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Abstract: We propose a new scheme to generate flat optical frequency combs (OFCs) by the electro-
optic modulation method. A digital signal is used instead of the usual RF signal to drive an electro-optic
intensity modulator (IM), a band-stop filter is employed to flatten the comb lines. When suitable filter
bandwidth is found, the ultra-flat optical frequency comb will be generated. The scheme can generate a
large number of comb lines, the number of lines is selective, and the flatness of the comb lines is less
than 0.4 dB. The comb spacing of OFCs can be adjusted by controlling the bit rate of the digital signal
which is simple and easy to operate. The theoretical model of the scheme is established. Two kinds of
band-stop filters (Butterworth and Gaussian) are used for comparison.
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1. Introduction

Optical frequency comb has become the focus of research in recent years, and has been applied to the
fields of Optical communication, photonic microwave signal processing, precise optical metrology,
arbitrary waveform generation and so on[1]-[3]. In high-speed optical transmission system, flat optical
frequency comb can be used as a multi wavelength light source for communication, and the flatness is
an important index of the optical frequency combs in this case. At present, there are many methods to
generate optical frequency comb, such as mode-locked laser method, nonlinear effect method of
nonlinear medium, micro resonant cavity method and the method based on electro-optic modulator[4]-
[8]. Among them, the method based on electro-optic modulator is widely used because it is easy to
realize[9]. Common methods for generating optical frequency combs based on electro-optic modulators
include recirculation frequency shift and direct modulation[10]-[13]. Recirculation frequency shift
includes unidirectional recirculation frequency shift and bidirectional recirculation frequency shift, the
seed light source of the loop can be single seed source or multiple seed source. The main disadvantage
is that with the increase of the number of cycles, the noise in the system will accumulate. The direct
modulation can use intensity modulator, phase modulator, polarization modulator and Mach-Zehnder
modulator, and the modulators can be connected in parallel or cascaded. By changing the drive signal
and direct current (DC) bias of the modulator, the comb spacing, the number of comb lines and the
flatness of the generated optical frequency comb can be controlled effectively. Yan mentioned that using
digital signals instead of radio frequency signals to drive modulators, and using simulated annealing
algorithms to select and design the input pseudo random data sequences[14]. However, this method is
fully programmed, the selected algorithm is complex. When the number of comb lines increases or the
comb spacing becomes larger, the comb lines will become more and more uneven.

Therefore, in this paper, we report an implementation scheme of an ultra-flat optical frequency comb
generator based on the digital signal-driven intensity modulator (IM) and band-stop optical filter. It is
more flexible and simpler compared with previous methods based on the radio frequency driven IM.
After IM modulation, a uniform but uneven optical frequency comb can be generated, then we use a
band-stop filter to adjust the amplitude of comb lines. Not only can the comb spacing be tuned in a large
range, which is suitable for the optical transmission system, but also can generate lots of comb lines. The
proposed scheme is simple in structure and easy to implement, and the generated optical frequency comb
is very flat, the flatness is less than 0.4dB under the condition of appropriate filter bandwidth. Finally,
we compared the performance of the two kinds of band-stop filters in the system.



2. Principle and theoretical analysis

Here we present a proof-of-concept device based on IM for generating ultra-flat optical frequency combs.
The device is mainly composed of pulse generator, continuous-wave seed laser, intensity modulator,
band-stop filter, band-pass filter, as shown in the Fig.1.
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Fig. 1 Proof-of-concept setup for generating the OFC of high quality based on IM

PG: pulse generator; CW: continuous-wave; IM: intensity modulator; BSF: Band-stop filter; BPF: Band-pass filter; OSA: optical
spectrum analyzer

In the time domain, a waveform generator controlled by a simple binary sequence 101010...
generates a periodic square-wave signal with duty ratio of 0.5.
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Fig. 2 Periodic square-wave signal waveform

