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ABSTRACT In this paper, a new technique for generation of ultra-wide and flattened optical frequency
comb (OFC) based on serial cascading of a phase modulator and dual-driven Lithium-NiobateMach Zehnder
modulator (DD-LiNbO3-MZM) is proposed. Over 60 carriers were generated by carefully adjusting the RF
switching voltage (RFSV) of the DD-LiNbO3-MZM and the signal frequency of the sinusoidal wave (RF)
source. A low power amplified RF source with a signal driving power of 16.9dBm is applied, and the power
of CW laser is kept at 3dBm. The frequency spacing (FS) is kept at 20GHz for generating the maximum
number of carriers. Nonetheless, the scheme is also tested for the FSs of 64GHz, and 32GHz. Each scenario
is examined in simulation environment and the main outcomes are highlighted. The proposed scheme is
comparatively simple and the FS varies with the applied RF source on the modulators. The achieved OFC
lines have a tone-to-noise ratio (TNR) of over 45dB with an undesired side mode suppression ratio of
approximately 20dB. The comb lines are almost flat with a varying power deviation of around 0dB-6dB
which is optimized to nearly 0.12dB. Furthermore, the impact of the RFSV on the generated number of
carriers is studied in detail. The scheme is analyzed in terms of cost efficiency, power deviations, TNR,
optical signal to noise ratio, and number of achieved comb lines.

INDEX TERMS Optical frequency comb, intensity modulation, Mach-Zehnder modulator, phase modulator.

I. INTRODUCTION
Optical frequency comb (OFC) generation have attracted
many researchers due to its diverse characteristics of trans-
mitting higher data rates at lower cost. It has been widely used
as a multi wavelength source at the OLT side of an optical
communication system in optical orthogonal frequency divi-
sionmultiplexing, optical time divisionmultiplexing, quadra-
ture amplitude modulation, and dense wavelength division
multiplexing [1]–[8]. It has been a hotspot for researchers
due to its importance and applications in the area of optical

The associate editor coordinating the review of this manuscript and

approving it for publication was Qunbi Zhuge .

communications, optical arbitrary waveform generation, and
optical frequency meteorology [9]–[12]. The generated OFC
is required to have great flatness, high tone to noise ratio
(TNR), variable frequency spacing, and may effectively
reduce the optical line terminal (OLT) cost by replacing
multiple laser sources and various other components.

In recent years, various methods and configurations are
proposed for OFC generation [13]–[28]. The most com-
mon configurations used for generating OFC lines are:
mode-locked lasers (MLL), recirculating frequency shift-
ing (RFS) loop, and nonlinear effects in a highly nonlinear
medium [13]–[18]. The first method is based on MLL; the
generated OFCs have a high bandwidth but it is not easy to
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control and adjust the OFC generator. The second method is
based on RFS loop; variety of research articles have reported
that RFS loop can obtainmore comb lines, however, the struc-
ture of the RFS loop is complex and requires more compo-
nents. For example, in ref [16], the dual RFS loop follows a
complex structure, the generated comb lines are not stable,
and it is hard to maintain. In the generated spectra, a max-
imum power deviation of over 10dB can be seen among the
comb lines. The last method is based on the non-linear effects
in highly non-linear medium; the generated OFC suffers from
flatness of the comb lines and lacks continuous tunability of
the generated spectra.

Generation of OFC using optical modulation is another
interesting technique and has already been widely studied.
This technique can be explained in two parts: (i) the first
one is based on the utilization of either intensity modulators
(IMs) [19], [20], cascaded or parallel IMs [1], [21]–[23],
phase modulators (PMs) [24]–[26], or polarization modula-
tors [27]. (ii) the second one is based on the hybrid utilization
of different modulators such as cascaded configuration of PM
and IMs [28]. This method is widely and most commonly
used to generate OFC lines due to its simple and cost-efficient
structure. However, sometimes, it requires high driving volt-
age of the RF source [29].

Among all these methods, the most commonly used
method for OFC generation is the use of IMs due to its
flexibility and high quality. The IMs are mostly driven by a
light source and a radio frequency (RF) source. The driving
signal frequency of the RF source are mostly tunable and can
be adjusted to obtain an ultra-flat OFC spectra.

