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INSTRUMENTATION AND MEASUREMENT

Frequency-modulated continuous-wave multiplexed gas sensing
based on optical frequency comb calibration

Linhua Jia(贾琳华), Xinghua Qu(曲兴华), and Fumin Zhang (张福民)†

State Key Laboratory of Precision Measurement Technology and Instruments, Tianjin University, Tianjin 300072, China

(Received 17 May 2024; revised manuscript received 6 June 2024; accepted manuscript online 19 June 2024)

Laser absorption spectroscopy has proven to be an effective approach for gas sensing, which plays an important role
in the fields of military, industry, medicine and basic research. This paper presents a multiplexed gas sensing system based
on optical frequency comb (OFC) calibrated frequency-modulated continuous-wave (FMCW) tuning nonlinearity. The
system can be used for multi-parameter synchronous measurement of gas absorption spectrum and multiplexed optical
path. Multi-channel parallel detection is realized by combining wavelength division multiplexing (WDM) and frequency
division multiplexing (FDM) techniques. By introducing nonlinear optical crystals, broadband spectrum detection is simul-
taneously achieved over a bandwidth of hundreds of nanometers. An OFC with ultra-high frequency stability is used as
the frequency calibration source, which guarantees the measurement accuracy. The test samples involve H13C14N, C2H2
and Rb vapor cells of varying densities and 5 parallel measurement experiments are designed. The results show that the
measurement accuracies of spectral absorption line and the optical path are 150 MHz and 20 µm, respectively. The scheme
offers the advantages of multiplexed, multi-parameter, wide spectrum and high resolution detection, which can realize the
identification of multi-gas components and the high-precision inversion of absorption lines under different environments.
The proposed sensor demonstrates great potential in the field of high-resolution absorption spectrum measurement for gas
sensing applications.

Keywords: frequency-modulated continuous-wave (FMCW) technology, optical frequency comb, multiplex-
ing, absorption spectroscopy

PACS: 42.15.Eq, 06.20.–f, 42.62.Fi, 42.62.–b DOI: 10.1088/1674-1056/ad5980

1. Introduction
Laser absorption spectroscopy has been utilized for trace

gas detection,[1,2] industrial pollution monitoring,[3] military
target detection[4] and combustion field diagnosis,[5] due to
its ability to measure the electromagnetic field related to the
internal energy distribution and energy level transition of the
measured object. Since it offers the advantages of non-
contact, high sensitivity, high resolution, and in-situ online
detection, it has become one of the most widely used spec-
tral detection methods.[6] In the traditional detection scheme,
the optical path measurement is pre-determined and inde-
pendent of the absorption spectrum. However, in complex
or unknown environments such as engine combustion cham-
ber measurement,[7] industrial pollution emission[8] and gas
pipeline gas monitoring,[9] it is challenging to accurately carry
out gas detection using pre-calibrated optical paths. In ad-
dition, the detection scheme of single target point or single
path is not suitable for large-scale or complex scenes. At
present, techniques such as tunable diode laser absorption
spectroscopy (TDLAS) are based on tunable semiconductor
lasers with narrow laser line width and wavelength varying
with injection current.[10,11] This method can achieve the con-
centration accuracy of ppm level, and realize the distinction of
aliasing absorption lines in complex gas fields.[12] However,

this scheme can only obtain a narrow band scan of one ab-
sorption spectral line. Additionally, it does not have the ability
to capture range-resolved information and can only perform
line-of-sight measurement. Dual-comb spectroscopy (DCS)
overcomes these drawbacks by using two femtosecond opti-
cal frequency combs with slightly different repetition rates for
optical heterodyne detection.[13,14] This strategy enables high-
precision measurement of absorption spectra with a bandwidth
of tens to hundreds of nanometers without the need for me-
chanical scanning or dispersive elements. However, it is chal-
lenging to achieve multiplexed detection with the DCS system
in a single photodetector unit configuration. It requires a com-
plex frequency stabilization phase locking system to maintain
frequency stability and high coherence between dual comb
light sources, which greatly increases the complexity and cost
of the system. Therefore, achieving a high-precision laser ab-
sorption spectrum measurement system that can realize ultra-
high resolution gas component detection, high-precision opti-
cal path measurement and multiplexing can be extremely ad-
vantageous.

The frequency-modulated continuous-wave (FMCW)
technology can combine the advantages of high-precision de-
tection of absorption spectroscopy and active detection ability
of laser radar.[15–17] This merger has been gathering attention
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in the field of laser coherence detection as it can meet the re-
quirements of multiplex detection of absorption spectral infor-
mation and multiplexed optical path. The basic principle of
laser absorption spectrum detection based on FMCW involves
the use of a linearly modulated continuous-wave (CW) laser,
where the absorption spectral lines of different components on
the integral path are retrieved by detecting the coherent signal
and local oscillator of the echo. The light source uses a long
light pulse with continuous frequency tuning, which enables
the bandwidth to reach tens of nanometers. The combination
of wavelength division multiplexing (WDM) and frequency
division multiplexing (FDM) schemes can realize multiplexed
measurement using a single light source and a single detection
unit, where different gas components can be resolved under
different paths. Due to rapid development of nonlinear op-
tics and optoelectronics technology, FMCW can be combined
with specific crystals to achieve efficient laser frequency con-
version and spectrum expansion, which increases the range
of detected gases and expands the application scope.[18,19]

Compared with the traditional direct absorption method, the
FMCW method sinusoidally modulates the absorption infor-
mation, which not only facilitates a high signal-to-noise ratio
(SNR) spectral measurement, but also achieves optical path
resolution with micron level accuracy.[20,21]

