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frequency combs with slightly different repetition rates. It 
not only down-converts the spectrum from OF domain to 
RF domain but also compresses the spectrum span from 
tens of THz to hundreds of MHz with compression factors 
of 30,000–1,000,000 [5]. Additionally, researchers have 
devoted to simplifying the comb system with cutting-edge 
techniques, such as single-cavity dual-comb lasers [6–8], 
electro-optic modulation combs [9, 10], and microresonator 
frequency combs [11].

Besides dual-comb interferometry, multiple comb-
resolved spectra also can be generated by the interference 
between a comb and a continuous-wave (CW) laser. The 
CW laser interferes with the wideband comb and down-con-
verts the comb spectrum information to the RF domain [12–
16]. This kind of multi-heterodyne spectroscopy has higher 
sensitivity because the power per mode of the CW laser is 
much higher than the local comb in dual-comb spectros-
copy [15]. The enhancement is at the expense of the spec-
tral bandwidth, because an absorption spectrum with a span 
of tens of gigahertz should be detected and sampled with-
out compressing [14]. It is not economical to analyze the 
absorption spectrum over a broad spectrum range. However, 

Introduction

Optical frequency (OF) combs have revolutionized fre-
quency metrology and opened up new opportunities for 
clock [1], spectroscopy [2], and radio-frequency arbitrary 
waveform generation [3] in the past decades. In particular, 
spectroscopy with frequency comb offers marked improve-
ments in spectral resolution, range, and sensitivity. For 
example, the multi-heterodyne spectroscopy [4], builds a 
direct link between OF combs and radio frequency (RF) 
comb without moving parts. Dual-comb spectroscopy [4, 5] 
generates the multi-heterodyne beat notes by utilizing two 
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Abstract
Heterodyne spectroscopy using comb and continuous-wave (CW) gives a highly sensitive and accurate way to measure 
the absorption spectrum with resolved comb lines. Here, to avoid using a high-speed optical detector and ADC card, 
low-bandwidth heterodyne spectroscopy is demonstrated by using a tunable CW laser and a probing comb laser, realizing 
easy data acquisition, real-time storage, and processing. The absolute frequency accuracy of the CW laser is guaranteed 
by locking the laser to one of the optical frequency comb teeth. And the multi-heterodyne beats within a bandwidth of 
350 MHz are acquired at each sampling frequency step. The beat signal between comb teeth is suppressed by introducing 
a dispersion compensation fiber, avoiding its confusion between the multi-heterodyne signal. Two working modes, the 
wideband searching mode and the precise analyzing mode are integrated for fast searching the gas absorption spectrum 
over a wideband range and analyzing the absorption feature within a determined span. In experiment, the H13CN absorp-
tion spectrum is analyzed with spectrum resolution equal to the comb tooth spacing of 100 MHz. The maximum relative 
deviation of the spectral transmittance is approximately 3%, with a time resolution of 400 µs per sampling step and an 
acquisition time of about 2 ms for a single absorption line.
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the requirement of acquisition bandwidth can be reduced by 
scanning the frequency of CW laser. In order to reduce the 
frequency noise, the CW laser should be scanned and locked 
step by step. Fortunately, the frequency comb can serve as 
not only a wideband probing laser but also a frequency ruler.

In this paper, multi-heterodyne spectroscopy with low 
acquisition RF bandwidth is demonstrated by combining a 
comb-referenced tunable CW laser and a direct-comb probe 
laser. First, the CW laser is referenced by a comb, limiting 
its frequency uncertainty (standard deviation) to less than 
1.06 MHz during an integration time of 50 s. The changing 
of its frequency is recorded in the trajectory of the beat fre-
quency between the CW laser and the nearest comb tooth. 
The programmed locking and scanning process is realized in 
the span of the comb spectrum. Second, the absorption spec-
trum encoded in the probe comb laser is down-converted to 
the RF domain by heterodyne detection with the CW laser. 
Only the RF signal within low bandwidth (350  MHz) is 
acquired and sampled. The gas absorption line with a span 
of tens of GHz is analyzed by scanning the CW frequency. 
Third, to simplify the RF signal processing, the beat signal 
between two comb teeth which contains no required infor-
mation is suppressed by introducing the dispersion compen-
sation fiber (DCF).

In addition, it is more comprehensive in practical applica-
tions that the spectrum is first searched roughly over a wide 
range and then analyzed precisely within a determined span. 
Taking advantage of the proposed frequency scanning and 
locking method, two working modes are demonstrated in 
the experiment. Wideband searching mode: the CW laser is 
fast free scanned in a span of 400 GHz to search the absorp-
tion spectrum under test. Precise analyzing mode: the CW 
laser is locked in 5 frequency steps to sample the P11 line in 
the 2ν3 band of H13CN.

The remainder of the paper is organized as follows. In 
“Principle and Instrument” section, the principle and optical 
layout are introduced. The CW frequency tuning and lock-
ing method is introduced in “Frequency tuning and locking” 
section. The suppression of the beats between comb teeth is 

discussed in “Suppression of the beats between comb teeth” 
section. The experiment results of two working modes are 
presented in “Wideband searching and precise detecting 
modes” section. Finally, a summary is provided in “Conclu-
sion” section.

