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Abstract In this paper, we proposed a novel ultra-flat
broadband microwave frequency comb (MFC) generation
based on optical frequency comb (OFC) with a multiple-
quantum-well electro-absorption modulator (MQW-EAM)
in critical state. The scheme is simple and easy to adjust.
The performance of the MFC generation scheme is
investigated using software Optisystem. The results show
that the comb spacing of MFC can be adjusted from 5 to
20 GHz by changing RF signal’s frequency and the MFC is
almost independent on the linewidth of the tunable laser
diode. The performance of the MFC can be improved by
reasonably increasing the voltage of the RF, the small-
signal gain of the Erbium-doped fiber amplifier (EDFA)
and the responsivity of the photodetector. The MFC
generated by this scheme has 300 GHz effective bandwidth
with 15 comb lines, whose power variation is 0.02 dB,
when the components’ parameters in the Optisystem are
set as follows: the power of tunable laser diode (TLD) is
0 dBm, the wavelength is 1552.52 nm, and linewidth is
1 MHz; RF signal’s frequency is 20 GHz and the voltage is
10 V; the reverse bias voltage of MQW-EAM is 6.92 V; the
small-signal gain of the EDFA is 40 dB; the responsivity of
the photodetector (PD) is 1 A/W.

Keywords microwave frequency comb (MFC), multiple-
quantum-well electro-absorption modulator (MQW-EAM),
flatness

1 Introduction

Microwave frequency comb (MFC) has potential applica-
tions in many fields such as communications, military,

measurement and so on [1–5], by virtue of a large number
of spectral lines, a wide frequency range, and high
precision of spectral line spacing. So MFCs have attracted
considerable attention.
Many schemes for generating MFCs have been

proposed, which are mainly divided into two categories:
electronic methods [6,7] and optical methods [8–16].
Compared to the electronic methods limited by the
electronic bandwidths, the schemes for generating MFC
by optical methods can generate broader-bandwidth MFC.
So the optical schemes for MFC generation are topics of
current research. Many optical methods have been
proposed, such as focusing ultrafast laser pulse on the
tunneling junction of a scanning tunneling microscope
[8,9], using nonlinear dynamics of semiconductor lasers
[10–12], using mode-locked laser [13,14]. These methods
have their own unique advantages, but there is also room
for improvement. For example, in the method based on
focusing ultrafast laser pulse on the tunneling junction of a
scanning tunneling microscope, the comb spacing of
MFCs is determined by the repetition frequency of the
pulse output from the laser and cannot be adjusted
arbitrarily. In view of the scheme by using nonlinear
dynamics of semiconductor lasers, the nonlinear dynamics
is difficult to be adjusted to generate MFCs. As for the
methods by using mode-lock laser to generate MFCs, it is
not easy to adjust the laser to make it mode locked and the
comb spacing of MFC cannot be adjusted arbitrarily. In
addition to these methods, the schemes by utilizing
external modulation [15,16] also attracted great attention,
and MFCs generated have large bandwidths and great
tunability. A flexibly tunable MFC is generated based on
optical heterodyning between the intensity-modulated
optical carrier and the frequency-shifted Stokes light,
which contains 20 lines with 1 GHz comb spacing, while
the power variation is larger than 25 dB [15]. Based on a
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dual-output Mach-Zehnder modulator and balanced detec-
tion, the MFC generated has the bandwidth of 20 GHz and
the power variation of 1.1 dB, and the comb spacing can be
adjusted from 5 to 10 GHz [16]. The bandwith and flatness
of MFC by utilizing external modulation still have room
for improvement.
In this paper, a novel scheme for the generation of ultra-

flat broadband MFC is proposed. In this scheme, the
multiple-quantum-well electro-absorption modulator
(MQW-EAM) [17] in critical state is used to generate an
optical frequency comb (OFC), whose spectrum consists
of high-power central carrier and ultra-flat, low-power
sidebands. Then, the MFC is achieved by beatings of the
OFC in the photodetector (PD). This scheme is simple in
structure and easy to adjust, and the MFC generated by it
has better comprehensive performance, such as good
flatness, wide bandwith and good tunability. The perfor-
mance of the generated MFC was investigated using the
software Optisystem. We investigated the effects of some
parameters, such as the linewidth of the tunable laser diode
(TLD), the reverse bias voltage of the MQW-EAM, the
voltage and frequency of the RF signal, the small-signal
gain of the Erbium-doped fiber amplifier (EDFA) and the
responsivity of the PD, on the performance of the
generated MFC.