In addition, the use of an optical frequency comb (OFC)
as the frequency calibration source of the FMCW absorp-
tion spectrum measurement system overcomes the tuning non-
linearity of the light source. An OFC can be considered
as a light source with a broadband spectrum that is com-
posed of a series of discrete, fixed and equispaced frequency
components, where the phase relationship between the fre-
quency components is stable.[22–24] Such a source can pro-
vide a wide spectrum laser that is traceable to the microwave
frequency reference for the calibration of the laser frequency
to be measured.[25,26] Using OFC as a reference for FMCW
frequency calibration achieves wide spectral range calibration
(∼ 100 nm) and high-frequency stability (10−12 @1 s) while
avoiding the dispersion problem caused by the auxiliary path
fiber in the traditional resampling scheme, and expands the
measurable optical range.

In this paper, an FMCW absorption spectrum detection
system is designed based on the OFC nonlinear calibration.
The system can realize the simultaneous high precision mea-
surement of absorption spectrum and multiplexed optical path.
Compared with the traditional device, multiplexed detection
in a single detection unit is realized based on the principle
of WDM and FDM by introducing a coarse wavelength di-
vision multiplexing (CWDM) device. Combined with peri-
odically polarized lithium niobate (PPLN) crystal, the device
can achieve the wide spectrum detection across several hun-
dreds of nanometers, and can simultaneously detect the molec-

ular and atomic absorption spectra. As a frequency calibration
source, OFC has the characteristics of large bandwidth, narrow
line width, high frequency accuracy and excellent timing sta-
bility, which guarantees a high degree of measurement accu-
racy. The proposed scheme makes full use of the interference
information of the measurement path signal for the calcula-
tions. Herein, the phase information is used to calibrate tuning
nonlinearity; the frequency information is used to calculate the
optical path; and the amplitude information is used to analyze
the absorption spectrum. The device described in this paper
can realize pm-level absorption line detection and µm-level
optical path measurement. Overall, the system has the ad-
vantages of multi-parameter, wide spectrum, high precision,
multi-gas component and multi-channel synchronous online
measurement, and exhibits high resolution and high selectivity
for the characteristic spectrum detection of the target gas. The
scheme demonstrates a new method for gas absorption spec-
trum analysis, which overcomes existing technical problems
encountered in current systems.

2. Measurement principle
2.1. FMCW multi-parameter measurement based on OFC

nonlinear calibration

The Beer–Lambert law is the cornerstone of laser absorp-
tion spectrum measurement.[27] When the laser beam passes
through a gaseous medium, the light intensity will attenuate
due to the absorption of the gas. The formula for calculating
absorbance A can be expressed as

A = ln
(

1
T

)
= KLC, (1)

where T is the transmittance, and K is the absorption coeffi-
cient that is related to parameters such as temperature, pres-
sure, type of gas and incident laser frequency. L is the ab-
sorption path and C is the gas concentration to be measured.
Therefore, the absorption spectrum information of the gas to
be measured can be obtained by using a frequency-modulated
(FM) light source, tuning the incident laser frequency and de-
tecting the transmitted light intensity. By accurately inverting
and fitting the absorption spectral line, the gas type can be
identified and its concentration can be determined along with
temperature, pressure and other parameters in the measured
integral path.

Figure 1(a) shows the optical path diagram of FMCW
absorption spectrum measurement. FMCW laser emits a
triangular-wave frequency-modulated laser whose frequency
changes in a periodic triangle; it increases and then period-
ically decreases. Only the previous half cycle is used as an
example here. After splitting the beam, the outgoing laser
enters the Mach–Zehnder interferometer (MZI) measurement
path and the tuned nonlinear calibration path based on OFC.
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In the measurement path, the FM laser divides the beam again.
One beam returns to the original path after passing through the
measurement path and combines the beam with the other lo-
cal oscillator light through the coupler to introduce an optical
path difference of 2L. In the calibration path, the FM laser
interferes with OFC. The two-channel beat frequency signal
is detected by the photodetectors. The signal detected at the
measuring channel can be expressed as

I(t,τ) =V ·
√

i0i · cos
[

2π ·
∫ t+τ

t
fFM(t)dt

]
, (2)

where V is a constant, i0 is the local oscillator light intensity
of the measuring path, and i is the light intensity of the path to
be measured. fFM is the frequency of the FMCW light source
that changes over time. τ is the delay introduced by the optical
path in the measuring path, given by τ = 2L/c with the optical
path L to be measured. f0 is the initial frequency of the FM
laser, α is the modulation rate and c is the speed of light in
a vacuum. In an ideal scenario, fFM(t) = f0 +αt. The inter-
ference signal of the measurement path is a sinusoidal signal
with a fixed frequency, given by fM = ατ .
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Fig. 1. Schematic diagram of FMCW measurement. (a) Schematic diagram of optical path. CP, coupler. CIR, circulator. PD, photodetec-
tor. (b) Schematic of nonlinear calibration. (c) The reflection peak in the pseudo time domain based on discrete Fourier transform (DFT).
(d) Absorption lines based on inverse Fourier transform (IFT).

However, the actual laser output deviates from an ideal
linear modulation signal due to nonlinear effects in the fre-
quency modulation, which needs to be corrected. Suppose that
the phase of the measuring signal is ϕM. If higher order Tay-
lor terms are ignored, the relationship between ϕM and fFM is
a primary function with a coefficient k = 2πτ .[28] Therefore,
in the case of instantaneous ϕM and fFM measurement, the
least square method is used to fit the first function of fFM–ϕM

in order to solve for k. ϕM can be solved directly by Hilbert
transform (HT) and fFM can be calibrated by OFC.