Fig. 2 is a waveform diagram of a periodic square-wave signal. In one period
T
A ——<1<0
2

f(t)= M
0 0£t<§

Expanding f(#) with the Fourier series of the trigonometric

24 2A 24 2A .
f (1) ="=sinayt + =—sin3@,f + =—sin 5oyt + ...+ ——sin nyt +...
. T 3z Sz nr
function: - 2
=a,+ Y a,sin(noy)

n=—0n

Where a)ozz?ﬂ ,and T is the period of the square-wave signal. a,=0, n is an odd integer,
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The amplitude value of each spectral line in the complex spectrum is |c,|=a, /2=A/|n|7, the

spectral line interval is 2/T .

The input optical signal of the IM can be expressed in frequency domain as
E,(w)=27-E,-6(w—a®,) ,where @, =2xf., f. is central frequency of the seed light from the CW

laser, and E, is the electric field amplitude of the optical signal.

The output of the intensity modulator in the frequency domain can be expressed as:
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In order to obtain flat optical frequency combs, we use a band-stop filter to shape the uneven comb
lines. Two kinds of band-stop filters, Gaussian filter and Butterworth filter, will be used for comparative
analysis.

First, we consider using Gaussian band-stop filter. The normalized power transfer function of a linear
time-invariant Gaussian band-stop filter can be expressed as:
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Where o, =27 f,, f. is central frequency of this filter. And z—f is the 3dB bandwidth of the filter,
V4

k is the order of the Gaussian band-stop filter.

Thus, the final output power spectrum of the experimental device is obtained:

Py (@) =|Eps (o) -Hy (o)

2k

+o0 n2. ~
ZZ|2”'E0'Cn25(w—wc—nw0)- 1-exp _M 6)
n=—o za)f
+00 2AE0 2 ln2~(na)0)2k
- ' 1_ YR > :i],i3,i5,,,
n:z—oo n exp Za)fz n

The same analysis can be carried out for the Butterworth band-stop filter, whose power transmission
function as follows:
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Thus, the final output is:
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It can be seen from the equation(6) and equation(8) that when both n and @, are determined, the

magnitude of each spectral line is only related to @,, the bandwidth of the filter can be changed to

adjust the flatness of the OFC.

3. Experimental simulation and results analysis

In this section, we discuss the generation of ultra-flat optical frequency comb based on the digital signal-
driven IM and band-stop optical filter. In order to verify the feasibility of our proposed scheme, we use
VPI TransmissionMaker commercial software to make a simulation, and analyze the performance of the
scheme. As shown in Fig.1, one continuous-wave (CW) seed laser is used as the light source with output
power of 10mW , center frequency at193.1THz and linewidth at100KHz . The MZM modulator with
40GHz bandwidth is in push-pull mode to act as an intensity modulator. In this case, we set the half-
wave voltage of the MZM to 3.5V , the extinction ratio to 35dB , the insertion less to 6dB and the DC
bias is 0.5V . The binary sequence is 101010... with duty cycle of 0.5 . The center frequency of the band-

stop filter is 193.1THz which is the same as the seed laser. The comb spacing of the generated optical
frequency comb can be changed by controlling the bit rate of square-wave signal.

Fig. 3 shows the output spectrum of the intensity modulator, the spectrum is a 64-line optical
frequency comb with the comb spacing of 6.25GHz. It is obvious that the comb is not flat and also
contains the carrier, and the comb spacing is not uniform. Therefore, a filter is added after the intensity
modulator to adjust the amplitude of comb lines to generate ultra-flat optical frequency combs. The
following analysis is based on the Gaussian filter.
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Fig. 3 The output 64-line optical comb of the IM with the comb spacing of 6.25GHz