Principle and instrument

Figure 1 outlines the optical layout of the low-bandwidth 
multi-heterodyne spectroscopy. A home-made optical fre-
quency comb serves as both the frequency calibration ruler 
and the probing laser. The repetition frequency and the car-
rier-envelope offset frequency of the comb are fr = 100 MHz 
and fceo = 20 MHz, respectively. Both fr and fceo are phase 
locked to a microwave rubidium clock. The frequency sta-
bility of fceo reaches 1.2 × 10− 9 and 2.4 × 10− 11 at an inte-
gration time of 1 s and 1000 s, respectively. The spectrum 
of comb and scanning range of CW laser cover the C and 
L bands, which contain abundant gas absorption features. 
First, a programmable filter is used to tailor the comb spec-
trum to the range of interest. Then, both the comb and the 
CW laser are split into the frequency scanning and locking 
module and the multi-heterodyne detection module. In the 
frequency scanning and locking module, the beat signal is 
received by a balanced detector and filtered by an LPF with 
a bandwidth of 48 MHz, such that only the beat note gener-
ated by the CW laser and the nearest comb tooth is read by 
a frequency counter. The beat signal is recorded by a com-
puter and used as a feedback signal to control the tunable 
CW laser.

In the detecting module, the femtosecond pulses first 
transmit through a DCF with a dispersion value of 8.9 ns/
nm and then amplified by an EDFA with a gain of 35 dB. 
The time-stretch technique of femtosecond pulse has been 
applied for ultrafast gas detection [8], ranging [17, 18], 
imaging [19], and soliton observation [20, 21]. Interestingly, 
the DCF used in this experiment can not only stretch the 
pulse to obtain higher amplified pulse energy but also has 
a suppression effect on the beats between comb teeth. The 
comb transmits through a H13CN gas cell with a length of 48 
cm and pressure of 100 Torr. After going through polariza-
tion controllers and in-line polarizers, the comb is combined 
with the CW laser by a 3dB coupler. The multi-heterodyne 
beats are received by a balanced detector with a bandwidth 
of 350 MHz. Actually, the multi-heterodyne detection gen-
erates a wide-band RF comb. One can get tens of GHz opti-
cal spectrum by a high-speed detector and ADC card. While 
in this method, to reduce the need of acquisition bandwidth, 
only the low-frequency part of the multi-heterodyne beat 
notes is detected.Fig. 1  Optical layout. C: coupler. BD: balanced detector. LPF low-pass 

filter. DCF dispersion compensation fiber. EDFA erbium-doped fiber 
amplifier. PC polarization controller. OSC oscilloscope
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The principle of multi-heterodyne detection at one CW 
frequency step is illustrated in Fig. 2a, b as a representative. 
The CW frequency is locked to the comb.

tooth fn = nfr + f0 with a locking offset frequency 
∆f = 20 MHz. So that the locked CW frequency can be 

expressed as fCW = nfr + f0 − ∆f , where n is the comb 
tooth number, f0is the carrier-envelope offset frequency. 
After the CW-comb multi-heterodyne detection, RF comb 
teeth are generated in the balanced detector. As shown in 
Fig. 2c, the RF comb with marked numbers represent the 
spectrum information in the optical frequency comb with 
the same number in Fig. 2b. The beat notes between fCW  
and the comb teeth on both sides are folded in the RF 
domain. To obtain the optical spectrum, the RF comb should 
be unfolded according to the marked number. The unfolded 
comb teeth in Fig. 2d represensthe optical frequency comb 
around the frequency fCW . The whole absorption spectrum 
is obtained by scanning the frequency of the CW.

Frequency tuning and locking

The CW frequency is scanned and locked through the fre-
quency scanning and locking module. The changing beat 
frequency represents the change in CW frequency. As shown 
in Fig.  3a, the beat frequency keeps stable in the locking 
process of frequency steps f1, f2, and f3. The recorded fre-
quency fluctuation is statistically analyzed and shown in 
Fig. 3b. The statistical standard deviation is 1.06 MHz in 
an integration time of 50 s for data acquisition. In the CW 
frequency scanning process, the beat frequency is changing 
periodically as shown in Fig.3c, d. Through the periodical 
trajectory, one can calculate the absolute frequency interval 
between the frequency steps. Since the beat signal between 
the CW laser and the optical frequency comb presents a tri-
angular wave, the number of peaks and valleys in the trian-
gular wave can be used to automatically determine how to 
calculate the scanning interval frequency. There are three 
kinds of frequency intervals. Case 1: the number of peaks is 

Fig. 3  CW laser scanning and 
locking processes. a The change 
in beat frequency. b Statistical 
histogram of the beat frequency 
in the locking process. SD Stan-
dard deviation. c, e The enlarged 
scanning process from f1 to 
f2. P peak, V valley. d, f  The 
enlarged scanning process from 
f2 to f3

 

Fig. 2  Principle of multi-heterodyne detection. a The spectrum of prob-
ing comb encoded with gas absorption feature. b The comb-referenced 
CW laser and the comb teeth around the CW laser. ∆f = 20 MHz is 
the locking offset frequency. c The multi-heterodyne beats generated in 
b. d The unfolded comb spectrum relative to the CW frequency
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beats of the comb teeth in the multi-heterodyne detection 
between comb and CW are suppressed down to noise level 
with the stretched pulses as shown in Fig. 4b.

