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We demonstrate an erbium-based offset-free frequency comb using a fiber-coupled acousto-optic modulator. The comb has two f–2 f inter-
ferometers; one is for carrier-envelope offset beat detection, and the other is for frequency-shifted offset beat detection. The frequency was shifted
by placing the acousto-optic modulator in front of an amplifier and a highly nonlinear fiber for spectral broadening. We confirmed that the offset
frequency was stabilized at zero and measured it by shifting it from zero. The Allan deviations of the measured offset frequency were 0.10 and
0.18Hz with a 1 s averaging time and using feedback and feed-forward stabilization, respectively. © 2017 The Japan Society of Applied Physics

N
oteworthy achievements stemming from the inven-
tion of the optical frequency comb are the detection
of a carrier-envelope offset (CEO) beat and the stabi-

lization of its frequency ( fCEO).1) The stabilization of both
fCEO and the repetition frequency ( frep) of the optical fre-
quency comb enabled us to connect microwave and optical
frequency regimes, and constituted innovative progress in
frequency metrology. Intensive studies have led to the ad-
vancement of optical frequency comb technology. The comb
spectrum has broadened from ultraviolet to mid-infrared,2)

and a relative frequency stability of 4 × 10−18 has been
achieved for a 1 s averaging time with a 0.5Hz measurement
bandwidth.3) Optical frequency combs are now being used
not only for frequency metrology but also for length meas-
urement,4) gas analysis,5) and even in astrophysics.6)

Whereas frep can be phase-locked easily since it can be
detected directly by a photodetector with a high signal-to-
noise ratio (S=N), fCEO stabilization is relatively difficult
since the CEO beat detection and its phase-lock require an
f–2 f interferometer and an actuator with a somewhat broad
servo bandwidth. To enhance the functionality and usability
of the combs, fCEO controllability is important. Specifically,
fCEO stabilization at zero ( fCEO = 0) has been intensively
studied, leading to an “offset-free comb”. An offset-free
comb consists of modes at integer-multiple frequencies of
frep in the frequency domain, and it links microwaves to the
optical frequency region as an ideal frequency divider and=or
multiplier. In addition, it makes optical frequency measure-
ments easier.

In general, fCEO is stabilized using a phase-locked loop
(PLL) that locks a signal phase to a reference signal phase.
However, the PLL cannot be directly employed to stabilize
fCEO at zero because the PLL needs a carrier to detect the error
signal. Some approaches have been reported for achieving an
offset-free comb, namely, shifting fCEO with an acousto-optic
modulator (AOM),7) using feed-forward controls to cancel
fCEO with an AOM,8–10) employing carrier envelope phase
controls via optical parametric processes11) and difference
frequency generation.12,13) The last two methods need a
rather complicated system with nonlinear processes that
require very intense optical pulses.

In this study, we demonstrate an offset-free all-fiber fre-
quency comb using a robust erbium-fiber-based frequency

comb and a fiber-coupled AOM14) with feedback and feed-
forward controls for fCEO. Furthermore, we evaluated the
frequency stability of the stabilized fCEO by using two f–2 f
interferometers.

Figure 1(a) shows our experimental setup for the offset-
free comb using feedback control. We used an erbium-doped
fiber (EDF)-based mode-locked laser with a ring cavity
configuration15) as the comb source (oscillator). The mode-
locking mechanism was nonlinear polarization rotation. The
EDF in the oscillator was pumped by a 1480 nm laser diode.
The center wavelength and the spectral bandwidth of the
oscillator output beam were 1560 and 20 nm (full width at
half maximum), respectively. The oscillator emitted a pulse
train at a repetition rate of 100MHz with an average power of
17.8mW.

The output beam was divided into two branches with
a 50 : 50 fiber coupler. Each output beam was optimally
amplified16) by an erbium-doped fiber amplifier (EDFA)
and spectrally broadened through a highly nonlinear fiber
(HNLF) to more than 1 octave. Each EDFA had a 3-m-long
EDF that was bidirectionally pumped by two 980 nm laser
diodes. Each CEO beat was detected through a common pass
f–2 f interferometer.17) The first branch (referred to as the
“AOM branch”) had a fiber-coupled AOM (Brimrose AMF-
40-1550-2FP) positioned before the EDFA, while the second
branch (referred to as the “raw branch”) had no AOM. The
operation frequency, substrate material, acoustic velocity in
the substrate, and loss of the AOM were 40 ± 3MHz,
Ge=As=Se glass, 2500m=s, and 5.4 dB, respectively. The
delay time was approximately 2 µs as determined from the
acoustic velocity. We observed a CEO beat with a signal-to-
noise ratio (S=N) of 45 dB at a resolution bandwidth (RBW)
of 300 kHz using the f–2 f interferometer in the raw branch.
Its beat frequency was fCEO. On the other hand, we observed
a CEO beat with an S=N of 35 dB at a 300 kHz RBW using
the interferometer in the AOM branch. The frequency was
fCEO=AOM = ∣ fCEO − fAOM∣ when the AOM was driven with
fAOM. The beat note was filtered and amplified at 40MHz,
and then a double-balanced mixer was used to detect the
phase difference between the signal and a dual-channel
function generator (FG) output (40MHz). The output of the
mixer was added to the injection current of the pump laser as
the feedback signal via a loop filter for proportional integral
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derivative (PID) control, which was described in our previous
report18) in detail.