In the proposed scheme, serially cascaded optical phase
modulator (PM) and dual-driven Lithium-Niobate Mach
Zehnder modulator (DD-LiNbO3-MZM) is utilized for the
generation of OFC. An amplified sine wave with a signal
driving power of 16.9dBm is used as a low driving RF source.
A CW laser having frequency 193.1THz and 3dBm power is
utilized to generate the light-wave signal. The RF source is
divided in three discrete parts by utilizing a 1×3 forkwhereby
the frequency and signal power is not affected and the same
signal is applied across each sub-part. The electrical input arm
of the PM is driven by the RF source and the optical input arm
is injected by the CW laser. Whereas, the optical input arm of
the DD-LiNbO3-MZM is driven by the generated output of
the PM and both electrical input arms of the DD-LiNbO3-
MZM are driven by the low powered RF source having same
power and frequency. Here, the PM converts the signal into
a wideband signal which consists of ultra-short pulses and
is further widened by utilizing the DD-LiNbO3-MZM. The
output spectra of the PM consist of limited and unstable
carriers which is then injected into the optical input port of the
DD-LiNbO3-MZM. The DD-LiNbO3-MZM normalizes the
electrical signal with the help of biasing voltage of 0V
and −2V, and modulation voltage of 4V and −4V. At this
stage, an unstable optical spectrum is achieved. However,
the RF switching voltage (RFSV) plays an important role
in the stability of the generated carriers. After carefully

observing the performance of the scheme under various con-
ditions, an almost flattened optical spectra of 63 carriers,
having a frequency spacing (FS) of 20GHz, is achieved with
a maximum power deviation (PD) of around ∼6dB among
the left-most and right-most 7carriers. The PD is reduced to a
maximum of 0.12dB by optimizing the results with an optical
filter. The TNR is above 45dB with an undesired side mode
suppression ratio (USMSR) of around 20dB. The scheme
is also tested for stability under various frequencies of the
RF source and it is observed that the scheme can produce
even more stable results for higher FSs. The performance of
the proposed scheme is analyzed in terms of cost efficiency,
number of generated carriers, their PDs, tone to noise ratios
(TNRs), and the effect of the RFSV of the DD-LiNbO3-MZM
is studied.

The main contributions of this article are summarized as
follows:
• A new OFC generation technique based on cascaded
phase and DD-LiNbO3-MZM is proposed.

• An amplified RF source with low driving voltage is
utilized.

• Theoretical analysis and simulation have been carried
out to validate the results and claims.

• The generated results are optimized with the help of
an optical filter to reduce the PD among the comb
lines.

• The bandwidth of the OFC spectra is enhanced, cost is
reduced, whereas number of comb lines are increased
compared to most of the schemes.

Recently, we proposed two techniques for OFC generation
based on a single IM [29], [30]. The deployment of the
schemes was discussed in details. In contrast to the proposed
scheme, the two schemes utilized a single drive MZM with a
higher RF driving voltage, however, cascaded configuration
of PM and LiNbO3-MZM is utilized in the current scheme.
The number of generated comb lines is greatly enhanced and
a higher bandwidth is achieved.

The rest of the paper is structured as follows: section
one contains the introduction part where a study of several
articles is presented along with our previous contributions to
the concerned topic. The second section covers the principle
of operation of the proposed OFC scheme. The schematics
and structure of the proposed scheme is discussed in details.
The simulation findings are demonstrated and discussed in
the third section. At the end, the paper is concluded with a
comprehensive conclusion.

II. PRINCIPLE OF OPERATION
In the proposed scheme, a centrally flattened OFC spectra
is achieved by utilizing a PM and DD-LiNbO3-MZM in
cascading mode. The scheme also utilizes an amplified RF
source and a CW laser. The RF source has a signal driving
power of 16.9dBm and frequency of 20GHz. The RF source
is split in three sub-parts with the help of a 1× 3 fork which
does not affect the frequency, phase or the driving voltage of
the signal. The CW laser has a frequency of 193.1THz and
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FIGURE 1. (a) Schematic diagram of the proposed OFC scheme. (b) working mechanism of the OF. [RF; radio frequency, CW; continuous wave, EA;
electrical amplifier, EPM; electrical power meter, OSA; optical spectrum analyzer, OTDV; optical time domain visualizer, OPM; optical power meter, OF;
optical filter, PD; power deviation/difference].