For linear FM lasers, fFM is continuously tuned between
comb modes with equal frequency distribution. The beat in-
terference signals of the two can be detected by the pho-
todetector, where the frequency fA of the interference signals
varies between 0 and fr/2. The calibration point of equal fre-
quency interval at fA = 0 can be extracted by filtering, self-
convolution and peak-seeking.

The schematic diagram of the principle of nonlinear cali-
bration is shown in Fig. 1(b), where the second quadrant rep-
resents the original time domain signal of the double optical
path. The third quadrant contains the calibration point of equal
frequency interval and corresponding ϕM, which has obvious
tuning nonlinearity.

The fourth quadrant contains the fFM–ϕM line obtained
by fitting. After nonlinear calibration, ϕM is theoretically a lin-
ear function. Therefore, the single frequency sinusoidal signal
shown in the first quadrant can be obtained by re-interpolating
the measurement path signal in Fig. 2(a). Since fFM changes

linearly with time after correction, the original time domain
signal is transformed into the pseudo-frequency domain here,
and the original time variable t is represented by the optical
frequency variable f in the first quadrant of Fig. 1(b). Equa-
tion (2) can be converted to

I( f ,τ) =V ·
√

i0i · cos(2πτ f ). (3)

On this basis, DFT calculation is carried out to obtain the
pseudo-time domain signal shown in Fig. 1(c), whose peak
position corresponds to the delay τ to be measured. The M
data points are intercepted symmetrically on the left and right
sides of the reflection peak, and the window function filter-
ing is performed. IFT is applied to the filtered data to re-
store the timing information, and the absorption spectral curve
in the optical frequency domain is obtained,[29] as shown in
Fig. 1(d). The resolution of DFT is directly related to the
sweep frequency range B of FMCW and can be expressed as
∆τ = 1/B. Therefore, the optical path to be measured can be
expressed as L = cτ/2, and the optical path measurement res-
olution is ∆L = c/(2B). The resolution of IFT also depends on
the number of points M involved in the calculation, which can
be expressed as ∆ f = B/M, that is, the spectral measurement
resolution.

2.2. Multiplexed detection and frequency doubling detec-
tion

Although multiplexing is more complex compared to sin-
gle channel measurements, it can greatly improve the mea-
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surement efficiency and facilitate the construction of mon-
itoring networks. By FDM[30] of measurement signals, or
WDM[31,32] of linearly tuned light sources, multi-target point
differentiation and multiplex detection can be achieved. The
realization of FDM can be achieved using couplers and other
spectral devices at the detection end to split the detection light
into multiple beams, as shown in Fig. 2(a). According to
Eq. (2), the measurement signal of the N-channel parallel mea-
surement system can be expressed as

IN(t,τ) = V
N

∑
k=1

{√
i0ik cos

[
2π

∫ t+τk

t
fFM(t)dt

]}

+V
N−1

∑
x=1

N

∑
y=x+1

{√
ixiy cos

[
2π

∫
τy

τx

fFM(t)dt
]}

, (4)

where ik (k = 1,2, . . . ,N) is the return light intensity of the
k-th path in the measurement path, and τk is the delay intro-
duced by the k-th path. The measurement interference signal
is a superposition of multiple sinusoidal signals. Ideally, the
frequency component of the k-channel interference signal is
fk = ατk. Therefore, different targets can be directly distin-
guished due to differences in their distances. However, this
measurement method can introduce harmonic crosstalk, which
will decrease the SNR of the signal as the number of chan-
nels is increased. This is where the combination of WDM
technology can be beneficial, whose principle is shown in the
schematic in Fig. 2(b). The separation of optical signals of dif-

ferent frequencies can be realized by introducing devices such
as CWDM or gratings.

In conjunction with multiplexing, optical parametric con-
version or harmonic generation of nonlinear crystals can be
utilized for cross-band absorption spectrum detection. Using
this strategy, the system can be utilized for measuring many
kinds of molecular and atomic gases, thereby expanding its ca-
pabilities beyond single objects. Here, the laser external cav-
ity resonant frequency multiplier of PPLN crystal is taken as
an example. As shown in Fig. 2(c), the frequency doubling
process of a beam of fundamental frequency ω light can be di-
vided into two steps: firstly, a polarized wave with frequency
2ω is generated. The phase velocity νω of the polarized wave
in the center of the frequency doubling crystal depends on the
refractive index nω of the fundamental frequency, with the
wavelength λ1 = c/(2νω nω). Secondly, the energy is con-
verted from the polarized wave to the frequency 2ω electro-
magnetic wave. The phase velocity ν2ω of the electromagnetic
wave is determined by the frequency-doubling optical refrac-
tive index n2ω , with the wavelength being λ2 = c/(2ν2ω n2ω).
In order to achieve effective energy conversion between the
two, it is necessary to ensure that the frequency-doubled light
and the polarized wave are in phase. PPLN crystal is a highly
efficient non-linear crystal with wavelength conversion, which
has a wide transmission range, covering the near and mid in-
frared region. Efficient phase matching and laser frequency
doubling can be realized by proper temperature regulation.

A

f

t

A

f

t
ω

ω

ω

2ω

2ω

(a) (b) (c)

Fig. 2. Schematic diagrams of (a) FDM, (b) WDM, and (c) PPLN frequency doubling crystal.