The output from the raw branch is the offset-free comb
when phase-locking fCEO=AOM to a reference frequency fLO.
fAOM and fLO are set equally at 40MHz using the FG; this is
referred to as “offset-free operation”. Figures 2(a) and 2(b)
show the CEO beat spectra observed in the AOM and the
raw branch, respectively. In Fig. 2(b), the fCEO signal is not
visible since it overlaps zero and frep, and this strongly
suggests that fCEO is stabilized at zero.

To evaluate the performance of feedback control, we
shifted fCEO from zero to 29.3MHz by shifting fLO from 40 to
10.7MHz without shifting fAOM, and then counted fCEO with
a dead-time-free π-type frequency counter. We refer to
the setting as an “evaluation operation”. Figures 1(b) and
1(c) show fCEO=AOM (in-loop) and fCEO (out-of-loop) with a
1 s averaging time. fCEO=AOM (in-loop) remained stable at
10.7MHz with a fluctuation of less than 0.3Hz, which
indicates that feedback control worked properly and no
cycle slips occurred. On the other hand, fCEO (out-of-loop)
remained at 29.3MHz with a fluctuation of less than 0.6Hz,
which suggests that fCEO was locked at zero during offset-free
operation.

Figure 3(a) shows the experimental setup for the offset-
free comb using feed-forward control. The only difference
between this and feedback control is the electronics

employed. The advantage of this configuration is that no
active locking circuit is needed to stabilize fCEO. In contrast to
feedback control, the AOM branch output is the offset-free
comb when feeding the free-running fCEO signal (∼40MHz)
to the AOM after filtering and amplifying it. We observed
that fCEO=AOM was at zero with an RF spectrum analyzer as
well as via the feedback experiment, as shown in Fig. 2(b).

To evaluate the performance of feed-forward control,
we shifted fCEO=AOM from 0 to 29.3MHz by shifting fCEO
from ∼40 to ∼10.7MHz and mixing a 29.3MHz signal
with the fCEO signal to generate an fAOM signal of ∼40MHz.
Figures 3(b) and 3(c) show fCEO=AOM and fCEO counted with
a 1 s averaging time. The counted fCEO=AOM remains at
29.3MHz with a fluctuation of less than 0.9Hz [Fig. 3(b)],
which shows that the feed-forward control works properly,
although the fluctuation is 1.5 times higher than that with
feedback control [Fig. 1(b)]. Since fCEO was free-running and
drifted, we manually adjusted fAOM to ∼40MHz by changing
the pump power for the oscillator every ∼500 s during
the measurement to prevent fAOM from exceeding the
operation range of the AOM [Fig. 3(c)]. Long-term operation
of feed-forward control is possible by applying slow
feedback control to the pump power.

Figure 4(a) shows the RF spectra of the feedback-con-
trolled fCEO=AOM (in-loop) and fCEO (out-of-loop). The servo
bandwidth is estimated to be approximately 350 kHz from
the bumps in the in-loop and out-of-loop spectra. The blue
open circles in Fig. 4(b) show the RF spectrum of fCEO=AOM
observed with feed-forward control during an evaluation
operation ( fCEO ∼ 10.7MHz). Significant fringes appeared in
the wings of the spectrum. These fringes mainly originated
from the delay of the control signal traveling in the AOM
medium. This delay is determined by the acoustic velocity in
the medium and the distance between the optical path and the
AOM transducer.19) The blue solid curve in Fig. 4(b) shows
the spectrum calculated using Eq. (6) in Ref. 20, assuming a
delay time of 2.2 µs. The interference fringes appear with a
period that is the inverse of the delay time, and the calculated
spectrum fits well with the observed spectrum. Figure 4(c)
shows the estimated noise suppression of the feed-forward-
controlled fCEO=AOM. The noise suppression falls to 0 dB at
110 kHz for a delay of 2.2 µs (blue solid curve) and the