3dBm power with a linewidth of 10MHz. The PM is used to
impose a phase modulation on the optical signal via electrical
modulation. The PM has an optical and electrical input arm
where a CW laser is used to inject a light wave signal into
the optical input arm, whereby, the electrical input arm is
driven by the RF source. The output of the light source can
be expressed as

Ec = Eoej2π fct (1)

and output of the RF source can be written as

Yrf (t) = m. sin(2π fst + φ) (2)

where fs represents the number of oscillations per second, m
represents the amplitude of the signal, 2π fs represents the
angular frequency and φ represents the initial phase of the
electrical signal. The output of the PM can be expressed as

Epmout = Ein.ej.1φ.Yrf (t) (3)

where Epmout is the output optical signal of the PM, Yrf (t)
is the input electrical signal, 1φ represents the phase shift
induced by the modulator, and Ein is the input optical signal.
By injecting both RF and CW source at the input electrical
and input optical arm of the PM, the output of the PM can be
given as [26], [31]

Epmout = Ec.ej.1ϕ.Yrf (t)

= Eoe(j2π fct).e(j.1ϕ.m. sin(2π fst+φ)) (4)

Expanding the above equation with Jacobi Anger expansion,
we get [26], [31]

Epmout = Ec
n=+∞∑
n=−∞

Jn(π.m). exp(j2π(fc + nfs)t) (5)

where m is the modulation index of the modulator and
Jn(π.m) represents the first kind of Bessel function of order
‘‘n’’. Equation 5 represents the generated output spectra of
the PMwith frequency (fc+nfs) where n = ±1,±2, . . . ,±n.
The input RF signal is normalized between 0 and 1.

Next to the PM, a DD-LiNbO3-MZM is utilized to perform
intensity modulation on the output spectra generated by the

PM and tune the power variations of even and odd sidebands
at the same level to obtain a flattened optical spectrum at the
output. The schematic diagram of the proposed scheme can
be seen in Figure 1 (a).

The operational principles of MZMs are based on the
electro-optic effect. This effect is characterized by the vari-
ation in the applied electric field which causes variance of
the refractive index in the modulator arms. The input optical
signal is divided in two equivalent parts; lower arm and upper
arm of the modulator. The modulator is driven by an RF
source and different transmission speeds can be achieved
based on the driving voltage of the input electrical signal.
The DD-LiNbO3-MZM has an optical input arm and two
electrical input arms. The optical input arm is injected by
the output of the PM, whereby, the electrical input arms are
driven by the RF source with frequency variation of 2n+1

where n = 4, and 5. The extinction ratio of the DD-LiNbO3-
MZM is kept at 20dB, a DC bias voltage of 4v to turn the
device on or off, and the RFSV varies from 0.2V to 4V
with an insertion loss of 5dB (for graphical illustrations of
OSNR, and total noise power calculation, the lowest value
of −4V is also considered). The impact of the RFSV on the
generated optical spectra is studied and further discussed in
the coming sections. The DD-LiNbO3-MZM normalizes the
input electrical signals between −0.5 and 0.5 at both input
armswhich is thenmultiplied bymodulation voltage 1 (which
in this case is kept at 4V) and modulation voltage 2 (which is
kept at −4V). This can be expressed as

V1 (t) = NES ∗MV1 (6)

V2 (t) = NES ∗MV2 (7)

where NES represents the normalized electrical signal, MV1
represents the modulation voltage 1, and MV2 represents
the modulation voltage 2. Ein (t) represents the optical input
signal at the input optical arm of the DD-LiNbO3-MZM,
v1(t), v2(t) represents the electrical input signals at the
electrical input arm1, 2, respectively, and Eout(t) represents
the output optical spectra at the optical output arm of the
DD-LiNbO3-MZM. The output of the DD-LiNbO3-MZM
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can be expressed as

Eout (t) =
Ein (t)VπDC (t)
10(Iloss/20)

·

[
SR · e(jπv2(t)/VπRF+jπvbias2/VπDC )