3. Measurement system
Figure 3 shows a 5-channel parallel measurement de-

vice, which is composed of FMCW and OFC light source,
measurement optical path and signal acquisition equipment.
The experimental system is built on the optical test platform
within an ultra-clean laboratory. The optical path includes
the dual MZI measurement path, the frequency marking path
based on H13C14N (HCN) cell, and the calibration path based
on OFC. Different densities of HCN, 12C2H2(C2H2) and Rb
cells along with different delays are introduced into the mea-
suring optical path to verify the multiplexing and wide spec-
trum measurement capability of the system. A tunable laser
(Keysight 8164B) is programmed to scan the frequency range
of 1525 nm–1575 nm at the rate of 100 nm/s, which in-
cludes several absorption peaks of HCN and C2H2 cells to
be measured. A home-made mode-locked fiber OFC, whose

fr is strictly locked to a rubidium atomic clock,[25,33] serves
as a calibration source for tuning nonlinearity and can fully
cover the FMCW sweep range with a repetition frequency of
200.15 MHz and a frequency stability better than 2.4×10−12

at 1 s. It should be noted that the role of the frequency mark-
ing path is used to collect the complete absorption peak signal
of R26–R0 and P1–P27 of HCN (25 torr, 5.5 cm), and the
specific wavelength value of its peak point is provided by Na-
tional Institute of Standards and Technology (NIST).[34] The
corresponding values of the entire dataset at different sampling
points can be obtained using Savitzky–Golay (SG) filtering
and Gaussian fitting, and the calibration of the tunable laser
wavelength can be realized.[35,36] The interference light signal
is detected by four balance detectors (Thorlabs PDB), and the
detection bandwidth is limited to 45 MHz. The data is cap-
tured and recorded by an oscilloscope (Tektronix MSO64).
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In the dual MZI measurement optical path, a four-channel
parallel detection is carried out, denoted by CHa–CHd in
Fig. 3. CWDM is used to realize the multi-channel detec-
tion of WDM. The central wavelengths of the three outgo-
ing terminals are 1570 nm, 1550 nm and 1530 nm, and the
passband bandwidth of −3 dB is 10 nm. In order to verify
the optical path measurement accuracy of the system, CHa in-
troduces a spatial ranging optical path. The reflection corner
cone prism is placed on the horizontal guide rail serving as a
target point. The reflection corner cone prism has an isosce-
les right angle prism structure, which changes the propagation
direction of the reflected beam by 180◦ and returns it to the
original path. Another corner cone is placed on the back of
the target corner cone, which is used to calibrate the displace-
ment with the incremental laser interferometer (Renishaw XL-
80) with nanometer precision. The laser beam of the interfer-
ometer is collinear with the spatial light beam of the ranging
system. When the target moves, the ranging system and the
interferometer will theoretically detect the same displacement
value, and comply with the Abbe principle of length measure-

ment, thus eliminating single error interference. CHb and CHc
adopt the FDM detection mode comprising of different den-
sities of HCN (25 torr, 16.5 cm and 100 torr, 16.5 cm) gas
cells to ascertain the high-precision spectral inversion ability
of the system. CHd incorporates HCN (25 torr, 16.5 cm) and
C2H2 (50 torr, 5.5 cm) cells for determining the resolution
ability of the system for multi-component gas mixtures. The
other MZI uses the Rb (72.15% 85Rb and 27.85% 87Rb mixed)
atomic cell, which is denoted as CHe in Fig. 3. The central
wavelength of the filter is set to 1560 nm, whereas the pass-
band bandwidth is set to 5 nm. After the tunable laser passes
through the MgO: PPLN crystal, the frequency can be dou-
bled directly to obtain a tunable laser in the 780 nm band. The
PPLN chip is integrated and packaged with a fiber-coupled in-
terface, and is controlled by a proportional-integral-derivative
(PID) temperature controller with an accuracy of 0.01 ◦C.
Both MZI optical paths of different optical frequency bands
can share the same calibration optical path signal to realize
tuning nonlinear calibration.

CWDM

CIR

CHd

Collimating mirror Cube-corner prism

 Interferometer

CHc

CHb

CHa

CHe

EDF

SESAM

980/1550

WDM

PC

OFC

BPD

CP

HCN cell

Delay line

Reflector

Oscilloscope

FMCW laser

C2H2 cell

TC

PPLNFilter

Rb cell

BPD

980 nm
pump

Fig. 3. Experimental system diagram. PC, polarization controller. EDF, erbium-doped fiber. SESAM, semiconductor saturable absorber mirror.
BPD, balanced photodetector. TC, temperature controller.

4. Experiments and discussion
4.1. Nonlinear calibration and high precision optical path

measurement

Sections of the original time domain waveforms corre-
sponding to the 5 channels, namely, CHa–Che are shown in
Figs. 4(a)–4(d). Figure 4(e) shows sections of the time-domain
waveforms corresponding to the frequency marking and cal-
ibration paths, including the extraction of calibration points
and the fitting results of the absorption peaks of the frequency
marking paths. Figure 4(f) shows the spectral diagram of OFC,
whose bandwidth can fully cover the scan frequency range of
1525 nm–1575 nm, meeting the requirement of frequency cal-
ibration. Since the tunable laser scans the frequency range

of 1525 nm–1575 nm at the rate of 100 nm/s, and the repe-
tition frequency of OFC is 200.15 MHz. Therefore, the cali-
bration peak of the auxiliary interference optical path appears
at a frequency of approximately 62.36 kHz. Approximately
31180 calibration peaks will be used for fFM–ϕM fitting dur-
ing a 50 nm scan cycle, enabling the frequency nonlinear cali-
bration.

