB) laser diodes, whose list price is less than half
that of Ti:sapphire oscillators pumped THz-TDS. It has a
great advantage in price. (3) The frequency resolution is
easily adjusted based on the varied THz propagation path
length or by altering the fiber lengths, which will be ad-
dressed in detail in the Letter. (4) This system has the
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advantage of measuring only the interested part of the
spectrum instead of measuring the whole range of the
spectrum converted from the time-domain signal.

In our work, we demonstrate a high-frequency resolution
of ~235 MHz THz-FDS and record the THz absorption
spectroscopy of water vapor with different relative humid-
ity (RH) in the atmosphere. The frequency resolution is in-
creased to ~14 MHz by the Hilbert transformation method.
Water vapor is the largest contributor to atmospheric
attenuation for THz waves due to lots of vibrational and
rotational states. It is important to investigate the THz
properties of water vapor, especially for THz telecommuni-
cations and environment monitoringZ2. In comparison
with THz-TDS, we verify that THz-FDS is even more
powerful for gas-phase molecule spectroscopy applications.

In our measurements, we use a commercial TeraScan
780 system (Toptica) with two fiber-coupled GaAs log-
spiral PCAs as the emitter and detector?!, respectively,
as shown in Fig. 1. There are two DFB lasers with
built-in optical isolators and fiber-optic beam combina-
tions. The central wavelengths of the two lasers are 783
and 785 nm, respectively. The laser power per two-color
fiber output is >40 mW. The typical frequency stability
per laser is 20 MHz root mean square (RMS), 100 MHz
peak-to-peak (p-p) at 5 h. The laser size and weight for
two laser heads with each dimension are 80mm X
80mm x 270 mm and 2 kg, respectively. The CW spec-
trometer has a difference frequency tuning of 0.05-
2.0 THz with a tuning speed up to 100 GHz/s. The
absolute frequency accuracy is 2 GHz. The generated
THz waves are with left-handed polarization with 2 pW
at 0.1 THz and 0.3 pW at 0.5 THz. For the stability of
the radiated THz waves, the system has a dynamic range
(300 ms integration time) up to 80 dB at 100 GHz and
70 dB at 500 GHz, respectively. Four 90° off-axis parabolic
mirrors are assembled to collimate and focus the emitted
THz beam with high-precision position adjustment for co-
herent detection. This extends the interaction path and
prepares for the future measurement of solid samples.
The path length of THz-gas molecular interaction is calcu-
lated from the emission antenna to the detection antenna,
and the whole THz beam path is ~846.4 mm, which in-
cludes four parabolic mirrors with focal lengths of
101.6 mm, two collimated radiation paths of 190 mm,
and two THz silicon lenses with focal lengths of ~30 mm.

Bias Voltage

DLC Smart

Fig. 1. Schematic of the THz-FDS.

The measured photocurrent at the detecting PCA not
only depends on the amplitude of the generated THz elec-
tric field but also the phase difference between the THz
waves and the detecting optical beat signal. Several meth-
ods can be employed to improve the spectral resolution.
Hilbert transformation is a suitable method to acquire
the envelope and instantaneous phase from such a signal
in our system™. It can calculate the envelope and phase of
all the points in the data, not just the extremes. By using
Hilbert analysis!?, the resolution can be enhanced to
several MHz, which is limited by the line-width and
the stability of the two beating semiconductor lasers. The
interaction length in our system is ~846.4 mm, and the
conventional spectral resolution is ~235 MHz, as shown
in the inset of Fig. 2.

Traditionally, the frequency resolution is calculated by
the formula of Af = ¢/(2AL), where c is light speed, and
AL is the difference between the optical paths, which is the
difference of two optical paths from the laser combiner to
the receiver, as shown in Fig. 1. In this work, we use Hil-
bert transformation to analyze the data, and the spectral
resolution can reach 14 MHz, which also is the frequency
step in our measurement. More details for the determina-
tion of the frequency resolution can be found in
Refs. [18,19].

To demonstrate the capability of the high-resolution
CW THz spectroscopy, we measure the water vapor
absorption at different RHs. There is no gas cell covering
the THz propagation, and no dry nitrogen purging is used.
The system is not sealed, and the environmental RH and
temperature are measured by a commercial temperature
hygrometer during the whole measurement process.

