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A High-Precision Offset Frequency Locking
Technique With Delay Line Reference and

AOM-Based Compensation
Xing Chen , Qian Liu, Yusheng Wang, Fei Meng, and Bin Luo

Abstract—We demonstrate a high-precision, high robustness
frequency offset locking method,which made the frequency offset
between mode-locked laser and continuous-wave laser below less
than 3 Hz.The coarse frequency lock control is realized by the feed-
back control of PZT with electrical delay line as the reference. The
fine frequency compensation is realized by feed-forward control
of an acousto-optic modulator. The fractional frequency instability
was 7.4 × 10−10 for an averaging time of 1 s, 3.3 × 10−8 for
an averaging time of 10 000 s when the narrow linewidth laser is
free-running. In this experiment, the fractional frequency instabil-
ity can be achieved at 1.1 × 10−15 for an averaging time of 1 s,
at 3.6 × 10−18 for an averaging time of 10 000 s when the system
is fine frequency locked. Compared with the unlocked laser, the
fractional frequency instability can be improved about 5–6 orders
of magnitude. This work lays the foundation for simple structure,
high robustness and high precision laser frequency control situa-
tion, such as quantum precision measurement and optical lattice
clocks.

Index Terms—Laser frequency stabilization, electrical delay line
frequency stabilization, frequency offset locking.

I. INTRODUCTION

FREQUENCY-stabilized lasers are applied in not only pre-
cision metrology fields [1]–[3] but also in advanced spec-

troscopy laboratories [4], astronomy [5], [6] and very long base-
line interferometry [7]–[9], telecommunications industries [10],
measurement of basic physical parameters [11]–[14], gravita-
tional wave detection [15], low-noise microwave signal genera-
tion [16]–[18] and optical clock comparison [19]–[21]. Optical
atomic clocks can realize high-precision and accuracy time-
keeping and provide an accurate quantum frequency standard.
Optical clocks, which have a narrow intrinsic linewidth and a
stable center frequency laser, are aiming for the next-generation
redefinition of the “second”. Optical frequency comb (OFC)
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can convert optical clocks to 1550 nm wave band, which is the
communication wave band the optical clocks rarely transferred
in. And OFC is also used to transfer optical clocks in microwave
band. Atomic and molecular resonances or stable optical cavities
are used as frequency references to realize laser frequency sta-
bilization. OFC delivered by optical fibers, which can obtain ar-
bitrary or multiple optical frequencies in remote sites, paves the
way for a ubiquitous optical reference network. Yusuke Hisai,
Kohei Ikeda, etc. realized the frequency offset locking between
two solid-state lasers by using an electrical delay line [22]. The
frequency offset of the two lasers was successfully controlled
within 23 kHz. The instability was 8.2× 10−11 for an averaging
time of 1 s. Compared with this method above, we have improved
the instability by 5∼6 orders of magnitude. In this study, we
demonstrate a high-precision, high-robust frequency offset lock-
ing method. The frequency offset locking between two 1550 nm
lasers, including mode-locked laser (MLL) and narrow linewidth
laser (NLL), is realized by electrical delay line and acousto-optic
modulator (AOM). We demonstrate a stable frequency locking
method for the transmission of optical signals. The electrical
delay line is used to realize coarse frequency lock control by
feedback control technology. The AOM is used to realize fine
frequency compensation by feedforward control technology. As
a result, the frequency offset locking between two 1550 nm
lasers has a relative frequency instability of 1.1× 10−15 at an
averaging time of 1 s (corresponding to an absolute frequency
less than 3 Hz) and 3.6× 10−18 at an averaging time of 10 000 s.
This laser could be employed as a pump laser for wavelength
conversion in long-distance quantum communication. This work
has a strong attraction for quantum measurement and precision
frequency metrology.

II. EXPERIMENT

The control link is divided into two parts, namely feedback
coarse frequency lock control and feed-forward fine frequency
compensation. In feedback coarse frequency lock control mod-
ule, where the frequency offset locking is less than 30 kHz, elec-
trical delay line and proportional-integral control (PI) is used to
lock the frequency. In feedforward fine frequency compensation
module, where the frequency offset locking is less than 3 Hz,
AOM is used to realize fast offset compensated between two
lasers. By these two-step frequency offset locking, the frequency
of NLL can be changed to follow the frequency of MLL. Thus,
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Fig. 1. Schematic diagram of frequency locking between NLL and MLL. PD: photo detector, LPF: Low Pass Filter, AOM: acousto-optic modulator,
PI: proportional-integral control.

it can achieve high-precision optical frequency offset locking
between the NLL and MLL. The principle is shown in Fig. 1.