Accurate extraction of calibration points is the key to en-
suring the measurement accuracy. Here, the interference beat
signal of the calibration path is self-convolved.[37] The pro-
cess of convolution is the process of multiplying the inter-
ference signal and its corresponding points and summing the
product, which can also be regarded as the result of weighted
summing, which can achieve noise suppression and feature
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enhancement in signal processing. The position point corre-
sponding to the maximum value of the self-convolved value
is then extracted, which is the equifrequency interval calibra-
tion point fA = 0. The frequency standard path is the direct
absorbed signal of HCN, which is removed by SG filtering.
Gaussian fitting is subsequently performed to obtain the ab-
sorption spectral line. The position of the extracted absorption
peak value corresponds to the standard absorption wavelength
provided by NIST standard reference data.
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Combining the phase of the measurement path, the cali-
bration points of the auxiliary path and the standard optical fre-
quency information of the frequency standard path, the fFM–
ϕM line can be fitted by using the least-squares method, and
the result is shown in Fig. 5(a). The residual difference be-
tween the fitted line and the original curve reflecting the tuning
nonlinearity of the light source is also shown in Fig. 5(a). Ac-
cording to different fFM–ϕM lines, the time domain signal can
be interpolated and fitted according to the method described in
Fig. 2, and the pseudo-frequency domain signal with a single
frequency can be obtained.

DFT is performed on the obtained single-frequency sinu-
soidal signal to obtain the single-peak distance spectrum, as
shown in Fig. 5(b). Different peak points correspond to differ-
ent reflection peak positions, that is, the optical path to be mea-
sured. Figure 5(b) also shows the DFT results before nonlinear
calibration. It can be seen that with the increase of the distance
to be measured, the broadening of the range spectrum caused

by nonlinearity becomes more and more serious. After non-
linear calibration, the single-peak signal is presented, which
effectively inhibits the spectrum broadening and eliminates the
nonlinear effect. In order to ascertain the high precision op-
tical path measurement ability of the system, the cube-corner
prism in CHa path is moved and the optical path measurement
experiment of 6 position points is carried out in the path range
of 20 m. The measurements are repeated 10 times at each po-
sition, while the oscilloscope data and the laser interferometer
indication for calibration are recorded. The calculated optical
path takes the standard value of c = 299792458 m/s. The cal-
culated result is the absolute optical path. The experiment is
carried out in a super-clean laboratory with constant tempera-
ture and humidity. The laser interferometer has temperature,
humidity, and pressure measurement functions. Therefore, the
environmental parameters can be measured in real time. Then,
the numerical calibration between the optical path and the
distance can be carried out according to the Edlen formula.
Therefore, the result can be used as the standard of optical
path measurement. Figure 5(c) shows the reflection peaks
corresponding to 6 different positions, and the correspond-
ing range-measuring error bar curves are shown in Fig. 5(d).
According to the formula ∆L= c/(2B), the corresponding the-
oretical optical path measurement resolution is approximately
120 µm. Since the FMCW laser source is modulated by trian-
gular waves, a single modulation cycle comprises two linear
frequency modulation processes. Furthermore, the final result
is the average of the measured data over 10 modulation cycles.
It can be seen from the experimental results that the standard
deviation of the optical path measurement is less than 10 µm,
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and the maximum displacement error of the average value of
10 measurements at each point is less than 20 µm compared
with the standard value. These results establish that micron
level measurement accuracy is realized, thereby verifying the
positioning capability of the system for the measured target
point.

4.2. Multiplexed molecular absorption spectrum measure-
ment

The absorption spectrum information is retrieved by IFT
for obtaining distance spectrum data. 5000 points near the re-
flection peak of the five signals are symmetrically intercepted
for IFT calculation, and the mode square is taken to obtain the
transmitted signal. The absorption line with normalization and
interpolation fitting is shown in Fig. 6. Among them, CHb and
CHc contain HCN cells of different densities, CHd contains
both HCN and C2H2 cells, and CHe contains an Rb cell, thus
showing corresponding absorption spectral lines.
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Fig. 6. Inversion results of multiplexed absorption spectra.

Firstly, the measurement accuracy of molecular absorp-
tion spectrum is analyzed. Figures 7(a) and 7(b) show the
absorption spectrum waveform and the error bar curve of the
absorption peak frequency measurement of the CHd channel,
respectively. The wavelength ranges of R11–R25 containing
HCN and P16–P1 containing C2H2 are selected for analysis.
According to the formula ∆ f = B/M, the frequency resolu-
tion is 250 MHz. The mean and standard deviation of 10 re-
peated measurements are calculated and their values are com-
pared with the values given by NIST standard reference data
to obtain the error bar curve. The results show that the indi-
cation error of the absorption peak frequency measurement is
less than 150 MHz, which proves that the system can realize
the pm-level high precision gas absorption spectrum detection
and accurately distinguish the different components in the gas
mixture.

