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The factors that influence the generation of a high-quality optical frequency comb (OFC) based on a recirculating
frequency shifter (RFS) due to the maximum output power and noise figure of Er-doped fiber amplifier (EDFA)
are studied theoretically and experimentally. Based on the theoretical analysis, numerical simulations and
experiments under different EDFA parameters have been carried out. The results show that the performance
of the OFC based on a RFS can be improved effectively by optimizing the maximum output power and the noise
figure of the EDFA. © 2013 Chinese Laser Press
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1. INTRODUCTION
In order to achieve the terabit high-speed optical transmission
for the sharp increase in the capacity for data communication,
various technologies have been investigated in recent years
[1–3]. The optical frequency comb (OFC) is one of the crucial
components in these technologies. There are several methods
for OFC generation, including supercontinuum technology
[4], cascaded phase modulators and intensity modulators
[5], cascaded phase modulators based on recirculating fre-
quency shifters (RFSs) [6,7], single-sideband modulators
based on RFSs [8–13]. Compared with others methods, the
last method presents many advantages, such as a low
radio-frequency (RF) driving voltage, controllability of carrier
frequency spacing, and a good ability to achieve a large num-
ber of shifted carriers. However, the flatness and tone-to-noise
ratio (TNR) of OFCs based on RFSs are strongly influenced by
the maximum output power and noise figure of Er-doped fiber
amplifiers (EDFAs). Therefore, investigating the properties of
the EDFA that influence the OFC is important.

In our previous work [8,9] we analyzed the performance of
the OFC based on an RFS influenced by several factors but
without considering the factors of maximum output power
and noise figure of the EDFA. In this paper, we theoretically
and experimentally analysis the influence due to the maxi-
mum output characteristics and noise figure of the EDFA
on the output quality of the OFC based on an RFS. The results
show that the properties of the EDFA are critical factors that
affect the quality of the OFC.

2. THEORETICAL ANALYSIS
The schematic of the OFC based on an RFS is shown in
Fig. 1. A CW laser is used as the seed light source, an

in-phase/quadrature (I/Q) modulator is used to induce a fre-
quency shift in the seed light, an EDFA is used to compensate
for the total losses, and a polarization controller (PC) is used
to control the polarization state of the light.

We represent the input signal as Ein � E0 · exp� j2πf 0t�; as-
suming that the polarization state of light is linear and stable,
the output electronic field after n (n � 1; 2;…N) round trips
[8] can be given by

E1�t� � Ein�t� � g1 · l · �Ein�t� · T�t� � nASE1�t��;
E2�t� � Ein�t� � g2 · l · �E1�t� · T�t� � nASE2�t��;

..

.

En�t� � Ein�t� � gn · l · �En−1�t� · T�t� � nASEn�t��; �1�

where T�t� � �exp�j2πf st� � b exp�j6πf st�� · exp�jθr� is the
transfer function of the I/Q modulator; b � −J3�δm�∕J1�δm�
stands for the cross-talk coefficient, which depends on the
modulator drive voltage; θr denotes the phase delay per
round trip; gn and nASEn�t� represent the gain and the ampli-
fied spontaneous emission (ASE) noise of the EDFA in the
nth round trip, respectively, and l represents the total
losses [10].

A. Relationship between Maximum Output Power of
EDFA and Flatness of OFC
Equation (1) shows that the power of the shifted carrier is de-
termined by the result of gn · l. When gn · l � 1, we can obtain
an OFCwith an excellent flat output spectrum. When gn · l < 1
and gn · l > 1, the power of the shifted carrier will be lower or
higher than the power of the seed light, respectively, and lead
to a significant peak power difference.
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The gain of the EDFA can be expressed as [14]

g �
����
G

p
�

���������������������������
G0

1�
�
G0 ·Pin
Pmax

�
α

vuut ; (2)

Pmax �
XN
i�1

Pi carrier ≈ N · Pi carrier; (3)

where N represents the desired number of carriers and G and
G0 represent the gain and the small-signal gain of the EDFA,
respectively, Pin is the input power of the EDFA, Pmax is the
maximum output power of the EDFA, α is a parameter that
characterizes the saturation (we set α � 0.8), and Pi carrier

is the power of a single carrier. Apparently, the gain of the
EDFA increases as Pmax and G0 increase; they depend mainly
on the desired number of tones and the pump power of the
EDFA, respectively.

We performed a numerical simulation of the generation of
60 carriers. The dependence of the peak power difference
on the maximum output power is shown in Fig. 2. It is clear
that the figure can be divided into three regions, in which
the value of gn · l is approximately unity, larger than unity,
and less than unity. In the region of gn · l ≈ 1, the peak
power difference reaches a minimum, which means the
output spectrum of the OFC is flat. In regions of either
gn · l > 1 or gn · l < 1, flat spectra of the OFC cannot be
achieved.