Fig. 1. shows the schematic diagram of frequency locking
between NLL and MLL. The MLL (MenloSystems, FC1550-
250), which has a repetition frequency of 250 MHz, is used
as the OFC source. The output power of MLL is 10.7 mW,
and its center wavelength is 1541.2 nm, full width at half
maximum is 129.7 nm. The output power of NLL (NKT X15)
is 24.4 mW. A Channel #34 of Dense wavelength division
multiplexing (DWDM) that center wavelength is 1550.14 nm
and full width at half maximum is 0.8 nm, is used to filter the OFC
signal generated by MLL. The beam is divided into two parts.
One branch is coupled with NLL and transferred into feedback
coarse frequency lock control module. In this branch, an error
signal is obtained by delay line and feedback controlled by PI.
The signal of another branch, which is coupled with NLL by
AOM operating at 35 MHz, realizes feed-forward fine frequency
compensated. Two beat frequency signals are obtained between
NLL and MLL, by a three ports coupler with the splitting ratio
of 50: 50. We assume the combined phase fluctuation between
two lasers as ϕlaser. The frequencies of the two beams are and,
respectively. In the following discussion, |ν1 − ν2| is expressed
asΔν and corresponds to the beat frequency. In coarse frequency
lock module, the beat signal is divided into three signals by
the power splitter. One signal is directly introduced into the
mixer, which is proportional to cos(Δνt+ ϕlaser). One signal
is delayed by a 2-m-long coaxial cable, which is proportional to
cos(Δνt+ ϕd + ϕlaser). And another signal is mixed with an
external reference source. As a function of the beat frequency
offset (Δν) between two lasers, the beat frequency signal varies
as cosϕd, where the phase shift ϕd introduced by the coaxial
cable is ϕd = Δντc, and τc is the time delay introduced by the
coaxial cable, which is calculated to be 10 ns for the 2-m-long
cable (τc ≈ 5 ns for a cable of 1 m length) [23]. The servo error
signal M1 from mixer1 is

M1 ∝ cos (Δνt+ ϕlaser) cos (Δνt+ ϕd + ϕlaser)

= cos (ν1t− ν2t+ ϕlaser) cos (ν1t− ν2t+ ϕd + ϕlaser)

≈ cos (ν1t+ ϕlaser) cos (ν2t) cos (ν1t−ν2t+ ϕd + ϕlaser)

≈ cos (ϕd) + cos (2Δνt+ ϕd + 2ϕlaser) (1)

Fig. 2. Simplified configuration of coarse frequency control module.

The alternating current component cos(2Δνt+ ϕd + 2ϕlaser)
in (1) can be filtered by a low pass filter (LPF). As a result, the
error signal is obtained as

M1 ∝ cos (ϕd) = cos (Δντc) (2)

The delay line is used as the external reference source [24]. The
output of the mixer1 provides information about the frequency
offset between the two signals. The PI is used to realize the
feedback control of the NLL. The coarse frequency locking can
be realized and the frequency offset between MLL and NLL is
suppressed from ∼70 MHz to ∼30 kHz.

In the coarse frequency locking control module, in order
to analyze the frequency-locked performance, we construct a
mathematical model of phase locked loop (PLL) in Fig. 2. And
the analysis is performed in frequency domain using Laplace
transform. The open-loop transfer function G(s), the close-loop
transfer function H(s), and the error-transfer function He(s) is
given as follow.

G(s) =
V2(s)

Ve(s)
= KdL(s)P (s) (3)

H(s) =
V2(s)

V1(s)
=

KdL(s)P (s)

1 +KdL(s)P (s)
(4)

He(s) =
Ve(s)

V1(s)
=

1

1 +KdL(s)P (s)
(5)

where ν1(t) and ν2(t) are the frequency of MLL and NLL
respectively, νe(t) is the beat frequency of MLL and NLL.V1(s),
V2(s) and Ve(s) are the Laplace transforms of ν1(t), ν2(t) and
νe(t) respectively. Kd = 10 mV/MHz is the phase sensitivity
of the frequency discrimination unit, ue(t) is the frequency
discrimination error signal, uL(t) is the filtered signal after the
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loop filter, uP (t) is the deviation control by the PI controller to
compensate for phase noise.

