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A single-frequency 1645 nm pulsed laser with frequency stability close to 100 kHz was demonstrated. The laser oscillator is
injection-seeded by a single-frequency narrow linewidth Er∶Y3Al5O12 (Er:YAG) nonplanar ring oscillator and frequency
stabilized by the modified Pound–Drever–Hall method. The pulse repetition rate can be set from 100 to 500 Hz with the
frequency stability from 82.72 kHz to 134.44 kHz and pulse energy from 9.84 mJ to 19.55 mJ. To our knowledge, this is
the best frequency stability of a single-frequency pulsed laser with injection-seeding.
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1. Introduction

Frequency stabilization of remote coherent Doppler lidar or dif-
ferential absorption lidar laser transmitters is essential for
obtaining a high accuracy and a high signal-to-noise ratio
(SNR)[1–7], especially for space-based lidars[8–13]. Injection-
seeding to a Q-switched laser is a powerful way for these remote
lidar applications. General methods to establish the single-
frequency operation of the injection-seeding Q-switched con-
figuration are minimizing theQ-switch build time[14], ramp-fire
(or ramp-hold-fire)[15,16], dither lock-in[17], the Pound–Drever–
Hall (PDH) method[1], and so on. Among them, the PDH tech-
nique may be the best way to improve the frequency stability of
the single-frequency pulses for the following reasons.

(1) It can keep the cavity length in a relatively stable state,
which means that the slave cavity is resonant with the
seed beam almost all of the time.

(2) The ‘ramp’ or ‘dither’ operation is not required in the
interval between pulses. It keeps the slave cavity in a rel-
atively ‘quiet’ environment.

(3) The pulse intervals obtained by the PDH method are
strictly consistent, which are controlled by an external
transistor-transistor logic (TTL) signal source.

(4) It holds the seed beam resonant with one definite longi-
tudinal mode of the slave cavity, and the mode hopping
can be avoided.

The PDH method was first, to the best of our knowledge,
introduced in the pulse domain by Wulfmeyer in 2000, and a
short-term frequency stability of 0.18 MHz root mean square
(rms) at pulse repetition rate (PRR) of 200 Hz was reported[1].

In 2007, Sträßer et al. applied the PDH method to an injection-
seeded Nd∶Y3Al5O12 (Nd:YAG) ring oscillator and achieved
frequency stability of 1 MHz rms at the PRR of 400 Hz[18],
and they improved the frequency stability to 290 kHz in
2009[19]. In 2014 and 2015, Gibert et al. reported a two-
wavelength single-frequency Ho∶YLiF4 (Ho:YLF) laser oscilla-
tor with the frequency stability of 2.6 MHz at a repetition of
2 kHz and its application in a differential absorption lidar
for the detection of CO2 in the atmosphere[9,20]. In 2020, we
reported 10.31 mJ single-frequency pulses with optimal fre-
quency stability of 525 kHz at the PRR of 1 kHz[21].
In this paper, we demonstrated that the frequency instability

of the single-frequency pulses can be controlled close to 100 kHz
by following the PDH scheme. Compared with our previous
work, we optimized the laser resonance cavity, the mechanical
structure, and the feedback control system. The PRR can be
set from 100 to 500 Hz with hundreds of nanoseconds pulse
duration, the frequency stability varies from 82.72 kHz to
134.44 kHz and pulse energy from 9.84 mJ to 19.55 mJ. The
beam quality M2 factors of the output laser are 1.24 in the
X direction and 1.21 in the Y direction, respectively. Besides,
we analyzed the influence of pulse frequency stability on the
SNR and measurement accuracy of the remote coherent
Doppler lidar by means of numerical simulation, and the
Allan variance of the frequency stability was also given.

2. Analysis

For the remote coherent Doppler lidar or differential absorption
lidar, pulse accumulation or averaging is a very practical method
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to improve the detection accuracy and range. Here, we take the
coherent Doppler wind lidar as an example and analyze the in-
fluence of pulse frequency stability on SNR and measurement
accuracy of the lidar echo in detail by means of the numerical
simulation.
The echo signal of the Doppler lidar is the superposition of a

large number of aerosol particles’ backscattered signals, and the
phase of the backscattered signal of each particle is randomly
distributed, so the Doppler signal can be described by a zero-
mean complex Gaussian process. According to Zrnic’s theory
of weather Doppler signal simulation[22], the Doppler signal
model zk can be written as

zk = sk exp�j2πf kTs� � nk, (1)

where f is the Doppler shift, and Ts is the sampling interval. The
stationary random signal sk and the uncorrelated noise nk are
independent of each other. The relationship between the power
spectral density Pm and covariance Rk of the Doppler signal is as
follows[23]:
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is the spectral width of the echo signal,M is the number of sam-
pling points, SNRsp is the SNR of one pulse, ΔT is the pulse
width, ν = 2f =λ is the radial wind velocity, λ is the laser wave-
length, and δk is the Kronecker delta function. The power spec-
tral density Pm satisfies the following formula:

hpk · p*mi = Pmδk−m, jpmj2 = Pm, (5)

where pm is also a zero-mean complex Gaussian random varia-
ble. The simulated lidar echo signal is as follows:
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X2M−1
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pm exp

