
Research Article Vol. 33, No. 20 / 6 Oct 2025 / Optics Express 43026

Single laser dual optical frequency comb
generation
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Abstract: In this paper we present a simple scheme of dual frequency comb generation, based
on a large-signal electrical modulation of a single high-speed semiconductor laser, applicable
for symmetric spectroscopic system architectures. Our simulation results, based on a detailed
numerical model including parasitic and noise effects, are confirmed through an experiment,
reporting almost 40 GHz wide dual optical frequency comb, with 160 beat notes of 10 MHz
spacing.
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1. Introduction

Optical frequency combs (OFCs), representing a spectrum composed of equally spaced and
phase coherent optical lines have enabled breakthroughs in various fields of applications such
as timekeeping [1], high-speed and high-capacity optical communications [2,3], broadband
molecular spectroscopy [4,5], and particularly rxsevolutionized the field of precision metrology
and RF photonics by providing a direct link between optical and radio frequencies [6,7]. Among
the various implementations of frequency comb technology, dual frequency combs (DFCs) have
emerged as a particularly powerful tool for high-resolution, broadband, and rapid, real-time
measurements without moving parts [8–10].

A usual DFC system utilizes two optical frequency combs with slightly different repetition
rates. When these combs are heterodyned on a photodetector, they generate a series of RF beat
notes that directly map the optical domain into the RF domain. The required condition is that
these two combs are mutually coherent, which is typically guaranteed by phase-locking of the
two combs [9–11]. In the spectroscopic applications, two different DFC system architectures are
used [8]. In the "asymmetric" architecture, the two combs undergo different paths, one passing
through the sample, and then heterodyned with the other comb undergoing a free path, providing
full phase and amplitude response of the sample [8]. In the other, "symmetric" or "common-path"
technique both combs are passed through the sample and it stands for a simple, low-cost, and
flexible architecture, more robust to turbulent measurement paths, although providing only the
amplitude response of the sample [8,12]. However, a recent work [13] reports a symmetric DFC
architecture upgrade, by presenting an algorithm capable of extracting spectral phase information.

Some of the state-of-the-art techniques for comb generation include femtosecond erbium-doped
fiber lasers [9,14], various designs of mode-locked lasers [15,16], quantum cascade lasers [17],
microresonators [18,19], and schemes utilizing electro-optic (EO) modulators [9,20]. Optical
comb generation using the gain switching technique, although suffering from limitations in terms
of high comb bandwidths, number of lines, and free spectral range, introduces scheme simplicity,
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low power/energy footprint, free spectral range tunability, and possibility for photonic integration
[21–23]. Current research efforts are indeed aimed towards such architectures, especially having
in mind applications such as community-based sensing or distributed sensing networks where the
cost, size, and complexity of the optical components are recognized as key factors [24]. Several
DFC system realizations, based on the coupling of mutually injection-locked gain-switched lasers
have been proposed [25–28]. However, schemes in [25,26] comprise an additional acousto-optic
modulator, making them difficult for photonic integration, whereas [28] presents fully integrated
solutions. In the case of an integrated solution [28], the device requires two lasers and the optical
bandwidth of the DFC is around 25 GHz, however, comprising just five pairs of comb lines. The
optical bandwidth of solutions involving acousto-optic modulators are higher, reporting 35 GHz
optical bandwidth with 300 RF converted beat notes in 10 dB margin, with low RF powers in
order of −100 dBm [26] and 100 beat notes in 20 dB RF power margin, ranging from around
−30 dB to −50 dBm [25]. Finally [27], reports mutually injection-locked 2 µm wavelength
laser system without additional modulators to obtain 49 beat notes in 30 dB RF power margin,
ranging from around −50 dBm to −80 dBm. Recently, a new trend of a single laser cavity
DFC is investigated, providing better mutual coherence of comb lines and common mode noise
cancellation, with various methods of generation involved, such as wavelength-multiplexing,
polarization-multiplexing, circulation-direction-multiplexing, and cavity-space-multiplexing, all
applied to different mode-locked architectures [16], or using pulse-modulated laser and generation
of two orthogonally polarized optical frequency combs, by leveraging the birefringence in the fiber
resonator [29], or by means of dual wavelength mode-locked fiber lasers undergoing optimally
designed spectral filtering [30]. Obtainable line separation and heterodyne frequencies range
from several MHz to tens of GHz, and several Hz to hundreds of MHz, respectively [16], and are
used within specific spectroscopic applications. However, it has been reported that DFCs with
GHz line separation can provide a better trade-off between spectral resolution and refresh rate for
measuring sparse events [30], and such combs have been used paired with both kHz [16] and
MHz heterodyne frequencies [31].

