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Optical frequency comb with tunable free spectral range 
based on two Mach-Zehnder modulators cascaded with 
linearly chirped fiber Bragg grating and phase modula-
tor* 
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An approach for generating optical frequency comb (OFC) with tunable free spectral range (FSR) is proposed. Two 
Mach-Zehnder modulators (MZMs) driven by phase-shifted sinusoidal signals are cascaded to generate OFC with 
plentiful comb lines and the FSR controlled by the drive frequency. Subsequently, a linearly chirped fiber Bragg grat-
ing (LCFBG) and a phase modulator (PM) are used to increase the comb FSR by a particular integer multiple. There-
fore, by simultaneously controlling the drive frequency of MZMs, the dispersion amount of the LCFBG and the drive 
signal of the PM, an OFC with desired FSR can be achieved.  
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Optical frequency comb (OFC) has attracted much atten-
tion due to the ability to provide equally spaced and pre-
cise spectral lines for telecommunications and micro-
wave photonics[1-3], such as wavelength division multi-
plex[4], optical frequency meteorology[5], and arbitrary 
waveform generation[6]. Especially, an OFC that can si-
multaneously provide a large number of comb lines and 
any desired free spectral range (FSR) has become a hot 
topic. Mode-locked lasers and nonlinear effects in a 
highly nonlinear medium are commonly used methods to 
generate OFCs. Mode-locked lasers can generate OFC 
with ultra-large frequency span but fixed FSR[7]. Using 
nonlinear effects in the highly nonlinear medium, the 
generated OFC suffers from flatness problems and lacks 
continuous tunability[8]. In addition, the OFC generation 
approach based on a recirculating frequency shifting loop 
could provide a large number of comb lines with tunable 
FSR. Nevertheless, the generated comb lines lack 
long-term stability[9].  

Thanks to the excellent flexibility and stability, the 
OFC generation scheme based on external modulation of 
a continuous-wave (CW) laser has been widely investi-
gated, such as using one dual-drive Mach-Zehnder 
modulator (MZM)[10], two cascaded MZMs[11], or one 
MZM cascaded with one phase modulator (PM)[12]. 
Above listed combs, FSRs are all equal to the corre-
sponding frequency of the sinusoidal drive signal and 

can be tuned by changing the drive frequency. However, 
it is difficult to realize large FSR because of the high cost 
of high-frequency sinusoidal signal source. Using two 
cascaded push-pull MZMs, CHONG et al[13] achieved an 
OFC whose FSR is twice the frequency of sinusoidal 
drive signal. Based on coupled sinusoidal drive signal 
and a single MZM, XIE et al[14] also realized an OFC 
whose FSR is twice the frequency of sinusoidal drive 
signal. 

In order to practically achieve an OFC with a large 
number of comb lines and tunable FSR, we propose a 
novel OFC generation approach employing two MZMs, a 
linearly chirped fiber Bragg grating (LCFBG) and a PM. 
First, two MZMs are cascaded to output an OFC with a 
large number of equal-spaced comb lines. The comb FSR 
is tuned by adjusting the frequency of the sinusoidal drive 
signal. This means the maximum FSR is limited by the 
highest frequency of the sinusoidal signal source. In order 
to increase the comb FSR by a positive integer multiple, 
the temporal self-imaging (TSI) effect and the temporal 
phase compensation are introduced by controlling the 
chromatic dispersion amount of the LCFBG and the drive 
signal of the PM[15,16]. Thus, the modified comb FSR at the 
output of the PM becomes multiple times as high as the 
frequency of the sinusoidal drive signal. In this way, we 
can realize an OFC with a large number of comb lines and 
desired FSR at a lower cost.
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The schematic diagram of the proposed OFC with 
tunable FSR is depicted in Fig.1. A CW laser with optical 
field of Ein(t)=E0exp(jω0t) is modulated by a sinusoidal 
signal with the angular frequency of ωr, where E0 and ω0 
are the amplitude and frequency of the optical carrier. 
The sinusoidal signal is first split by an electrical coupler 
and then drives MZM1 and MZM2 with a relative phase 
difference θ (0<θ<180°) introduced by a phase shifter 
(PS). 