2 Operation principle

The schematic diagram of the proposed ultra-flat micro-
wave frequency combs generation based on optical
frequency comb with a MQW-EAM is shown in Fig. 1.
The single-wavelength carrier provided by the TLD is
input into the MQW-EAM, which is driven and modulated
by a RF signal. The output optical spectrum from the
modulator is an OFC with Gaussian envelope when the
reverse bias voltage Vb is relatively small. With the
increase of the Vb, the envelope-peak power decreases and
the bandwidth of the Gaussian envelope increases, while
the power of central carrier remains almost constant. There
exists a certain Vb, which makes MQW-EAM in critical
state [18]. When MQW-EAM is in critical state, the output
optical spectrum consists of the ultra-flat, low-power
sidebands and the high-power central carrier. With the Vb

increasing further, the sidebands will decrease rapidly and
disappear, while the central carrier is still reserved. With
the change of the voltage of RF signal VRF, the Vb

corresponding to the critical state of MQW-EAM will be
also changed at the same time. So we can adjust the VRF

and the Vb to make the MQW-EAM in critical state. The
output optical spectrum from MQW-EAM is input into the
EDFA and amplified. Then, the amplified OFC is input into
the PD to generate the electrical spectrum by beatings
among sidebands and carrier, and the MFC is achieved.
During the process of beatings, the high-power carrier

plays a dominant role and the beating signals between any
two low-power sidebands can be almost ignored, so the
power variation of the MFC generated form PD can be
very small.

3 Theory model

The TLD provides a single-wavelength light as the carrier,
and the electric field Ein(t) is expressed as follows:

EinðtÞ ¼ E0expðj2πfctÞ, (1)

where fc denotes the input optical signal frequency; E0 is
the amplitude constant.
Then, the light is input into the MQW-EAM and

modulated, and the output electric field from the MQW-
EAM Eout(t) can be expressed as follows [19]:

EoutðtÞ ¼ E1þjα
0 expf – ½Vbð1þ msin2πfmtÞ=V0�að1þ jαÞg

$expðj2πfctÞ, (2)

where α denotes the linewidth enhancement factor; Vb

represents the reverse bias voltage; m is the modulation
index, and m ¼ VRF=Vbð0£m£1Þ, where VRF represents
the voltage of RF signal; fm represents modulation
frequency; V0 represents the reverse bias voltage when
the output optical power is P0=e, where P0 denotes the
power of the input light; a represents a constant, which is
generally 3 – 4 for MQW-EAM.

Eout(t) is generally expressed in the following relation
after Fourier transform:

EoutðtÞ ¼ E1þjα
0

Sp0expðj2πfctÞ þ
Sp1
2
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2
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>>:
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(3)

where Spiði ¼ 0,1,2,:::Þ denotes the amplitude of the
central carrier and sidebands at the output of the modulator.

Fig. 1 Schematic diagram of ultra-flat microwave frequency
combs generation based on a single electro-absorption modulator.
TLD: tunable laser diode; MQW-EAM: multi-quantum well based
electro-absorption modulator; RF: radio frequency; EDFA:
Erbium-doped fiber amplifier; PD: photodetector; OSA: optical
spectrum analyzer; ESA: electrical spectrum analyzer
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When the parameter a is an integer, Sp0 and Sp1 in
Eq. (3) can be given by

Sp0 ¼ 1þ
X1
p¼1

ð – γ#Þp
p

� �

þ
X1
n¼1

Cn
2n
m2n

22n
X1
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" #( )
, (4)
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2n – 1

m2n – 1

22n – 2
X1
p¼p1

C2n – 1
ap ð – γ#Þp

p!
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where γ# ¼ ð1þ jαÞðVa
b=2V

a
0Þ; p0 and p1 are integers and

dependent on a.