In this paper, we present a simple, compact, low-power scheme for DFC generation, applicable
in the symmetric spectroscopic system architecture [8,12]. Our technique is based on a large-
signal electrical modulation of a single high-speed DFB laser, and we report experimentally
obtained 40 GHz optical bandwidth DFC, with 160 resolved, 10 MHz spaced RF beat tones in
around 30 dB power margin. The paper is organized as follows. Section 2 presents the theoretical
model of the modulated DFB laser, taking into account parasitic and noise effects. In Section 3
we present the experimental setup used to record theoretically predicted DFC, while in Section 4
we outline and discuss obtained results before presenting conclusions in Section 5.

2. Theoretical model

In order to fully describe the dynamics of the laser diode in the regime of large signal modulation,
we employ an extended rate equation model that accounts for carrier transport and parasitic
effects, similar to the model in [32,33]. As opposed to [32,33], where we neglect the noise terms,
in this work we include stochastic terms in order to provide a more sophisticated model, able to
predict the temporal response of the laser diode and consequently the shaping of the comb lines
more realistically. The model describes the dynamics of a multiple quantum well DFB laser and
comprises of four stochastic differential equations following the dynamics of the carrier density
in the barrier states (nb), carrier density in the bound states of the well region (nw), photon density
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(S) and the evolution of the optical phase (φ), and is written in the matrix form as:
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Here, F is a 4×4 operator comprising the noise coefficients Fij (i, j ∈ {nb, nw, S, φ}) and dW is
the column vector of noise realizations given as [Gnb (0, 1) Gnw (0, 1) GS(0, 1) Gϕ(0, 1)]Td

√
t,

where Gi(0, 1) stands for independent Gaussian processes with zero mean and unit variance
[34,35].

The deterministic model parameters are fitted to the Gooch & Housego AA0701 series, 1.55
µm high modulation bandwidth DFB laser diode as in [33]. An exception with respect to
[32,33] is in the definition of the total spontaneous emission rate Rsp which is here taken more
rigorously, due to it’s crucial impact on the noise. In this work, we adopt functional dependence
of Rsp(nw) on the carrier concentration in the well region, calculated for a multi-quantum well,
strain-compensated high-speed laser, as in [36]. The description of the deterministic parameters
and their values is given in Table 1.

Table 1. Laser parameters used in the simulation

Symbol Definition Value

ηinj injection efficiency 0.85

Vtot total volume of the laser 1.03 × 10−10 cm−3

Vw volume of the wells 1.68 × 10−11 cm−3

τb carrier recombination lifetime in the barrier 2.5 ns

τw carrier recombination lifetime in the well 1.5 ns

τbw carrier capture time 14.5 ps

τwb carrier escape time 70 ps

vg group velocity of the light 8.5 × 109 cm/s

Ω differential gain 1.5 × 10−15 cm2

Γ optical confinement factor 0.08

n0 carrier transparency concentration 4.2 × 1018 cm−3

τp photon lifetime 2.3 ps

ε nonlinear gain suppression coefficient 2 × 10−17 cm3

α linewidth enhancement factor 3.5

βsp spontaneous emission coupling factor 7 × 10−6

Rsp(nw) total spontaneous recombination rate calculated in [36]

η0 optical efficiency 0.15

ω0 lasing angular frequency 2π × 194.5371 THz

Langevin noise coefficients Fij are equal to the square root of the corresponding correlation
strength Dij, i.e., Fij = ±

√︁
Dij, where cross-correlations (i ≠ j) are taken to be negative [34,35].