 

��

PS: phase shifter; CW: continuous-wave laser; MZM: Mach-Zehnder 
modulator; LCFBG: linearly chirped fiber Bragg grating; AWG: arbi-
trary waveform generator; PM: phase modulator; OSA: optical spec-
trum analyzer 

Fig.1 Schematic diagram of the proposed OFC with 
tunable �)�6�5: (a1) Process of pulse width reduction by 
tuning the phase shift ��; (b1) Output pulse with re-
duced pulse width; (c1) Pulse train with multiplied 
repetition rate; (a2), (b2) and (c2) are the optical 
spectra corresponding to (a1), (b1) and (c1), respec-
tively 

 
The output optical field of MZM1 (at point A) is writ-

ten as 
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where Vπ is the half-wave voltage, and V1(t) and V2(t) are 
the electrical drive signals applied to the upper and lower 
arms of MZM1, respectively. We set V1(t)=−V2(t)= 
(VDC+VRFsinωrt)/2, where VDC and VRF are the DC bias 
and the amplitude of the sinusoidal signal, respectively, 
and thus Eq.(1) is rewritten as 
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where β=πVRF/2Vπ, φ=πVDC/2Vπ. When VRF=VDC=Vπ/2, 
Eq.(2) is expressed by 
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Using Bessel functions of the first kind, Eq.(3) is ex-
panded as 
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The first term in Eq.(4) represents the center frequency 
of the OFC, while the second term creates the rest of the 
comb lines. The frequency spacing between the comb 
lines is governed by the frequency of the sinusoidal drive 
signal ωr. In order to increase the number of comb lines, 
the optical pulse width ought to be decreased by cascad-
ing MZM2. Under the condition of VRF=VDC=Vπ/2, the 
output optical field of MZM2 (at point B) is given by 
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Using Bessel functions of the first kind, Eq.(5) is ex-
panded as 
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By tuning the phase shift θ, the pulse width at point B 
can be reduced, and the number of comb lines is in-
creased accordingly. Nevertheless, the comb FSR re-
mains the same as the frequency of the sinusoidal drive 
signal, as shown in Fig.1(a2) and Fig.1(b2). 

Subsequently, the process of comb FSR multiplication 
is enabled by the combination of LCFBG and PM, as 
shown in Fig.2. The LCFBG is used to introduce the TSI 
effect, and the PM is used to compensate for the residual 
phase variations. According to the theory of the TSI ef-
fect[17], when the dispersion amount D (ps/nm) of the 
LCFBG satisfies 

2
r
2
0
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�                            (7) 

the reflected pulse repetition rate of the LCFBG becomes 
N times of the input pulse repetition rate (Fig.2(a2)), 
where N and M are two mutually prime integers, c is the 
light speed in a vacuum, tr is the input pulse period of 
LCFBG and λ0 is the central wavelength of the comb 
spectra. The maximum N ought to be limited to avoid the 
overlap of the adjacent pulses. It depends on the ratio of 
the repetition rate of input pulse to the pulse width. As 
the signal representations in the time domain and fre-
quency domain have unrelated repetition periods, the 
reflected comb FSR remains the same as the input comb 
FSR to LCFBG, as shown in Fig.2(b1) and Fig.2(b2). As 
the temporal phase profile of the LCFBG-reflected pulse 
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train has a parabolic envelope[18,19], a PM is inserted to 
compensate the residual phase variations of the pulse 
train so that every optical pulse has the same phase, as 
shown in Fig.2(a3). The phase of the n-th optical pulse is 
set to be 

2π ( 0, 1, 2,...),n
s n n
m

 � � �r �r                  (8) 

where s and m are coprime integers, and m=N is the FSR 
multiplication factor. It is worth noting that φn is periodic 
with period 2m when the product of s and m is odd, or 
with period m when the product of s and m is even. In 
other words, we need to perform a periodic temporal 
phase modulation that contains 2m or m discrete phase 
levels in each period. After the temporal phase compen-
sation, the comb FSR becomes N times of the original 
one, as shown in Fig.2(b3). Based on the above theory, 
as both the frequency ωr of the sinusoidal drive signal 
and the FSR multiplication factor N are tunable, the pro-
posed OFC generation system is capable of realizing an 
OFC with a large number of comb lines and tunable FSR. 
The maximum FSR depends on the product of the high-
est frequency of the sinusoidal signal source and the ul-
timate FSR multiplication factor. 
 

��

Fig.2 Process of the comb �)�6�5 multiplication: 
(a1)—(a3) Signal representations in the time domain; 
(b1)—(b3) Signal representations in the frequency 
domain  
 

Next, we present several simulation results of the 
proposed system based on the OptiSystem platform. As 
shown in Fig.3, a lightwave with the wavelength of 
1 550 nm and the output power of 20 dBm is emitted by 
a CW laser and then sent to two cascaded MZMs. A si-
nusoidal signal is split into two paths to drive the two 
MZMs with a relative phase shift θ controlled by a PS. 
Fig.4(a) illustrates the variations of the pulse width and 
pulse power with θ, in which points P, Q, and R are se-
lected to show the waveforms in detail (Fig.4(b)). It can 
be seen that the pulse width decreases when θ increases. 
This is beneficial to realize the larger FSR multiplication 
factor. However, when the pulse width is reduced, the 
pulse power drops as well. When θ=120°, there exists a 
maximum difference between the pulse power and pulse 

width (see points S and R). Jointly considering the pulse 
power and the pulse width, we set θ=120°. 