According to the above analysis in the section 2, changing the filter bandwidth will change the
flatness of the comb. Therefore, in order to study the influence of filter bandwidth on the flatness of
optical frequency combs, different filter bandwidths will be set for the research. Figure 4 shows the
flatness of the 64-line optical frequency comb with 6.25GHz comb spacing at different filter bandwidths
after the Gaussian band-stop filter. When the filter bandwidth is set to 100GHz, 232.24GHz and 400GHz,
the measured flatness of the generated optical frequency comb is 5.7dB, 0.25dB and 1.8dB respectively,
as shown in Fig.4 (a-c). It can be seen that there is an optimal filter bandwidth of 232.24GHz with which
the generated optical frequency comb is the flattest.
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Fig. 4 The flatness of comb lines varies with the bandwidth of Gaussian band-stop filter (a) 100 GHz, (b)

In the above research, the filters are all set to the first order. It can be analyzed from equation (5) and
equation (6) that different order of the filter will generate different output power distribution. In order to
study the effect of the filter order on the filter output, different orders were set for Gaussian filter. The
flattest 64-line optical frequency combs generated with different filter orders are shown in Fig. 5, the
spectral line interval is 6.25GHz. As can be seen from the Fig.5, when the order is greater than 1, there
will be a middle sag, which makes it impossible to form a continuous flat optical frequency comb near
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the center frequency. Therefore, the first order filter is selected in our research.
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Fig. 5 The flattest 64-line optical frequency combs generated with the Gaussian band-stop filter of (a) the
2nd-order, (b) the 3rd-order

In order to obtain the most suitable 3dB bandwidth for generating flat optical frequency combs, we
further study the relationship between the flatness and the bandwidth of the optical frequency combs with
different comb lines, the comb spacing is 6.25GHz. It can be seen from the figure 6 that when more flat
comb lines need to be generated, the required filter bandwidth will increase.
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Fig. 6 The comb flatness at different filter bandwidths after Gaussian band-stop filter

Butterworth filter and the Gaussian filter have similar transmission characteristics, but there are still
some differences. The two kinds of filters, Gaussian and Butterworth, will be compared and analyzed
below. The following analysis is based on the first order filters.

Fig. 7 shows the relationship between the comb flatness and the bandwidth of two kinds of filters
when the generated optical frequency combs with 128 lines and 6.25GHz comb spacing. In the case of
the same number of comb lines and the same comb spacing. Gaussian filter requires smaller 3dB
bandwidth to achieve flattest comb that of Butterworth filter.
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Fig. 7 The comb flatness at different filter bandwidths for the two types of filters

Figure 8 is the flatness of the generated flattest optical frequency combs with 6.25GHz comb spacing
and different comb line numbers, respectively. As long as the appropriate filter bandwidth is selected,
the comb spacing has little or no affection on the flatness of the optical frequency combs.
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Fig. 8 The combs flatness at different comb line numbers under two types of filters

When the power of the seed carrier is determined, the average power will decrease as the number of
comb lines increases. Figure 9 shows the average power of the output comb lines when the flattest combs
are generated with different comb line numbers. It can be seen that the average comb line power by
Gaussian filter is larger than by Butterworth filter.
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Fig. 9 Average comb line powers at different comb lines with 6.25GHz comb spacing

In fact, we can add a band-pass filter to select the needed number of comb lines. Figure 10 shows 100
comb lines selected from an optical frequency comb with 128 comb lines and 2.5GHz comb spacing.
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Fig. 10 100 comb lines selected from an optical frequency comb with 128 comb lines

4. Conclusion

We propose a new scheme to generate flat optical frequency combs based on the digital signal-driven
intensity modulator and band-stop optical filter. By theory analysis and experiment simulation to verify
the feasibility of the proposed scheme. The scheme is more flexible and simpler compared with previous
methods based on the radio frequency driven IM. The generated optical frequency combs have the
characteristics such as a large number of comb lines, selectable number of comb lines and adjustable
comb spacing. When a proper filter bandwidth is chosen, ultra-flat optical frequency combs can be
generated. In addition, Gaussian filter and Butterworth filter have similar effect on the generation of the
optical frequency combs, using Gaussian filter is relatively better.
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