Figure 8 shows the measurement results of 13 absorption
lines of P16–P4 of HCN for CHb and CHc. Figure 8(a) shows
the measured absorption lines. Figure 8(b) shows the error bar
curve of the absorption peak frequency measurement. It can be
seen that the indicated error of the absorption peak frequency
measurement is within 150 MHz. To further analyze the inver-
sion accuracy of absorption lines, a spectrometer (Yokogawa

AQ6370D) is used to record the spectral information of OFC
before and after passing through different HCN chambers. The
normalized result of the absorption spectral line can be used
as a reference standard value for measurement, as shown in
Fig. 8(d). Figure 8(c) shows that the residual difference be-
tween the measured spectral line and the reference spectral
line is within 0.04. This result verifies the ability of the system
to accurately obtain the gas absorption spectrum information
in the multiplexed measurement scenario.
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4.3. Laser frequency doubling atomic absorption spec-
trum measurement

The Rb gas cell used in the experiment contains 72.15%
85Rb and 27.85% 87Rb with natural isotope ratio, and its hy-
perfine structure is shown in Fig. 9.[38] Figure 10(a) shows the
absorption spectra of Rb obtained by experiment. Since the
incident and reflected light power through the Rb cell is less
than 100 µW and the power of the two beams of light is close,
the saturation absorption effect is not considered. The wave-
length of the laser after frequency doubling is near 780 nm,
and the corresponding frequency is 384.615 THz.
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Fig. 9. Energy level diagrams of (a) 85Rb and (b) 87Rb.

Therefore, only the 52S1/2 →52P3/2 transitions between
85Rb and 87Rb need to be considered. According to data in
Fig. 9 and Table 1, accounting for the Doppler broadening
of the absorption spectrum, the corresponding transition fre-
quencies of ground state 87Rb(F = 2), 85Rb(F = 3), 85Rb(F =

2) and 87Rb(F = 1) are about 384.228 THz, 384.229 THz,
384.232 THz and 384.235 THz, respectively, which are con-
sistent with the obtained absorption peak frequencies. And the
standard deviation of 10 repeated measurements is less than
50 MHz. Since the theoretical transition frequencies and the
measured values coincide well, the feasibility of FMCW fre-
quency doubling detection for realizing precise spectral line
resolution and sample component identification of atomic gas
chamber is verified.

Table 1. Intrinsic saturation absorption frequency of 85Rb and (b) 87Rb.

Ground state Excited state Spectral frequency (THz)

85Rb

F = 2
F = 3 384.232157
F = 2 384.232093
F = 1 384.232064

F = 3
F = 4 384.229242
F = 3 384.229121
F = 2 384.229058

87Rb

F = 1
F = 2 384.234683
F = 1 384.234526
F = 0 384.234545

F = 2
F = 3 384.228115
F = 2 384.227849
F = 1 384.227692

In addition, FMCW has the advantage of real-time on-
line measurement. For this study, a positive temperature co-
efficient (PTC) heating sheet is used to rapidly increase the
temperature of the steam cell from room temperature (25 ◦C)
to 40 ◦C in 30 s, with a time resolution of 0.65 s. As shown
in Fig. 10(c), the absorbed signal strength, Rb, gradually in-
creases, and spectral lines gradually widen with an increase in
temperature. The main reason is that the total atomic num-
ber density in the gas chamber shows an exponential growth

trend with an increase in temperature. However, the calculated
absorption peak frequency remains unchanged, which further
verifies the real-time dynamic measurement capability of the
system.
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Fig. 10. Absorption spectrum inversion results of Rb. (a) Rb absorp-
tion line. (b) The standard deviation of Rb broadening absorption peak
frequency measurement. (c) Results corresponding to measurements in-
volving a rapid temperature increase.

5. Conclusion
In summary, a FMCW multiplexed absorption spectrum

sensing device based on OFC calibration tuning nonlinearity
is implemented for precisely and synchronously measuring
the absorption spectrum and the multiplexed optical path for
multiple target points. Combined with the WDM characteris-
tics of the wide spectrum FMCW light source and the FDM
characteristics of the coherent detection signal, the number of
parallel measurement channels is greatly expanded. Further-
more, when combined with a PPLN frequency multiplier crys-
tal, the absorption spectrum can be detected across hundreds of
nanometers, which enables the simultaneous absorption spec-
trum measurement of molecular and atomic samples. A sta-
ble and broad-spectrum OFC is used as the calibration source
for tuning nonlinearity, and high-precision nonlinear calibra-
tion is realized. A single calibration signal can be used for
frequency calibration of all multiplexed channel signals at the
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same time. Firstly, the effect of frequency jitter of the light
source is removed by nonlinear calibration. Secondly, the op-
tical path value is obtained by DFT, and the multi-channel sig-
nal is distinguished. Finally, the IFT operation is performed
on the DFT signal to inverse the absorption spectrum. This
enables the multi-parameter measurements. The experimental
results from a 5-channel measurement system show that the
measurement accuracy of the absorption peak wavelength is
better than 150 MHz, and the optical path measurement accu-
racy can reach 20 µm. The system can realize the accurate in-
version of several types of absorption lines with different den-
sities. Furthermore, the identification of different gases can
be achieved in multi-gas component scenarios in continuous,
real-time and online measurement configurations. The system
is capable of wide spectrum, multi-component, high precision,
multiplexed and multi-parameter measurement. Additionally,
it has a large dynamic range and can support non-contact mea-
surements, which demonstrates strong adaptability to harsh
environments. The proposed gas sensing device demonstrates
practical value in the field of gas absorption spectrum detec-
tion and related instrument industry, and has application po-
tential in military, industrial and research applications.

Appendix A: Principle of frequency-modulated
nonlinearity calibration

Figure 1 shows the schematic diagram of the optical path
of FMCW absorption spectrum measurement. FMCW laser
emits a triangular-wave FM laser whose frequency changes
in a periodic triangle; it increases and then periodically de-
creases. Only the previous half cycle is used as an example
here. After splitting the beam, the outgoing laser enters the
MZI measurement path and the tuned nonlinear calibration
path based on OFC. In the measurement path, the FM laser
is divided into beams again. A beam returns from the orig-
inal path after passing through the path to be measured. As
an echo signal, the beam is combined with the other vibrating
light through the coupler, and the optical path difference is 2L.