-0.5
0.0
0.5

121086420
Time / 1000 s

-0.5
0.0
0.5

121086420
Time / 1000 s

fCEO/AOM=|fCEO–fAOM|, locked at fLO

Fr
eq

ue
nc

y 
/ 

H
z

-
10

.7
 ×

10
6

Offset-free operation: 40 MHz
Evaluation operation: 10.7 MHz 

fCEO
(c)

Fr
eq

ue
nc

y 
/ 

H
z

-
29

.3
 ×

10
6

Offset-free operation: 0 MHz
Evaluation operation: 29.3 MHz 

(b)

FG

(out-of-loop)

fLO

Feedback

(in-loop)

fAOM (40 MHz)
DBM

CH1 CH2

Offset-free comb

AOM

Phase-lock 
circuit

HNLF

EDFA

f-2f
HNLF

EDFA co
un

te
r

co
un

te
r

Pump laser 

Passively-
mode-locked
Er fiber laser

(frep=100 MHz)

fCEO

fCEO/AOM

Raw branch 

AOM branch 

Time 
base

(a)

f-2f

Fig. 1. (a) Experimental setup for “feedback” control. AOM: acousto-optic modulator, EDFA: erbium-doped fiber amplifier, HNLF: highly nonlinear fiber,
f–2 f : f–2 f interferometer to detect CEO beat, DBM: double-balanced mixer, FG: dual-channel function generator, fAOM: driving frequency of the AOM,
fLO: reference frequency for phase lock, fCEO=AOM: CEO frequency observed at AOM branch, fCEO: CEO frequency observed at raw branch. (b) fCEO=AOM and
(c) fCEO counted during evaluation operation.

-60
-40
-20

0

100806040200
Frequency / MHz

-60
-40
-20

0

R
F 

po
w

er
 / 

dB
m

(a)

(b)

frep

fCEO

fCEO/AOM=|fCEO–fAOM|

Fig. 2. RF CEO beat spectra in (a) AOM branch and (b) raw branch
stabilized by “feedback” control. The resolution and video bandwidth were
300 and 30 kHz, respectively.

Appl. Phys. Express 10, 072501 (2017) K. Nakamura et al.

072501-2 © 2017 The Japan Society of Applied Physics

Original content from this work may be used under the terms of the Creative Commons Attribution 4.0 licence.
Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.



frequency corresponds to the feed-forward control band-
width. When the delay decreases to 0.44 µs, the S=N of the
coherent peak of the feed-forward-controlled fCEO=AOM is
similar to that of the feedback-controlled fCEO, as shown
in Fig. 4(b) (black dashed curve). In this case, the noise
suppression falls to 0 dB at 570 kHz, as shown in Fig. 4(c)
(black dashed curve).

Figure 5 shows Allan deviations of the feedback-con-
trolled fCEO=AOM (in-loop), fCEO (out-of-loop), and the feed-
forward-controlled fCEO=AOM, which correspond to the fre-
quency plots shown in Figs. 1(b), 1(c), and 3(b), respectively.
The Allan deviations of the feedback-controlled fCEO (out-of-
loop) and the feed-forward-controlled fCEO=AOM were, respec-
tively, 0.10 and 0.18Hz for a 1 s averaging time, and im-
proved to 0.6 and 0.3mHz for a 1000 s averaging time.
With feedback stabilization, the Allan deviation of fCEO (out-
of-loop) was approximately 5 times higher than that of the
fCEO=AOM (in-loop) because the two branches were affected by
different fiber noises induced by environmental disturbance.
These results regarding the frequency instabilities are better
than our previous results in terms of the relative frequency
stability of a frequency comb including a CEO frequency21)

controlled by feedback without the use of any AOM (see
black open diamonds in Fig. 5). This shows that the AOM
has no negative impact on the frequency stability at this
stability level. The frequency stability of the feedback- and
feed-forward-controlled CEO frequencies is sufficiently high
for many applications including frequency metrology.

In conclusion, we demonstrated an all-fiber-based offset-
free frequency comb with a fiber-coupled AOM and two
f–2 f interferometers using feedback or feed-forward control.

We observed the RF spectrum of the stabilized CEO beat
under feed-forward control and found that it fitted our
calculation well. We confirmed that both controls stabilize
fCEO at zero, and an offset-free comb can be realized using a
second f–2 f interferometer. The all-fiber configuration using
the fiber-coupled AOM provides a robust, cost-effective, and
user-friendly offset-free comb with sufficiently high fre-
quency stability for many applications, including ultrafast
physics, frequency metrology, and optical communication.
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