Correlation strengths are derived by following the approach given in [34], assuming that the laser
noise originates from shot noise associated with the discrete random flow of particles into and
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out of the reservoirs of carriers (both in the barrier and well regions) and photons:
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Dnw,ϕ = Dϕ,nw = Dnb,ϕ = Dϕ,nb = Dnb,S = DS,nb = Dϕ,S = DS,ϕ = 0. (2g)

As in our previous work [32], the laser diode is driven by the electrical current I(t) in the
form which superimposes DC bias current (Ib) and large-signal modulation composed of the
sum of two trains of sinc-shaped pulses with same amplitudes ∆I and close-valued modulation
frequencies f1 and f2 = f1 + δf , where δf ≪ f1:

I(t) = Ib + h(t)
2∑︂

k=1
∆I

sin (2πNfkt)
N sin (2πfkt)

, with lim
t→f −1

k

sin (2πNfkt)
N sin (2πfkt)

= 1. (3)

In the equation above, h(t) denotes the Heaviside step function, i.e., the modulation starts after
the laser has stabilized its continuous wave output. Finally, parameter N defines the bandwidth
of the applied electrical current. In this work we use odd values of N, for which the current
waveform consists of positive current spikes [32]. The stochastic differential equations system
(1)-(2) is numerically solved applying Euler-Maruyama method, with step size ∆t sufficiently
smaller than the fastest time scale, i.e., τp in this case, and the solution is averaged over multiple
realizations of the system. The output optical frequency comb is obtained by taking the Fourier
transform of the laser diode complex electrical field, expressed as E(t) =

√︁
S(t)e−iϕ(t). The time

window in which (1) is solved is taken with respect to the desired resolution of the Fourier
transform, which should be smaller than δf . Finally, the output optical power P is converted from
the photon density using P(t) = η0Vwℏω0S(t)/(τpΓ) [32], with η0 and ω0 given in Table 1.

3. Experimental setup

Figure 1 shows the experimental setup used for verifying the generation of the dual optical
frequency comb. The sinc-shaped pulses, represented by Eq. 3, were generated offline in
MATLAB, and the samples were loaded to the arbitrary waveform generator (AWG). The
Keysight AWG, M8195A with a bandwidth of ≈23 GHz, was operated at a sampling rate of 60
GSa/s with an output signal swing of 500 mV (−2 dBm power). The dual sinc pulse signal with
f1 = 800 MHz and δf = 5 MHz (f2 = 805 MHz) was generated offline over a repeating period of
200 ns for this demonstration. The generated signal was amplified using a 16 dB gain electrical
RF amplifier to boost its power to the desired level. This signal was superimposed to the laser
driver (LD) bias current Ib and used for the direct modulation of a temperature controlled (TEC)
DFB laser with an internal bias tee and with 18 GHz of −3 dB bandwidth. A 50 : 50 splitter was
used to send portions of the optical signal to the Apex Technologies optical spectrum analyzer
(OSA) with a resolution of 5 MHz and photodiode (PD). Dual comb generated beatings, recorded
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by the PD, were characterized by a 40 GHz bandwidth electrical spectrum analyzer (ESA) from
Anritsu with 1 kHz resolution. The ESA was also used to characterize the dual sinc pulse signal
generated by the AWG.

Fig. 1. Experimental setup for the generation of dual frequency comb based on direct
modulation of a semiconductor laser.