+ (1− SR) · e(jπv1(t)/VπRF+jπvbias1/VπDC )

]
(8)

where Eout (t) represents the output optical signal, Ein (t)
denotes the input optical signal which in this case is the output
optical spectra of the PM, insertion loss is represented by Iloss
which in this case is kept at 5dB, v1(t) and v2(t) represents the
electrical voltages for upper and lower arms of the modulator.
The value of v1(t) is kept at 4V and value of v2(t) is kept at
−4V. vbias1(t) and vbias2(t) represents the bias voltage 1 and
bias voltage 2. The RFSV is represented by VπRF , and the DC
bias voltage is represented by VπDC . The power splitting ratio
of both Y-branch waveguides is represented by SR which can
be further expressed as

SR =
(
1−

1
√
εr

)
/2 εr = 10Er/10 (9)

where the Er is defined by the parametric value of Extinction
ratio. By substituting the value of the insertion loss and SR in
equation 8, we can get

Eout (t)

=
Ein (t)VπDC (t)

2.5

·


(
1−

1
√
10Er/10

)
· e(jπv2(t)/VπRF+jπvbias2/VπDC )/2

+

(
1−

(
1−

1
√
10Er/10

)
/2
)
·e(jπv1(t)/VπRF+jπvbias1/VπDC)


(10)

The above equation can be simplified as

Eout (t) =
Ein (t)VπDC (t)

2.5

·

[
(0.45) · e(jπv2(t)/VπRF+jπvbias2/VπDC )

+(0.55) · e(jπv1(t)/VπRF+jπvbias1/VπDC )

]
(11)

The above equation represents the generated optical fre-
quency comb at the output port of the DD-LiNbO3-MZM.
By carefully adjusting the bias and modulation voltage1,
2, and switching bias and RF voltages, an OFC spectra
of ∼63 healthy carriers is achieved. The signal is measured
and visualized with an optical spectrum analyzer (OSA),
optical time domain visualizer (OTDV), optical power meter
(OPM), and WDM analyzer as shown in Figure 1 (a). The
PD among the centered carriers is about 0.01dB-1.5dB, how-
ever, the PD on the sidebands can reach up to a maximum
of ∼6dB. This is the scenario for 20Ghz FS. To reduce the
PDs and get an overall flattened OFC spectra, an optical
filter is utilized to perform gain flattening and an optimized
OFC is achieved where the PD is reduced to a maximum
of ∼0.12dB. The total bandwidth supported by the scheme
is around 1260GHz. The working mechanism of the optical
filter is shown in Figure 1 (b). The simulations are carried

TABLE 1. Simulation parameters.

out in Optisystem and the parametric values of DD-LiNbO3-
MZM and layout parameters are specified in Table 1.

III. SIMULATION RESULTS AND DISCUSSIONS
In order to confirm the likelihood and need of the proposed
OFC generation scheme, theoretical and principle analysis
were performed for the cascaded PMandDD-LiNbO3-MZM.
Here, the FS of 20GHz, 32GHz, and 64GHz were considered
to examine the stability and scalability of the scheme under
various FSs. In the first case, ∼63 stable and healthy carriers
were generated by carefully adjusting the RFSV and biasing
voltages of the DD-LiNbO3-MZM. In the second case, the FS
is increased to 32GHz and 41 stable and healthy carriers were
generated with high TNR and an almost flattened spectra
among the central carriers. In the third case, the FS is doubled
(64GHz) and an overall OFC spectra of 21 stable and healthy
carriers is achieved. The simulation results of these cases
can be seen in Figure 2. Furthermore, the PD is reduced
by performing gain flattening on the generated spectra of
each event. At the output port of the DD-LiNbO3-MZM,
an optimized optical filter is used to further stabilize the gen-
erated spectra and reduce the PDs among the carriers. In the
first instance, the PD is reduced to a maximum of ∼0.12dB,
whereas, ∼0.08dB, and ∼0.07dB PDs are achieved for the
rest of the instances. The optimized simulation results are
shown in Figure 3.