�
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M
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In order to simplify the simulation, we consider that only
white noise affects the echo signal. The frequency jitter Δf of
each pulse is added to the Doppler shift. The frequency jitters
are normally distributed. In order to visually see the impact
of the pulse frequency stability on the SNR and measurement
accuracy, we selected the standard deviation of frequency jitter
as 0.5 MHz, 1MHz, 5MHz, and 10MHz, and the relative power
spectra of the echo signal are shown in Fig. 1.
As shown in Fig. 1, the pulse frequency jitter has a great in-

fluence on the SNR after the pulse accumulation. The higher the

stability of pulse frequency is, the higher the SNR of the Doppler
lidar is. Another obvious feature is that the smaller the pulse fre-
quency jitter, the narrower the spectral width of the Doppler sig-
nal and the sharper the peak value, which means the higher the
accuracy of speed measurement.

3. Experimental Setup

The schematic diagram of our injection-seeded single-frequency
Er:YAG laser is shown in Fig. 2. It consists of three main parts: a
continuous wave seed laser, a Q-switched slave ring cavity, and
an injection-seeding control system.
A symmetrical and compact slave ring cavity, which is com-

posed with eight cavity mirrors (from M1 to M8), is adopted in
our experiment for improving the stability and the beam quality.
The designed total cavity length is about 2.2 m for meeting the
requirements of the remote coherent Doppler lidar regarding
pulse width. M1, M2, M7, and M8 are dichroic mirrors with
a transmittance of more than 95% at 1470 nm and a reflectance
of more than 99.5% at 1645 nm. Both M3 and M5 are plano-
concave mirrors with a radius of curvature of 1000 mm. The
difference is that M3 is an output mirror with a transmittance
of 20% at 1645 nm, while M5 is a high-reflection mirror at
1645 nm. M4 and M5 are plane high-reflection mirrors at
1645 nm. Unlike our previous designs, the piezoelectric trans-
ducer (PZT) and mirror M4 are pressed together by a mechani-
cal structure rather than glued together, with a rubber ring
between them. Then, a pre-stressing force is applied to the
PZT. This method effectively avoids the reduction of the PZT
mechanical resonance frequency caused by gluing, and it
ensures that the PZT can not only push M4 to change the cavity
length but also maintain sufficient response bandwidth. Two

Fig. 1. Simulation of the Doppler lidar echo signals’ relative power spectrum
data with pulse frequency stability of 0.5 MHz, 1 MHz, 5 MHz, and 10 MHz. The
lidar emits Gaussian pulses with the wavelength of λ = 1645 nm, SNRsp = -10 dB,
f = 80 MHz, 1/Ts = 500 MHz,ΔT = 200 ns, and the cumulative number of pulses is
100.
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continuous wave 1470 nm fiber coupled diode lasers (Pump 1
and Pump 2) pump two 0.25% (atomic fraction) doped,
ϕ4mm × 60mmEr:YAG ceramic rods. The fiber core diameters
are 200 μm, and the numerical apertures are 0.22. The pump
beams are mode matched with the slave cavity by two pairs
of lenses with the focal lengths of 30 mm and 125 mm, respec-
tively. The radii of the pumping beams in the Er:YAG rods
center are about 420 μm, which are about 0.95 times the radius
of the laser beams within the crystals. The Er:YAG rods are
encased in a copper heat sink and temperature controlled by
thermal electric coolers (TECs) to 18ºC.
The single-frequency seed laser is generated by a 1470 nm

laser diode pumped monolithic Er:YAG crystal nonplanar ring
oscillator (NPRO) with a linewidth of 8 kHz[24]. The seed laser is
sideband modulated by an electro-optical phase modulator
(EOM) with a modulation frequency of 30 MHz. The half-wave
plate keeps the polarization direction of the seed laser consistent
with the optic axis of the EOM for the best modulation effect.
The seed laser is reflected by M11, M7, M5, and M6 and then
enters the slave ring cavity from the first diffraction stage of
the acousto-optic Q-switch (AOM). The driver power of the
AOM is 50 W with a radio frequency (RF) of 40.68 MHz. An
isolator with isolation greater than 30 dB is placed on the seed
light path to prevent laser feedback to the NPRO.
The control system and control process of our experimental