4. Results and discussion

In Fig. 2(a) we show a simulated waveform of the used electrical driving current, given by Eq. (3),
in three different time windows. The laser bias current Ib was kept at 5Ith = 55 mA, giving ≈6
dBm output optical power from the DFB laser. The AWG signal was amplified to ∆I = 5.13Ith.
The figure illustrates the superposition of the two trains of sinc−shaped pulses which appear
with repetition rates of 2f1 = 1600 MHz and 2f2 = 1610 MHz. By setting N = 25, the electrical
current bandwidth of N × f2 ≈ 20 GHz was set. Frequency offset between the train of pulses
equal to 2δf = 10 MHz defines that pulses from two trains completely overlap and add at each
100 ns (first time window in Fig. 2(a)). Between the two adjacent pulse overlappings, the pulses
from the two trains spread and then come back together, with separation within the pulse pair
increasing in the first (Fig. 2(b)), and deceasing in the second half of the 100 ns period (Fig. 2(c)).
The corresponding signal spectrum, captured by the ESA is presented in Fig. 2(b), showing
twelve pairs of dual sinc tones separated by 1.6 GHz, with separation within the pair increasing in
multiples of 10 MHz as n × 10 MHz, with n being the ordinal of the pair. The zoomed spectrum
in the vicinity of 3.2 GHz tones (Fig. 2(c)) shows the second pair of tones (n = 2), with separation
of 20 MHz.

In Fig. 3 we present a comparison between the simulated (blue line) and experimentally
obtained (red line) DFC, showing excellent qualitative agreement. Simulation timestep for the
model described with Eqs. (1)–(2) was approximately 0.12τp and the solution was averaged
over 10 realizations. In both cases the comb is structured as the series of pairs of comb lines,
arranged on the both sides of the strong central comb line, originating from the fundamental
lasing frequency (c.f. Figure 3(a)). Their optical power decreases more or less rapidly at
the negative and positive spectrum side, respectively, for relative frequencies surpassing the
modulation current bandwidth of 20 GHz, thus forming the 40 GHz optical DFC span. Although
the theoretical model is nicely fitted to the laser used in the experiment, at least up to 25 GHz
operation [33], the laser packaging induces strong decline of the bandwidth in the region of
high frequencies, hence the simulated spectrum shows significantly stronger comb lines for the
relative frequencies higher than |20 GHz|, in comparison to the experiment. Furthermore, the
cumulative effect of the laser package parasitics and the modeled carrier transport, produces
more noticeable frequency roll-off in the experiment in comparison with the simulation, leading
to experimentally recorded spectrum with more pronounced dip in the region of ±10 GHz
relative frequencies, as well as stronger lines in the vicinity of the central frequency. Finally, the
simulated spectrum follows an experimentally visible slight increase in the comb envelope, in
the vicinity of relative frequency ±16 GHz, which is theoretically calculated to correspond to
the relaxation frequency for the given DC bias. For the sake of completeness, in Fig. 3(b) we
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Fig. 2. (a) Simulated driving current waveform depicted in three different time windows.
(b) Recorded electrical spectrum of the dual sinc pulse signal generated from AWG with
(c) zoomed region around 3.2 GHz tones.

show experimentally recorded comb with respect to the actual optical power, which is in order
of −40 dBm for comb lines within ±20 GHz relative frequency range. However, it should be
noted that this is the 50% of the real optical power coming from the laser, due the 50:50 splitter
used in the experiment (Fig. 1). In Fig. 3(c-d) we depict zooms of particular pairs of comb lines,
comparing normalized simulation and experimental spectra (blue and red line, respectively), to
verify that the arrangement of the lines as seen in the experiment, follows the prediction made
by the model [32]. If we define the position of a pair of comb lines as the frequency in the
middle of the pair, relative to the central comb line, then pairs of lines appear with frequency
separation ∆f = f1 + f2 = 1600.5 MHz, i.e., at relative frequencies ±n∆f , with n ∈ N defined as
the ordinal of the pair. With such frequency separation, in the ±20 GHz bandwidth we obtain
20/1.6005 ≈ 12 pairs of comb lines. The heterodyne frequency of a pair δνn increases with the
ordinal number as δνn = n× 2δf = n× 10 MHz. Indeed, Figs. 3(c-d) show zoomed pairs of lines
for n = 6 and n = 7 with corresponding heterodyne frequencies of 60 and 70 MHz, respectively
(Fig. 3(c)), and n = 10 and n = 11, with corresponding heterodyne frequencies of 100 and 110
MHz (Fig. 3(d)). The GHz/MHz ratio between separation f1 and heterodyne δf frequencies has
been chosen to ensure high number of beat notes, i.e., high bandwidth of the beating spectrum,
while taking into account the aliasing limit [16]. However, in our case, the minimal heterodyne
frequency is limited by the intrinsic laser linewidth, while the laser bandwidth affects the maximal
frequency separation f1. Nevertheless, within these constraints, other combinations of f1 and
δf are also possible. Moreover, applying injection-locking to the DFB laser under modulation
could decrease the minimal heterodyne frequency even by an order of magnitude [37]. Finally,
the linewidths of comb lines recorded in the experiment are higher in comparison with the ones
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calculated theoretically, which is a consequence of low fundamental heterodyne frequency δν1 of
10 MHz recorded with finite resolution optical spectrum analyzer, as well as the inability of the
theoretical model to fully describe line broadening. However Figs. 3(c-d) show that measured
results (red line) nicely envelope simulated results (blue line), especially in the region of noise
induced broadening of the comb line pair.