Figure 2(a, b, and c) shows the simulated output spectra
of the DD-LiNbO3-MZM when the FS is kept at 20GHz,
32GHz, and 64GHz. It can be seen that the maximum number
of carriers can be achieved when the lowest FS is considered.
However, with increasing the FS, although the number of
carriers is reduced, the stability of the scheme is enhanced.
The graphical illustration of the PD of all the given cases is
shown in Figure 4.

The spectral components (SCs) of the OFC spectra can be
determined using equation 12.

SC =
n∑
i=1

fc ± ifs ∴ n = 32, 16, 8 (12)
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FIGURE 2. Simulation results of the proposed OFC scheme. (a) 20GHz,
(b) 32GHz, and (c) 64GHz.

TABLE 2. Spectral components of the generated OFC spectra.

Using the equation, the SCs of the generated OFC are listed
in Table 2.

The graphs in Figure 4 shows minimum and maximum
PDs among the carriers starting from central position and
spreading towards left and right direction. The PDs of the
OFC spectra prior to gain flattening is illustrated in Figure 4
(a, b, and c), and post optimization is shown in Figure 4(d).
The filter transmission function is illustrated in Figure 4(e).

Figure 5(a, & b) shows the impact of the varying RFSV on
the OSNR (dB) and total noise power (dBm) of the generated
spectra. It can be seen that an OSNR of over 50dB is achieved
along with a total noise power of approximately −75dBm,
which imposes the effectiveness of the scheme. Moreover,
the RFSV plays an important role in controlling the number of
generated carriers and maintaining the PD among them. The
impact of varying RFSV on the generated number of carriers
can be seen in Figure 6.

FIGURE 3. Simulated OFC spectra after performing filter optimization.

FIGURE 4. Graphical illustration of the PD w.r.t FS. (a) FS = 20GHz,
(b) FS = 32GHz, (c) FS = 64GHz. (d) after optimization is performed.

It can be seen in Figure 6 that the RFSV can greatly disturb
the number of generated carriers. The maximum number
of carriers were generated when the minimum value was
considered. A dramatical fall is noticeable in the first two

76696 VOLUME 8, 2020



S. Ullah et al.: Ultra-Wide and Flattened OFC Generation

TABLE 3. Comparison of the proposed work with the cited works.

FIGURE 5. Impact of the RFSV on (a) OSNR of the generated spectra, and
(b) total noise power.

blocks 0.2-0.6, and the impact is reduced in the latter blocks.
It can be noticed that the larger values have less impact on
the number of generated carriers. This impact can be studied
by the graphical illustration of the RFSV and signal power
variance (SPV) in Figure 7.

Figure 7 shows the graphical illustration of the RFSV and
SPV when the minimum RFSV value of 0.2V and maximum
of 8V is considered. On the other hand, the inset shows the

FIGURE 6. RFSV and its impact on the number of generated carriers.

FIGURE 7. RFSV vs signal power (variance).

illustration of both SPV and RFSV when the maximum value
is limited to 4V. It can be seen that increasing the maximum
value results in less variations which greatly influences the
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number of generated carriers. Furthermore, an overall com-
parison of the current scheme is carried out with most of the
cited works in Table 3. It is found that the proposed scheme
is more efficient in terms of cost efficiency, number of gener-
ated carriers, OSNR, TNR, and provides a higher bandwidth.
Thus, it can be assumed that the proposed scheme is deploy-
able in coherent optical communications, WDM/OFDM pas-
sive optical networks, and advanced modulation based future
generation of optical access networks.

IV. CONCLUSION
In this paper, a new cost-proficient and ultra-flattened OFC
generation scheme is proposed. In the proposed scheme,
cascaded PM and DD-LiNbO3-MZM is utilized to generate
the OFC. A total of 63 stable and healthy carriers are achieved
with a FS of 20GHz. The proposed scheme is also tested
under varying FSs and it is observed that the scheme can han-
dle all the situations comfortably with high TNR and lower
PDs. The scheme is analyzed in terms of the PD among the
carriers, TNR, OSNR, and number of generated carriers. The
simulation results show great performance and, thus, given
proper environment, the proposed scheme can be deployed
in next generation high-capacity wavelength division multi-
plexed passive optical networks, and coherent optical com-
munications with advanced modulation techniques.
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