The transfer function of the loop filter is given by

L(s) =
1

1 + s · τ (6)

where τ = 0.084 μs is the time constant of LPF.
The transfer function P (s) of PI controller is given by

P (s) =
UP (s)

UL(s)
= KP +KI/s (7)

where KP = 25 dB is the proportional coefficient and KI =
KP /Ti = KP × 2π × 300 Hz = 47 dB · kHz (the corner
frequency of PI is 300 Hz) is the integral time constant,
respectively.

In order to further improve the accuracy of the locking, we
lock the output signal of the coarse frequency locking con-
trol module with the reference frequency source, which can
effectively suppress the phase noise between two signals. AOM
is used to compensate for the system noise [25]. One of the
beat signals, which is coarse locked, is mixed with an external
reference source (νRef ). The mixed signal is filtered, amplified
and then enters the modulator unit, where the feedback control
of AOM is realized. The drive signal for AOM, M2, is

M2 ∝ cos (Δνt+ ϕlaser) cos (νRef t)

≈ 1

2
cos (Δνt− νRef t+ ϕlaser) (8)

Finally, the beat-frequency signal is obtained by the mixing of
the signal and the NLL compensated by AOM, and the fine
frequency compensation can be realized. A RF signal intensity,
IRF2

, generated by PD2 can be obtained as

IRF2
∝ cos [(ν1 +Δν − νRef ) t+ ϕlaser] cos (ν2t+ ϕlaser)

=
1

2
{cos (νRef t) + cos [(ν1 + ν2 +Δν − νRef ) t

−2ϕlaser]}

≈ 1

2
cos (νRef t) (9)

By the fine frequency compensation module, we can eliminate
the phase fluctuation of the laser, the phase noise caused by the
fiber link and other phase noise. The frequency offset between
MLL and NLL is suppressed from ∼30 kHz to ∼3 Hz.

III. RESULTS

We evaluated the instability of the frequency offset between
NLL and MLL. A frequency counter (Keysight 53230 A) em-
ployed to measure the offset frequency, ant its gate time set as
1 s. We tested the results of the frequency offset when the NLL
is free running, coarse frequency locking and fine frequency
compensation. When locked, the frequency difference between
the lasers is about 27 MHz. Fig. 3(a). shows the variation in
frequency offset when NLL was free running is about 70 MHz
in 55 000 s. Fig. 3(b). shows when NLL was coarse frequency
locking, the variation in frequency offset is about 30 kHz in

Fig. 3. Comparison of variation in the frequency offset between two lasers,
when NLL was free running, coarse frequency locking (without AOM compen-
sation) or fine frequency compensation (with AOM compensation). Indicated
data are the frequency offset when NLL was (a) free running (blue trace); (b)
coarse frequency locking (green trace) and fine frequency compensation (red
trace).

100 000 s and when NLL was fine frequency compensation, the
variation in frequency offset is about 3 Hz in 100 000 s, and we
intercepted a part of 20 000 s shown in the detailed figure. The
frequency offset locking method completes the high-precision
frequency locking experiment with MLL and NLL. The variation
in frequency offset between NLL and MLL is suppressed within
3 Hz.

Fig. 4. shows Allan deviation of the variation in frequency
offset between two lasers. The fractional frequency instability
was 7.4× 10−10 for an averaging time of 1 s, after an averaging
time of 10 000 s was increasing towards 3.3× 10−8 when
NLL is free running. The fractional frequency instability was
2.6× 10−12 for an averaging time of 1 s, after an averaging
time of 10 000 s was increasing towards 2.0× 10−11 when
NLL is coarse frequency locking. Compared with the fractional
frequency instability when NLL is free running, the fractional
frequency instability of coarse frequency locking was improved
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Fig. 4. Fractional frequency instability of the beat frequency between the two
lasers, when NLL was free running (blue trace), coarse frequency locking (green
trace), and fine frequency compensation (red trace).

Fig. 5. The power spectral density of phase noise in fine frequency compensa-
tion module. Black curve is power spectral density, red curve is integrated phase
noise, red dashed line is the residual in-loop integrated phase noise.

approximately 2∼3 orders of magnitude. The fractional fre-
quency instability was 1.1× 10−15 for an averaging time of
1 s, after an averaging time of 10 000 s was increasing towards
3.6× 10−18 when NLL is fine frequency compensation. Com-
pared with coarse frequency locking, the fractional frequency
instability of fine frequency compensation is improved approx-
imately 3∼4 orders of magnitude.