Fig. 3. (a) Normalized experimentally recorded (red line) and simulated (blue line) DFC.
(b) Experimentally recorded optical power of the comb in units of dBm. Zoomed pair of
lines with ordinal numbers n = 6 and n = 7 (c) and n = 10 and n = 11 (d) as predicted by
simulation (blue line) and recorded in the experiment (red line).

In Fig. 4 we present an electrical spectrum of the presented DFC, recorded by high bandwidth
photodetector and 1 kHz resolution electrical spectrum analyzer. Presented electrical spectrum
exhibits a flat profile and follows the arrangement of the comb lines as predicted by theory, with
rapid decrease in comb line power after surpassing the 20 GHz bandwidth.

Fig. 4. Electrical spectrum of the DFC recorded with high bandwidth photodetector.
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Finally, the RF beat spectrum is presented in Fig. 5, as recorded by small bandwidth
photodetector and 1 kHz resolution electrical spectrum analyzer. As expected, the beating
spectrum consists of lines at multiples of the 10 MHz fundamental heterodyne frequency.
Although the optical spectrum exhibits a rapid power decrease after the 20 GHz bandwidth, i.e.,
consists of 12 strong pairs of comb lines at each side of the spectrum, the RF beat spectrum
exhibits much wider span than 12 beat notes. In particular comb lines arrangement, considering
pair separation of 1600 MHz and fundamental heterodyne frequency of 10 MHz, the spectrum
would be limited to 160 comb line pairs on each spectrum side, before the heterodyne frequency
of a particular pair overrides pair separation. Translated to the RF beat spectrum, it is worth
considering beat notes up to 1600 MHz, which are all presented in Fig. 5(a), i.e., 160 RF beat
notes, with RF power in around 30 dB margin. Figure 5(b-c) show two zoomed regions of
the beating spectrum, clearly showing 10 MHz beat notes, albeit several artifacts appearing at
irregular frequencies, however with significantly less power than the adjacent beat note, being
stray signals picked up by the photodetector or the scope. The RF beat spectrum shows large
power fluctuations which are mainly attributed to multiple RF signals being generated at each
frequency with different relative phases, due to the nonlinear phase profile across the optical
frequency comb lines. The non-ideal frequency response of the photodiode and RF amplifiers
used can also introduce power fluctuations in the RF beat spectrum.

Fig. 5. (a) RF beat spectrum of the DFC showing 160 beat notes with 10 MHz free spectral.
Zooms of the (b) 10 − 200 MHz and (c) 850 − 1000 MHz regions.

5. Conclusion

In this paper, a single high-speed semiconductor laser has been proposed for dual frequency comb
generation. A simple technique based on large-signal electrical modulation, with tailored bias
current waveform has been investigated by means of a detailed numerical model and experiment.
Theoretical predictions have been confirmed by the experiment with good qualitative agreement,
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and we report dual frequency comb with almost 40 GHz optical bandwidth, comprising of comb
line pairs with 1600 MHz separation and heterodyne frequencies increasing in multiples of 10
MHz. In the RF domain, we report 160 beat notes with free spectral range equal to 10 MHz. To
the best of our knowledge, this is the first experimental demonstration of dual frequency comb
generated directly from a single laser.
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