As can be seen from Eqs. (3) – (5), the output optical
spectrum has 2i+ 1 comb lines, and the power of the
carrier and sidebands is dependent on Vb, VRF and V0. We
can adjust the parameters to make the MQW-EAM in
critical state, where the power of central carrier is higher a
lot than that of sidebands and the power variation of
sidebands is very small. The relation can be given by

Sp0>>Spiði≠0Þ and Sp1 � Sp2 � Sp3 � � � � Spiði≠0Þ:

(6)

Then, the output optical spectrum is amplified by the
EDFA and input into the PD to generate the MFC by
beatings among sidebands and carrier. The generation
photocurrent at the output of the PD can be given by [20]
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As can be seen from Eq. (7), each frequency of the MFC
is obtained by adding multiple items. While, Sp0 is much
larger than Spi (i≠0), so the term containing Sp0 dominates
the amplitude of each frequency. Therefore, the MFC can
also been seen as beatings between the central carrier and
each sideband, and other beating signals between any two
sidebands can be almost ignored. Smaller the power
variation of optical sidebands is, flatter the MFC is. So
adjusting Vb and VRF to make the MQW-EAM in critical
state is the key to our scheme.

4 Simulation results and discussion

The proposed scheme for ultra-flat broadband microwave
frequency combs generation based on a single electro-
absorption modulator is simulated by using the software
Optisystem. The components’ parameters in the system are
set as follows: TLD’s power is 0 dBm, optical wavelength
l is 1552.52 nm, and linewidth is 1 MHz; RF signal’s
frequency is 20 GHz and the voltage VRF is 10 V; the
reverse bias voltage Vb of MQW-EAM is 6.92 V; the Er ion
density of Erbium-doped fiber is 1025/m3, the length is 6 m,
the forward pump power is 275 mW and the small-signal
gain of the EDFA is 40 dB; the responsivity of the PD is

1 A/W, the dark current is 10 nA. All parameters of the
components remain unchanged unless noted otherwise.
Figure 2 shows the output optical spectrum from MQW-

EAM and the corresponding output electrical spectrum
from PD. As can be seen from Fig. 2(a), the output optical
spectrum from the MQW-EAM is a 32-line OFC, where
the power of the carrier is – 20.07 dBm and the average
power of the sidebands is – 51.18 dBm with the power
variation of 0.04 dB. As can be seen from Fig. 2(b), the
corresponding output electrical spectrum from PD has the
power variation of 0.02 dB with 15 comb lines, the average
power is – 29.86 dB and the effective bandwidth is
300 GHz.

4.1 Effects of the reverse bias voltage

Figure 3 shows the output optical spectra from the MQW-
EAM and the corresponding output electrical spectra from
the PD when the reverse bias voltage Vb is 6.52, 6.72, 6.92
and 7.12 V, respectively. When the Vb is relatively small,
for example Vb is 6.52 V, the output optical spectrum is an
OFC consisting of the carrier and the sidebands of
Gaussian envelope. As can be seen from Fig. 3(a), the
OFC has Gaussian-envelope sidebands with the power
variation of 26.91 dB when the Vb is 6.52 V. The output
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corresponding electrical spectrum has the power variation
of 56.51 dB as shown in Fig. 3(e). When the Vb is
increased, the envelope-peak power decreases and the
bandwidth of the Gaussian envelope increases, while the
power of the carrier remains almost constant. As can be
seen from Figs. 3(a) and 3(b), the power variation of the
sidebands is improved from 26.91 to 23.93 dB when the Vb

is increased from 6.52 to 6.72 Vand the power variation of
the corresponding electrical spectrum is also improved
from 56.51 to 45.36 dB as shown in Figs. 3(e) and 3(f).
When Vb is increased to 6.92 V, the MQW-EAM is in
critical state. The output optical spectrum consists of ultra-
flat, low-power sidebands and high-power central carrier as
shown in Fig. 3(c). The average power of the sidebands
with the power variation of 0.04 dB is – 51.18 dBm and
the power of the carrier is – 20.07 dBm. The correspond-
ing MFC generated by beatings is very flat, whose power
variation is 0.02 dB, as shown in Fig. 3(g). The reason is
that the high-power carrier plays a dominant role and the
sidebands are ultra-flat at the same time. With the Vb

increased further to 7.12 V, the sidebands will decrease
rapidly and disappear, while the central carrier is still
reserved, as shown in Fig. 3(d). Deservedly, the microwave
signal disappears as shown in Fig. 3(h).