Wideband searching and precise detecting modes

Figure 5 illustrates the multi-heterodyne beat notes in one 
locking step. Four tests in the enlarged as shown in Fig. 5b 
shows that the obtained RF comb teeth are distributed around 
the theoretical locking frequency. Every test is acquired by 
averaging 100 measurement times, and the single measure-
ment takes 1 µs. The SNR of the averaged signal is 30 dB in 
fa, which is located in the absorption peak. It is higher than 
35 dB in the non-absorption location. Then, the peaks of the 
four tests in Fig. 5b are extracted and averaged. The other 
peaks in Fig. 5a are processed in the same way. Finally, The 
averaged 7 comb peaks are unfolded to recover the opti-
cal frequency comb spectrum information around the CW 
frequency fa.

In practical optical spectrum detection, one usually 
should search for a wide spectrum to find the absorption 
spectrum first. And then a precise measurement is carried 
out on a determined absorption line. Thanks to the program-
mable frequency scanning and locking process, wideband 
searching and precise analyzing modes are switchable in 
our system. Figure 6a shows the wideband searching results 
of a H13CN gas cell with a length of 48 cm and pressure of 

equal to the number of valleys. The frequency interval can 
be expressed as Mfr, where M is the number of peaks. Case 
2: the number of peaks is greater than the number of valleys. 
The frequency interval is Mfr − 2∆f . Case 3: the number 
of peaks is less than the number of valleys. The frequency 
interval is Mfr + 2∆f . Figures  3c, e show the changes 
in beat frequency and CW frequency of case (1) The CW 
frequency changing from f1 to f2, and it is always on the 
right side of the nearest comb tooth. Figure 3d, f show the 
changes in beat frequency and CW frequency of case (2) 
The location of the CW frequency is changed from the right 
side to the left side of nearest comb tooth. While in case 3, 
the location of the CW frequency is changed from the left 
side to the right side of nearest comb tooth. So that the fre-
quency interval is Mfr + 2∆f .

Suppression of the beats between comb teeth

In the multi-heterodyne detection, the RF spectral lines 
generated between comb teeth are usually larger in inten-
sity than the beats between comb and CW but contain no 
spectrum information. They can be suppressed by balanced 
detection [15], but not eliminated in our experiment. After 
stretching the femtosecond laser pulses by DCF, the beats 
between the comb teeth can be further suppressed. Fig-
ure 4a, b show the RF spectrum of the heterodyne detection 
between comb teeth, in which the CW laser is not involved. 
The RF spectral lines at frequencies of 200 MHz and 300 
MHz are suppressed.

down to the noise level after the comb transmits through 
the DCF (Fig. 4b). The residual line at 100 MHz represents 
the repetition rate of the interference signal. As well, the 

Fig. 5  a Four tests of the multi-heterodyne beats generated in fre-
quency step fa. b Zoom-in image of a from 5 to 35 MHz

 

Fig. 4  a, b RF spectrum of the heterodyne detection between two comb 
teeth when the femtosecond pulses are stretched or not stretched by 
DCF. c, d RF spectrum of the comb-CW multi-heterodyne detection 
when the femtosecond pulses are stretched or not stretched by DCF
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and the accurate frequency scanning intervals, the chosen 
five steps are enough to fit the absorption line under test. 
The spectrum resolution is equal to the comb tooth spac-
ing of 100 MHz. The black line in Fig. 6b shows the Voigt 
fitting of the measured 35 peaks. The insets and the bottom 
of Fig. 6b demonstrate the detection accuracy of the precise 
detecting mode. The maximum deviation and maximum 
relative deviation are 0.018 and 3%, respectively. In addi-
tion, the measurement of OSA in the red dashed line gives 
further proof. While the OSA shows not enough spectrum 
resolution in the peak of the absorption line, as shown in the 
left inset of Fig. 6b.

Conclusion

In conclusion, we have developed a comb multi-heterodyne 
spectroscopy system with a low acquisition bandwidth for 
wideband absorption spectrum analysis. A universal spec-
trum analysis procedure was proposed, consisting of two 
operation modes: a wideband searching mode and a pre-
cise analyzing mode. In the wideband searching mode, the 
maximum deviation is 0.22, and the frequency resolution is 
1.82 GHz at a scanning speed of 12.5 GHz/s. In the precise 
analyzing mode, the maximum deviation, frequency resolu-
tion and acquisition time in each scanning step are 0.018, 
100  MHz and 400 µs, respectively. These programmed 
modes ensure that the proposed multi-heterodyne spec-
troscopy can be effectively applied to practical scenarios 
involving unknown spectrum analysis. In future work, the 
stretched femtosecond pulses can be further amplified to 
enable long-range atmospheric gas detection.
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