Figure 2 illustrates the acquired original data at RH
33.5% and the highlighted envelope of data. The oscilla-
tion in the envelope is caused by the Fabry-Pérot (FP)
interference between the interfaces in the system, such
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Fig. 2. Atmospheric water vapor transmittance signal measured
by THz-FDS. The RH is 33.5%. The inset shows the obtained
high resolution of 0.2 GHz.
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as the surfaces between silicon lens and air, fibers and
connectors.

In order to acquire a transmittance spectrum of some
materials, a reference is needed, but getting rid of the
water from the atmosphere is difficult for our open equip-
ment. We try to manually normalize the data by curve
fitting, as shown in Fig. 3. The original data is at the
RH of 7.5%. The equation used for fitting is in Ref. [25] as

8 8

B o« Iy = ag + Z a, cos(nCf) + Z b, sin(nCf),
n=1 n=1

(1)

where a,, b,, and C are the unknown parameters, f is the
frequency, and I,y is the fitted photocurrent curve, which
is in direct proportion to the THz electric field E1p,g-
Thus, the transmittance follows

g (I phO) 7 (2)
where I, is the measured photocurrent. The results are
shown in Fig. 4. The information system spectroscopy
of atmospheric gases (SPECTRA) offers a useful tool
for the simulation of mixed gases?”. The simulation results
in Fig. 4 well match the measured data. The difference
may be caused by errors in the measurement of tempera-
ture and humidity, and the deviation in frequency is due
to the instability of the lasers. As shown in Fig. 4, there are
~16 absorption peaks that can be identified, which also
agrees very well with the results measured on THz-
TDS, which will be discussed in the following. The absorp-
tion lines located at ~0.558, ~0.753, and ~0.989 THz are
obviously resolved. The absorption bands located around
1.6 THz are also observed, but not so well resolved due to
low SNR and extremely strong absorption. This noise can
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Fig. 3. The gray curve is the envelope of the atmospheric water
vapor transmittance signal, the blue one is the smoothed curve,
and the red one is the fitted curve regardless of the absorption
peaks. The RH is 7.5%, and the temperature is 24.8°C.
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Fig. 4. The gray curves are the transmittance spectra of the
atmospheric water vapor, the red curves are the smoothed re-
sults, and the green curves are the simulated results of SPEC-
TRA. (a) The whole spectrum from 0.05 to 2 THz. (b), (c),
and (d) Parts of the spectrum. The RH is 7.5%, and the temper-
ature is 24.8°C (234.9 Pa).

be reduced by a long integration time. In Fig. 4, the peaks
of the original transmittance at ~0.989 THz almost
cannot be identified, but the smoothed curve in Fig. 4
shows a clear figure of this peak. The narrow peaks at
~1.52 and ~1.98 THz are caused by the noise. At high fre-
quency, this error happens more frequently. Therefore, our
system is suitable for p-p of ~230 Pa (1.7 Torr) or even
under 200 Pa.

In order to compare the THz spectroscopy of water
vapor measured with both time-domain and frequency-
domain spectrometers, a conventional home-made THz
time-domain spectrometer is employed to measure the
absorption of water vapor with different RHs. A low-
temperature grown GaAs PCA is used to generate THz
pulses, and a ZnTe crystal is applied for electro-optic sam-
pling measurement. The emitted THz frequency range is
0.2-2.5 THz with a high dynamic range of >5000. The
scanning time window is limited by the THz reflection
from the GaAs PCA and the ZnTe detector. Therefore,
the time window is 40 ps with a corresponding frequency
resolution of 33 GHz.

In order to verify the sensitivity of THz-FDS, we
measure the atmospheric water vapor absorption
of 7.5% +0.6%, 12.0% +0.9%, 26.0% + 0.8%, 33.5% +
0.7%, and 40.2% 4+ 1.6%. The temperatures of them
are 24.8°C+0.2°C, 25.0% £0.4°C, 25.0°C +0.3°C,
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Table 1. Partial Pressure

Relative Partial
Temperature Humidity Pressure
(°C) () (Pa)
24.8 7.5 234.9
25.0 12.0 380.4
25.0 26.0 824.2
25.5 33.5 1094.0
26.5 40.2 1392.8