4.2 Effects of the voltage of RF

The reserve bias voltage Vb corresponding to the critical
state of MQW-EAM will change along with the change of
the voltage of RF signal VRF. When the VRF changes, the
Vb should be adjusted to ensure the MQW-EAM in critical
state. Figure 4 shows the spectra of the MFC when the VRF

is 1, 4, 7 and 10 V, and the corresponding Vb is 2.49, 3.97,
5.43 and 6.92 V to make the MQW-EAM in critical state
respectively. As can be seen that, the average power of the
MFC becomes higher along with the increase of the VRF.
Besides, the power variation of the MFC also decreases
from 0.11 to 0.02 dB with the increase of the VRF. So the
performance of the MFC can be improved by increasing
the VRF.

4.3 Effects of the frequency of RF

The reserve bias voltage Vb corresponding to the critical
state of MQW-EAM will change along with the change of
the frequency of RF signal. When the frequency of RF
signal changes, the Vb should be adjusted to ensure the
MQW-EAM in critical state. Figure 5 shows the spectra of
the MFC when the frequency of RF signal is 5, 10, 15 and
20 GHz, and the corresponding Vb is 6.99, 6.98, 6.97 and
6.92 V to make the MQW-EAM in critical state
respectively. As can be seen that, the comb spacing of
MFC is 5, 10, 15 and 20 GHz, respectively, which is equal
to the frequency of RF signal. Besides, with the increase of
RF signal’s frequency, the average power of the MFC
becomes higher and the power variation decreases from
2.12 to 0.02 dB. The reason is that, the lower the frequency
of RF signal, the larger the Vb corresponding to the critical
state is. The absorption of light by MQW-EAM will
become larger with the increase of Vb , and the transmitted
light power decreases, so the average power of MFC
generated by beating decreases at the same time. And low-
power MFC is more susceptible to noise, so the power
variation is larger when the frequency of RF signal is low.
Therefore, the comb spacing of MFC can be adjusted from
5 to 20 GHz by changing RF signal’s frequency, and the
average power of MFC is larger and the power variation is
less when the RF signal’s frequency is higher.

4.4 Effects of the fluctuation of the voltages

In real experiments, the adjustment of Vb or VRF may not
necessarily make MQW-EAM exactly in the critical state,
and there may be a certain deviation from the ideal value.
So we take the fluctuation of the Vb as an example to study
the effects of the voltage deviation on the MFC. Figure 6
shows the output electrical spectra from the PD when the
voltage of RF signal VRF is 10 V and the reverse bias
voltage Vb is 6.90, 6.91, 6.92 and 6.93 V, respectively. We
can see that the corresponding average power is – 27.51,
– 28.66, – 29.86 and – 31.19 dBm, which decreases along

Fig. 2 (a) Output optical spectrum from MQW-EAM; (b) corresponding output electrical spectrum from PD
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with the increase of Vb. Besides, the corresponding power
variation is 1.41, 0.14, 0.02 and 0.02 dB, which is
improved with the increase of Vb. So, with the fluctuation
of the Vb near the critical state, the average power of MFC
and the power variation change a little. Therefore, the
voltage fluctuation within 0.02 V near the critical state has
a slight effect on the performance of the MFC. Currently,
the voltage accuracy of 0.01V on MQW-EAM can be
achieved.