We mearused the phase noise power spectral density of fine
frequency compensation. Fig. 5. shows the phase noise in fine
frequency compensation module. Phase noise analyzer (5125,
Microsemi) is used to measure the phase noise of the frequency
offset. 10 MHz H-maser is used as a reference. When Fourier
frequency is 1 Hz, the power of spectral density is less than
10−4rad2/Hz. The integrated phase noise radian is 54.70 mrad
from 1 Hz to 1 MHz. The steep drop in integrated phase noise
curve is caused by the 50 Hz power frequency and it harmonic
wave.

TABLE I
COMPARISON OF THE FREQUENCY OFFSET LOCKING TECHNOLOGY

Table I has summarized the typical recent reports of the
frequency offset locking technology. This table shows that our
method has high robustness, low residual frequency fluctuation
and long frequency locking time.

IV. CONCLUSION

In this paper, we demonstrate a novel frequency-locking
method for the high robustness, high-precision frequency offset
locking between MLL and NLL. We use an electrical delay-line
as a frequency reference to improve the fractional frequency
instability to 2.6× 10−12 for an averaging time of 1 s, and
use AOM to improve the fractional frequency instability to
1.1× 10−15 for an averaging time of 1 s. Compared with the
fractional frequency instability when NLL is free running, the
fractional frequency instability can be improved about 5∼6
orders of magnitude when the laser is fine frequency compensa-
tion. The test result is shown that the frequency offset between
MLL and NLL is less than 3 Hz, the locking time between two
lasers is more than 100 000 s. The fractional frequency instability
of fine frequency compensation can be achieved at 3.6× 10−18

for an averaging time of 10 000 s.
Using a MLL, the signal could be locked at arbitrary frequency

of optical frequency comb. The frequency reference could be
transferred by optical fiber and the frequency of laser could
be locked at remote site. Compared with the phase locking
method, this frequency offset locking with delay line reference
and AOM-based compensation method has high robustness,
and the frequency offset can be locked in high dynamic range
(∼dozens of megahertz). In the meanwhile, a relatively slow
servo component can be used merely rather than a high-speed
and complex phase-locked circuit, which is simple and low-cost.
If acousto-optic devices are used with feedforward technology,
the high accuracy and phase noise performance, which phase-
locked technology achieves, could be realized. This technique
can be applied to optical lattice clocks, quantum communication
and precision frequency metrology.

APPENDIX

EVALUATION OF SYSTEM STABILIZATION

In this method, the frequency stability is greatly improved by
feedback control and feedforward control. We have evaluated the
factors influenced the stability of this frequency locking system.
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Fig. 6. The evaluation of factors influenced the frequency stability. The factors include: (a) servo gain of PI controller, (b) SNR of input signal of delay line,
(c) input signal power of delay line, (d) the electrical power of the beat signal before AOM, (e) BPF after PD1 is changed to LPF with different cut-off frequency,
(f) BPF after Mixer2 is changed to different types of filters.

We performed a series of quantitative study to evaluate how these
factors affect the stability in Fig. 6.

Fig. 6(a). shows that when we improve the servo gain of
PI controller, the frequency instability improves and the fre-
quency offset decreases. The PI controller used in this method
is LB1005, and its servo gain is continuously adjusted by the
10-turn knob. The gain of the loop filter is from −40 dB (fully
counter clockwise) to +40 dB (fully clockwise). When the servo
gain is below 8 dB, the instability descends and until servo gain is
less than −16 dB, the frequency offset can not be locked. When
the servo gain is over 8 dB, the system has better frequency
stabilization. The gain setting in this method is 24 dB. Fig. 6(b).
shows the SNR of input signal of delay line. The minimum
SNR required in this method is 23 dB. When SNR improves
over 23 dB, the frequency instability can maintain at the level

∼ 5× 10−12 (resolution bandwidth, RBW, of 100 kHz).
Fig. 6(c). shows the input signal power of delay line is inversely
related to frequency instability. The power decreases, the insta-
bility descends and the frequency offset decreases. The input
power in this method is 6.83 dBm with the frequency instability
at 1.22× 10−12. Fig. 6(d). shows when we reduce the electrical
power of the beat signal before AOM, the instability changes at
the level ∼ 1× 10−15. As shown in Fig. 6(e). and Fig. 6(f), the
influence can be ignored with enough SNR when the BPF after
PD1 and BPF after Mixer2 are changed, respectively.
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