 

��

Fig.3 Simulation setup of the proposed OFC with 
tunable �)�6�5 
��

��

��

Fig.4 (a) Variations of the pulse width and pulse power 
with phase shift ��; (b) Waveforms of points P, Q, and R 
in detail of (a) 

 
The drive frequency of the sinusoidal signal source is 

set to be 10 GHz. Thus, the output comb FSR of two 
cascaded MZMs is 10 GHz. Subsequently, an LCFBG 
and a PM are connected to multiply this comb FSR. The 
dispersion value of the LCFBG is set at −624.35 ps/nm 
for an FSR multiplication factor of 2 (M=1, N=2 in 
Eq.(7)), and the PM is driven by an electrical periodic 
pulse sequence {0, π/2; 0, π/2…} (s=1, m=2 in Eq.(8)) to 
compensate residual phase variations of each optical 
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pulse. As a result, an OFC with 20 GHz FSR is obtained, 
as shown in Fig.5(a). Likewise, when the dispersion 
value of the LCFBG is set at −124.87 ps/nm for an FSR 
multiplication factor of 10 (M=1, N=10), and the PM is 
driven by an electrical periodic pulse sequence {0, π/10, 
2π/5, 9π/10, 8π/5, π/2, 8π/5, 9π/10, 2π/5, π/10; 0, π/10, 
2π/5, 9π/10, 8π/5, π/2, 8π/5, 9π/10, 2π/5, π/10…} (s=1, 
m=10), an OFC with 100 GHz FSR is obtained as shown 
in Fig.5(b). For the above two cases, the resulting power 
of each spectral line is around 3 dB or 10 dB higher than 
that of the OFC at the output of two cascaded MZMs, 
indicating the high energy efficiency of this method. 

 

 

��

Fig.5 Measured OFCs at the output of two-cascaded 
MZMs and multiplied OFCs after LCFBG and PM with 
(a) �)�6�5 of 20 GHz and (b) �)�6�5 of 100 GHz 
 

Finally, to verify the flexibility of the proposed ap-
proach, we vary both the drive frequency of the sinusoi-
dal signal source and the FSR multiplication factor to 
generate OFCs with different FSR values. As shown in 
Fig.6(a), an OFC with 30 GHz FSR is realized by setting 
the sinusoidal drive frequency at 5 GHz and the FSR 
multiplication factor at 6, where the dispersion value of 
the LCFBG is −832.47 ps/nm (M=1, N=6) and the PM is 
driven by an electrical periodic pulse sequence {0, π/6, 
2π/3, 3π/2, 2π/3, π/6; 0, π/6, 2π/3, 3π/2, 2π/3, π/6…} 
(s=1, m=6). The resulting power of each spectral line is 
around 8 dB higher than that of the OFC at the output of 
two cascaded MZMs. In addition, as shown in Fig.6(b), 
an OFC with 64 GHz FSR is acquired by setting the si-

nusoidal drive frequency at 8 GHz and the FSR multipli-
cation factor at 8, where the dispersion value of the 
LCFBG is −243.89 ps/nm (M=1, N=8) and the PM is 
driven by an electrical periodic pulse sequence {0, π/8, 
π/2, 9π/8, 0, 9π/8, π/2, π/8; 0, π/8, π/2, 9π/8, 0, 9π/8, π/2, 
π/8…} (s=1, m=8). The resulting power of each spectral 
line is around 9 dB higher than that of the OFC at the 
output of two cascaded MZMs. 

 

 

��

Fig.6 Measured OFCs at the output of two-cascaded 
MZMs and multiplied OFCs after LCFBG and PM with 
(a) �)�6�5 of 30 GHz and (b) �)�6�5 of 64 GHz 
 

In conclusion, using two MZMs cascaded with an 
LCFBG and a PM, an approach for OFC generation with 
plentiful comb lines and tunable FSR has been proposed 
and demonstrated. In order to achieve an OFC with plen-
tiful comb lines, two MZMs are driven by phase-shifted 
sinusoidal signals. Subsequently, LCFBG and PM are 
utilized to introduce the TSI effect and temporal phase 
compensation for the FSR multiplication. Since the fre-
quency of the sinusoidal drive signal and the FSR multi-
plication factor are both tunable, an optical comb with 
the desired FSR can be achieved. The desired comb FSR 
can be tuned flexibly between 0 and the product of the 
highest frequency of the sinusoidal signal source and the 
maximum FSR multiplication factor. In the simulation, 
the highest frequency of the sinusoidal source is 10 GHz, 
and the maximum FSR multiplication factor is 10. Thus, 
the desired FSR of OFC could be tuned between 0 and 
100 GHz. We have obtained OFCs whose FSR is 2, 6, 8, 
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and 10 times as high as the frequency of the sinusoidal 
drive signal. The simulation results agree well with the 
theoretical analysis. The proposed OFC generation ap-
proach may contribute to the development of 
cost-effective OFC with a large number of comb lines 
and tunable FSR. 
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