4.5 Effects of the linewidth of TLD

Figure 7 shows the spectra of the MFCs when the
linewidth of TLD is 1, 10, 100 MHz and 1 GHz. We can
see that the corresponding average power is almost
unchanged. The power variation of each case is maintained
at 0.02 dB. This main reason is that when beatings occurs,
the phase of the two optical signals needs to satisfy a
certain relationship to generate microwave signals, while

Fig. 3 Output optical spectra from MQW-EAM (a) –(d) and the corresponding output electrical spectra from PD (e) –(h) with the Vb to
be: (a) and (e) 6.52, (b) and (f) 6.72, (c) and (g) 6.92, (d) and (h) 7.12 V, respectively
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other light whose phases do not satisfy the requirements
will not beat. So different linewidth of light will not affect
the MFC generated. Therefore, the MFC is independent on
the linewidth of TLD.

4.6 Effects of the gain of EDFA

Figure 8 shows the spectra of the MFCs when the small-
signal gain of the EDFA is 25, 30, 35 and 40 dB. As can be

Fig. 4 Output electrical spectra from PD with the voltage of the RF signal VRF to be (a) 1, (b) 4, (c) 7 and (d) 10 V, and the corresponding
Vb to be 2.49, 3.97, 5.43 and 6.92 V respectively

Fig. 5 Output electrical spectra from PD with the frequency of the RF signal to be (a) 5, (b) 10, (c) 15 and (d) 20 GHz, and the
corresponding Vb to be 6.99, 6.98, 6.97 and 6.92 V respectively
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seen that the corresponding average power becomes
higher with the increase of the gain. Besides, the power
variation is improved along with the small-signal gain
becoming larger. This is mainly because small-signal gain
is the key parameter to measure the amplification effect of
EDFA on optical signal. The larger it is, the stronger the

amplification effect on the input optical signal is, and
the greater the power of the amplified output optical signal
is. Deservedly, the average power of MFC generated
by beatings is larger. So the performance of the MFC can
be improved by increasing the small-signal gain of the
EDFA.

Fig. 6 Output electrical spectra from PD with the Vb to be (a) 6.90, (b) 6.91, (c) 6.92 and (d) 6.93 V respectively

Fig. 7 Output electrical spectra from PD with the linewidth of TLD to be (a) 1, (b) 10, (c) 100 MHz and (d) 1 GHz, respectively
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4.7 Effects of the responsivity of PD

Figure 9 shows the spectra of the MFCs when the
responsivity of PD is 0.4, 0.7, 1.0 and 1.3 A/W. As can
be seen that the corresponding average power is – 37.81,
– 32.95, – 29.86 and – 27.57 dBm, and the corresponding

power variation is 0.03, 0.03, 0.02, and 0.02 dB. Therefore,
with the increase of the responsivity, the average power
increases and the power variation maintains about 0.02 dB.
The main reason is that responsivity is an important
parameter of energy conversion efficiency of PD, which is
the ratio of the average output current of the detector to the

Fig. 8 Output electrical spectra from PD with the gain of EDFA to be (a) 25, (b) 30, (c) 35 and (d) 40 dB, respectively

Fig. 9 Output electrical spectra from PD with the responsivity of the PD to be (a) 0.4, 0.7, 1.0 and 1.3 A/W, respectively
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average input light power. The larger the responsivity is,
the higher the photoelectric conversion efficiency is, the
larger the current converted from the same light power. So
the performance of the scheme will be better by using PD
with higher responsivity.

5 Conclusion

We have proposed a novel scheme to generate an ultra-flat
broadband MFC based on OFC with a MQW-EAM in
critical state. This scheme has the advantages of simple
structure and easy adjustability. The simulation is
performed using the software Optisystem and the effects
of some parameters on the MFCs are analyzed. The results
show that, an ultra-flat broadband MFC can be generated
by adjusting the bias voltage of the MQW-EAM and the
voltage of the RF signal to make the MQW-EAM in critical
state. The MFC has 300-GHz effective bandwidth with the
power variation of 0.02 dB and 15 comb lines. The comb
spacing of MFC can be adjusted from 5 to 20 GHz by
changing RF signal’s frequency and the performance of the
MFC can be improved by reasonably adjusting the voltage
of the RF, the gain of the EDFA and the responsivity of the
PD. Besides, The MFC is almost independent on the
linewidth of the TLD.
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