Let the modulation bandwidth be B and the period be tT.
Ideally, the change of the outgoing laser frequency with time t
can be expressed as follows:

fFM(t) = f0 +αt, (A1)

where f0 is the initial frequency, and α = 2B/tT is the modu-
lation rate.

The instantaneous phase ϕM(t) can be expressed as fol-
lows:

ϕM(t) = 2π ·
t∫

0

fFM(t)dt +ϕ0

= 2π · t2 · α
2
+2π · f0 · t +ϕ0, (A2)

where ϕ0 is the initial phase.
Let the amplitude of the local oscillator light of the mea-

surement path be i0. Then, the laser electric field equation of
the local oscillator light can be expressed as follows:

ELO(t) = i0 · exp
{

j
[
2π · t2 · α

2
+2π · f0 · t +ϕ0

]}
. (A3)

Let the speed of light in a vacuum be c and the refractive
index of the medium be n. Compared with the local oscillator
light, the measured light passes through an optical path with
a distance of L, resulting in a delay τ = 2Ln/c. If the optical
amplitude of the return wave is i, then the echo signal can be
expressed as follows:

ESI(t,τ)

= i · exp
{

j
[

2π · (t + τ)2 · α
2
+2π · f0 · (t + τ)+ϕ0

]}
.(A4)

Local vibration and echo signals interfere in the coupler,
and photoelectric conversion is carried out by a photoelectric
detector. If E∗LO and E∗SI are the conjugate expressions of the
local oscillator light and the measured photoelectric field, the
light intensity of the interference signal changes as follows:

I(t,τ) = (ELO +ESI) · (E∗LO +E∗SI)

= |ELO|2 + |ESI|2 +2(ELO ·ESI)

×cos
[

2π ·
(

α

2
τ

2 + f0 · τ +α · τ · t
)]

. (A5)

When the signal is collected, the direct current (DC) com-
ponent is filtered out and simplified to

I(t,τ) =V ·
√

i0 · i · cos
[
2π ·

(
α

2
τ

2 + f0 · τ +α · τ · t
)]

, (A6)

where V is a constant coefficient. Since τ is usually less than
10−5, and α and f0 are more than 1013, ατ2/2 is much smaller
than the other two terms inside the cosine function; hence, it
can be neglected,

I(t,τ) =V ·
√

i0 · i · cos [2π · ( f0 · τ +α · τ · t)] . (A7)

Therefore, under ideal conditions, the standard cosine sig-
nal with frequency fM = ατ can be acquired by the data ac-
quisition system.

The actual laser output is not an ideal triangular modu-
lated signal. Let fe(t) be the modulation nonlinear term, then
the outgoing light frequency can be expressed as

fFM(t) = f0 +α · t + fe(t). (A8)

The local oscillator light entering the coupler and the mea-
sured photofield equations are expressed as

EMLO(t) = i0 · exp
{

j
[

2π · t2 · α
2
+2π · f0 · t

+ϕ0 +2π ·
t∫

0

fe(t)dt
]}

, (A9)

094201-9



Chin. Phys. B 33, 094201 (2024)

EMSI(t,τ) = i · exp
{

j
[

2π · (t + τ)2 · α
2
+2π · f0 · (t + τ)

+ϕ0 +2π ·
t+τ∫
0

fe(t)dt
]}

. (A10)

According to Eq. (A7), the change in the interference signal
light intensity of the filtered DC component is

I(t,τ) = V ·
√

i0 · i · cos
[

2π ·
(

f0 · τ +α · τ · t +
t+τ∫
t

fe(t)dt
)]

.

(A11)

Its instantaneous frequency is

fM(t) = ατ + fe(t). (A12)

According to Eq. (A8), equation (A11) can be reduced to

I(t,τ) =V ·
√

i0 · i · cos
[

2π ·
t+τ∫
t

fFM(t)dt
]
. (A13)

Fourier series expansion of the inner terms of the cosine
function with respect to t can be expressed as follows:

2π

t+τ∫
t

fFM(t)dt = 2π fFM(t) · τ +2π

+∞

∑
m=2

τ2

m!
· f m−1

FM (t). (A14)

Let VM =V ·
√

i0 · i, ignore the higher order of τ , and sub-
stitute Eq. (A13):

I(t,τ) =VM(t) · cos
[

2π · fFM(t) · τ
]
. (A15)

According to Eq. (A15), the phase of the ranging signal
ϕM can be expressed as

ϕM(t,τ) = 2π · fFM(t) · τ =
4π ·L ·n

c
fFM(t). (A16)

When the distance L to be measured remains constant,
ϕM and fFM are primary functions of each other connected by
k = 4π ·L ·n/c = 2πτ . Then

ϕM(t) = k · fFM(t). (A17)

For each change of fixed frequency ∆ f , the phase change
of the measurement path is ∆ϕM = k ·∆ f . Therefore, if ∆ f
is known and the corresponding time of each equifrequency
interval point can be extracted, the k value can be solved by
calculating the corresponding ϕM value and using the least-
square method to fit the straight line through the origin of
fFM–ϕM. Here, for the convenience of expression, equa-
tion (A17) is simplified to ϕ = k · f , and R sets of single
measurement data ( fp,ϕp) are used for line fitting. In the
application of the least-square method, the quadratic residual
sum of the measured value ϕ is required to be the smallest:

∑
R
p=1 ν2

p = ∑
R
p=1 (ϕp− k · fp)

2. Therefore, the derivative of
this equation with respect to k is 0. From this solution,

k =

R
∑

p=1
ϕp · fp

R
∑

p=1
f 2
p

. (A18)

Therefore, in the case of instantaneous ϕM and fFM mea-
surement, the first function of fFM–ϕM can be fitted by the
least square method to solve the k value. Parameter ϕM can be
solved directly by Hilbert transform, and fFM can be calibrated
by OFC.