B. Relationship between Noise Figure of EDFA and TNR
of OFC
Assume that gn · l � 1; the output of the loop can be written as

E1�t� � Ein�t� � Ein�t� · T�t� � nASE1�t�;
E2�t� � Ein�t� � E1�t� · T�t� � nASE2�t�;

..

.

En�t� �
Pn
i�0

Ein · T�t�i � �nASE1�t� · T�t�n−1

� � � �nASE2�t� · T�t�n−2 � � � � � nASEn�t�; �4�

where the first term of Eq. (4) represents the desired
frequency-shifted signals, while the second term represents
the noise components. Equation (4) shows that the ASE noise
is accumulated round by round. To describe the effect of ASE
noise, we discuss the worst TNR of shifted carriers and theo-
retically analyze the relationship between ASE noise (gener-
ally the noise figure is used to account for the ASE noise) and
the worst TNR.

The TNR for each single shifted carrier can be expressed as

TNR�n�dB � Psignal�n�dBm − PASE�n�dBm; (5)

where Psignal�n� and PASE�n� represent the powers of the sig-
nal and the ASE noise of the nth shifted carrier, respectively.

The power of the shifted carriers is equal to the power of
the seed light:

Psignal�n�dBm � Psignal�1�dBm: (6)

Assume that the noise figure of the EDFA is constant, and
use a cascaded model to describe it as follows:

NF � NF1 �
NF1 − 1

G1
� NF1 − 1

G1 · G2
� � � � � NF1 − 1

G1 · G2 · � � � · Gn−1
:

(7)

For a single shifted carrier, the ASE noise can be expressed
as [15]

PASE � �NF · G − 1�hv · B
2

; (8)

where NF is the noise figure of the EDFA, hv represents the
energy of the photon, and B is the bandwidth of a single
shifted carrier. ASE noise for a shifted carrier can be
written as

PASE�n�dBm � 10 · log10

�
n ·

�NF · G − 1� · hv · B
2

�
: (9)

Equation (9) shows that the noise figure determines PASE,
and with an increasing number of carriers, the power of ASE
noise will increase dramatically. To verify the theoretical
analysis, the relationship between the number of carriers
and the worst TNR is shown in Fig. 3. Figure 3 shows that
the worst TNR decreases when the noise figure increases.
For example, when we need to generate 60 carriers with
the worst TNR larger than 20 dB, we should optimize the noise
figure of the EDFA to be smaller than 5.5 dB. It is very hard to
achieve the desired number of carriers if the noise figure of
the EDFA cannot meet the requirement.

Fig. 1. Schematic of OFC based on RFS method.

Fig. 2. Relationship between maximum output power and peak
power difference.
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3. EXPERIMENTAL RESULTS
In the experiment, the output power of the CW laser is 12 dBm
and the center wavelength is 1549.916 nm. The frequency of
the RF drive signal is 12.5 GHz. Most of the components were
polarization sensitive except the EDFA, so a PC is used.
The insertion loss of the I/Q modulator, filter, and coupler
are about 13, 3, and 3 dB, respectively.

To study the changes of the carrier flatness with different
output characteristics, we adjust the EDFA to realize the
OFC with different maximum output powers. The results
are shown in Fig. 4. We set the maximum output power at
Fig. [4(a)] 23 dBm, [4(b)] 24 dBm, [4(c)] 25 dBm, [4(d)]
26 dBm, [4(e)] 27 dBm, and [4(f)] 28 dBm, respectively.

Moreover, the ASE noise is one of the crucial factors that
influence the TNR of the OFC. We changed the bandwidth and
the center frequency of the bandpass filter to get different
numbers of carriers and measure the worst TNR. The noise
figure of the EDFA is 5.5 dB in our experiment. Figure 5 shows

the relationship between the worst TNR and the number of
carriers according to the experimental results. It is shown that
the worst TNR is 23.6, 22, and 20.3 dB, respectively, when 30,
43, and 60 carriers are generated. The worst TNR becomes
lower with an increased number of carriers, which is due
to the accumulation of ASE noise. From the theoretical results
shown in Fig. 3, we can see that when the noise figure is
5.5 dB, the worst TNR is 23.4, 22.1, and 20.2 dB, respectively,
when 30, 43, and 60 carriers are generated. With the compari-
son of Fig. 3 and Fig. 5, it is clear that the theoretical analysis
is in good accordance with the experiment.

4. CONCLUSION
The flatness and TNR of the OFC that depend on the maxi-
mum output power and noise figure of the EDFA are theoreti-
cally analyzed and simulated; experimental verification is also
performed. The results indicate that, by adjusting the range of
maximum output power and the noise figure of the EDFA,
OFC output performance will be improved, which can provide
an important theoretical guide to improve the OFC output
quality, and make OFCs based on RFSs useful in next-
generation terabit communication systems.
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