25.5°C £ 0.2°C, and 26.5°C +£ 0.2°C. The calculated p-p is
shown in Table 1, and the results are shown in Fig. 5. Due
to crowded absorption lines and strong absorption coeffi-
cients at higher frequencies, it is very difficult to obtain
obviously resolved water vapor absorption lines for the
frequencies. The other reason is the output power of the
THz emitter at higher frequencies is relatively low, less than
0.1 pW. The water vapor absorption signatures reduce
when the RH decreases. For the three lower frequencies
of ~0.558, ~0.753, and ~0.989 THz, they can hardly be
detected when the RH is ~7.5%. Figure 5(b) exhibits the
enlarged absorption lines at 0.558 THz measured for
RHs of 40.2%, 33.5%, 26%, 12%, and 7.5%, respectively.
The frequency difference between the simulated results
and the measured ones may be caused by the influence
of water clusters?. The water clusters in high humidity
may have special properties.
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Fig. 5. (a) Water vapor transmittance spectra measured by
THz-FDS at RHs of 40.2%, 33.5%, 26%, 12%, and 7.5%, respec-
tively. (b) The enlarged view of the transmittance spectra at
0.558 THz for different RHs. Green, measured results; red, simu-
lated results; blue, smoothed result.

When the RH decreases, the interference signals from
the standing waves of the system caused by the FP effect,
for example, from the interface between the air and the
silicon lens, turn out to be dominant. This noise limits
the system’s ability for trace substance. Up to now, there
is no good way to eliminate these phenomena. In our case,
we try to remove the oscillations by converting the spec-
trum to a calculated time-domain signal, where the
oscillations and main signal can be distinguished by the
intensity. This method is like Fourier self-deconvolution
(FSD)Z. The differences are that FSD is suitable for
the absorption spectroscopy, but, in our work, the
targeted data is the original data, which contains the
transmission coefficient spectrum. The results are shown
in Figs. 3, 4, and 5(b).

During our experiments, we find that the THz-FDS is
very sensitive to the RH. Therefore, it may become a
highly sensitive remote monitoring system for water
vapor, especially in some specific conditions, such as
vacuum chambers, high altitudes, and outer space water
vapor detection. For the fact that the temperature differ-
ence of the five data is small, we can get the peaks’ trans-
mittance changed with RH at 0.558, 0.753, and 0.989 THz.

In Fig. 6, for the three frequencies, the transmittance
decreases with RH and frequency. The error at RH
7.5% is caused by the low SNR, which is due to FP inter-
ference. RH cannot directly represent the amount of water
vapor, but, in our results, the deviation of temperature is
low, so the RH is approximately in direct proportion to the
p-p- In our system, 0.558 T'Hz is near the peak intensity of
the source output energy, so the signal is strong, and the
absorption of water is large enough for identification
under the effect of FP interference. It means that the ab-
sorption peak at 0.558 THz is more appropriate for remote
sensing of atmospheric water vapor in this system.

In order to verify the absorption lines of water vapor
and compare the capability between pulsed THz sources
and CW THz sources, a conventional THz-TDS is applied
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Fig. 6. Transmittance at 0.558, 0.753, and 0.989 THz for differ-
ent RHs of 40.2%, 33.5%, 26%, 12%, and 7.5%, respectively.
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Fig. 7. (a) Measured THz temporal waveform of the atmospheric
water vapor (blue curve) and vacuum (red curve), and (b) the
corresponding Fourier transform spectrum of the two kinds of
environments, respectively.
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Fig. 8. (a) Merged spectra of atmospheric water vapor measured
by THz-TDS and THz-FDS. (b) Comparison of the zoom in
graph for the absorption line at 0.558 THz.

to measure the water vapor. Figure 7 provides the typical
THz temporal waveforms and their corresponding spec-
trum. For a better resolution, we choose the longest time,
where the reflection signal can also be measured, as shown
in the temporal waveform of the vacuum in Fig. 7(a). Due
to limited resolution, the lower-frequency absorption lines
at 0.558, 0.753, and 0.989 THz can be observed but not
well resolved. Further comparison between THz-FDS
and THz-TDS is summarized in Fig. 8. The spectrum
of the THz-FDS is measured at the RH of 33.5%. We
can see in Fig. 8(a) that almost all the absorption lines
can be measured in the two systems. However, the
THz-FDS has obviously much higher frequency resolu-
tion, resulting in more points and accurate measurements,
referring to Fig. 8(b). This is very important for gas-phase
spectroscopy, in which high-resolution is needed for
material identification.
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