The phase information can be obtained by using the
Hilbert transform to calculate the phase ϕM(t) of the mea-
suring circuit signal after achieving a π/2 phase shift. The
Hilbert transformation of IM(t) is equivalent to convolving it
with 1/(πt), obtaining the time-domain expression

hM(t) = IM(t)⊗ 1
πt

=
1
π

+∞∫
−∞

IM(τ)

t− τ
dτ. (A19)

Parameters IM(t) and hM(t) form conjugate complex
numbers for Cauchy principal value integrals. Hence, a new
analytic signal HM(t) can be obtained as

HM(t) = IM(t)+ j ·hM(t)

=
√

I2
M(t)+h2

M(t) · exp
[

j ·ϕM(t)
]
. (A20)

Therefore, the phase of the measuring signal ϕM(t) can
be solved by the inverse tangent transform

ϕM(t) = arctan
[

hM(t)
IM(t)

]
. (A21)

The truncated phase value of−π ∼ π is obtained, and the
continuous phase can be calculated after unwrapping.

The auxiliary path shown in Fig. 1 is used to obtain an
equally spaced fFM signal. The time domain pulse expression
of the optical comb is

Ecomb(ω)

= icomb(t)exp
[
j
(
ωct+ϕo+mϕceo

)]
⊗

+∞

∑
m=−∞

δ (t−mTr), (A22)

where icomb is the pulse envelope amplitude, ωc, ϕo, and ϕceo

are the carrier frequency, initial phase, and carrier envelope
phase shift, respectively, Tr is the pulse interval, and m is any
integer. The phase difference between each pulse ϕceo is con-
stant.

Calculate the Fourier transform of Eq. (A22)

Ecomb(ω) = icomb(ω−ωc) · exp(jϕo)

×
+∞

∑
m=−∞

δ
[
ω−2π(m fr + fceo)

]
, (A23)
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where fr = 1/Tr, equal to the reciprocal of the pulse period,
is called the repetition frequency of the optical comb, gen-
erally MHz to GHz; fceo = fr · ϕceo/(2π) is the offset fre-
quency caused by the carrier phase shift. The optical comb
appears as a series of discrete broadband comb spectra with
equal longitudinal mode interval fr and initial frequency fceo

in the frequency domain. The frequency corresponding to the
N-th comb mode is fN = fceo +N · fr.

The instantaneous frequency of the FMCW laser is fFM,
and the comb mark closest to its frequency is the Nth mode.
Then

fFM = fN± fA = fceo +N · fr± fA, (A24)

where fA is the frequency of the interference beat signal gen-
erated by the laser to be measured, and the N-th comb mode,
which can be measured by a photodetector.

For continuous-wave lasers with linear frequency modu-
lation, fFM is continuously tuned between comb modes with
equal frequency distribution. The interference signal gener-
ated by the auxiliary calibration part is the triangular wave fre-
quency modulation signal that changes continuously between
0 and fr/2. Since fr is usually several hundred MHz to sev-
eral GHz, it is equivalent to low-pass filtering of the signal
if the passband frequency of the photodetector is lower than
50 MHz in the auxiliary calibration part. Signal waveform in-
formation can only be observed on the oscilloscope alternating
current (AC) when the frequency is close to 0, forming a cal-
ibration peak signal with an equal frequency interval fr. The
calibration point of equal frequency interval at fA = 0 can be
extracted by filtering and peak-seeking calculation.

The nonlinear calibration can be carried out under the
condition that the intervals of ϕM and fFM are calculated. The
schematic diagram of the principle of nonlinear calibration
is shown in Fig. 1(b), where the second quadrant represents
the original time domain signal of the double optical path.
The third quadrant contains the calibration point of equal fre-
quency interval and corresponding ϕM. The fourth quadrant
contains the fFM–ϕM line obtained by fitting. After nonlin-
ear calibration, ϕM is theoretically a linear function. There-
fore, the single frequency sinusoidal signal shown in the first
quadrant can be obtained by re-interpolating the measurement
path signal. Since fFM changes linearly with time after correc-
tion, the original time domain signal is transformed into the
pseudo-frequency domain here, and the original time variable
t is represented by the optical frequency variable f in the first
quadrant of Fig. 1(b). Equation (A13) can be converted to

I( f ,τ) =V ·
√

i0i · cos(2πτ f ). (A25)

On this basis, DFT calculation is carried out to obtain the
pseudo-time domain signal shown in Fig. 1(c), whose peak

position corresponds to the delay τ to be measured. The M
data points are intercepted symmetrically on the left and right
sides of the reflection peak, and the window function filter-
ing is performed. IFT is applied to the filtered data to restore
the timing information, and the absorption spectral curve in
the optical frequency domain is obtained,[21,29] as shown in
Fig. 1(d). The resolution of DFT is directly related to the
sweep frequency range B of FMCW and can be expressed as
∆τ = 1/B. Therefore, the optical path measurement resolu-
tion is L = cτ/2. The resolution of IFT also depends on the
number of points M involved in the calculation, which can be
expressed as ∆ f = B/M, that is, the spectral measurement res-
olution.
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