setup are shown in Fig. 2(b). Firstly, a triangular wave sweep sig-
nal with a frequency of 100 Hz is loaded onto the PZT via the
PZT driver. At this time, the cavity length of the slave resonant
cavity is periodically modulated. M10, L4, and M11 are fine-
tuned to match the pattern of the seed laser and the slave cavity.
If the patterns matches well, the DC terminal of the resonant
photo-detector (RPD) will output a periodic, smooth resonance
signal[25]. Secondly, RF signals are applied with the same fre-
quency but different phases to the EOM and the mixer, one
of which is used to modulate the seed light, and the other is used
to demodulate the detuned signal obtained by the AC terminal
of the RPD, that is, the error signal. Thirdly, the center of the
error signal is adjusted to zero by a bias voltage, and then the
PZT driving voltage is slowly changed to change the PZT posi-
tion until the length of the slave cavity matches the wavelength

of the seed light. Fourthly, the proportional-integral- differential
(PID) controller is turned on. If the PID parameter is appropri-
ate, the length of the driven cavity will match the wavelength of
the seed light, that is, the resonant signal will always stay at the
highest value. Finally, the TTL signal for Q-switching is applied
to the Q driver. Different from our previous design, a serial ana-
log PID circuit is adopted, which has lower noise and higher
low-frequency gain. A notch filter and a low-pass filter are added
to the PID circuit to suppress the mechanical resonance of the
PZT, which makes it possible to improve the stability of the con-
trol system by further increasing the low-frequency gain of the
control loop.
What is more, the laser is encapsulated in a sealed aluminum

shell to isolate external vibrations such as sound, air flow, and
human activities.

4. Results and Discussion

When the pump power was 72 W, the free-running slave cavity
laser produced a bidirectional 1645 nm continuous wave laser
output of up to 6.4 W, which was tested by a power meter
(PM100D/S314C, Thorlabs). At the injection-seeding operation,
the average energies of the single-frequency pulses were
19.55 mJ, 16.99 mJ, 13.67 mJ, 11.19 mJ, and 9.84 mJ at PRRs of
100 Hz, 200 Hz, 300 Hz, 400 Hz, and 500 Hz, respectively. The
energy of each pulse was measured by an energy meter (1919-R,
Newport), and 10,000 pulses were recorded at each PRR, as
shown in Fig. 3. According to the statistical results, the relative
energy instability of pulses is approximately 0.5%, which shows
that the pulse energy has good stability.
By performing coherent heterodyning of the seed laser and

pulsed laser, we verified the single-frequency characteristics of
the output pulses and obtained the stability of the center fre-
quency of the pulses. Figures 4(a) and 4(b) show a single-shot
beat note signal and its fast Fourier transform (FFT) at the
PRR of 300 Hz. The pulse spectrum width of Gaussian fitting

Fig. 2. Experimental setup of a frequency stabilized, Q-switched 1645 nm
ceramic Er:YAG laser based on the PDH method. NPRO, nonplanar ring oscil-
lator seed laser; HWP, half-wave plate; EOM, electro-optic phase modulator;
AOM, acousto-optic Q-switch; PZT, piezoelectric transducer; PID, proportional-
integral-differential controller; RPD, resonant photo-detector.

Fig. 3. Pulse energies at different PRRs of 100 Hz, 200 Hz, 300 Hz, 400 Hz, and
500 Hz.

Chinese Optics Letters Vol. 20, No. 4 | April 2022

041402-3



is 1.77 MHz. Figure 4(c) shows a single-frequency pulse with a
pulse width of 273.4 ns. The smooth pulse shape and perfect beat
signal illustrate the single-frequency characteristic of the
pulsed laser.
A 400 MS/s sampling rate data acquisition card was used to

record the beat note signals, and we obtained the center fre-
quency of the beat note signals by the FFT algorithm. As shown
in Fig. 5, 10,000 center frequencies of the beat note signals and
their distributions at each PRR from 100 Hz to 500 Hz were
recorded. The standard deviations of the central frequencies
at different PRRs from 100 Hz to 500 Hz are 82.72 kHz,
95.18 kHz, 115.32 kHz, 130.52 kHz, and 134.44 kHz, respec-
tively. All center frequencies of the beat note signals follow
the normal distribution nicely, which indicates that the unstable
factors of pulse frequency are mainly random events. In the
injection-seeding technique, the longitudinal mode closest to
the seed’s frequency is preferentially oscillated, and the other

longitudinal modes are suppressed, resulting in a single-fre-
quency pulse. Because the effective cavity lengths are different
at different PRRs, which are caused by the thermal effect, the
center frequencies of the beat note signal at different PRRs
are also different.
Compared with the standard deviation, which is only conver-

gent for white noise[26], Allan deviation is convergent for most
types of noises, so it is more suitable to describe frequency sta-
bility in the time domain. In the measurement time t, the Allan
variance of N (N = t=PRR) pulse frequencies is defined as

σ2ν�τ� =
1
2
h�νi�1 − νi�2iτ, (7)

where νi is the mean value over a time interval of τ ≤ t=2, νi�1 is
the mean value of the followed time interval of the same dura-
tion, and h : : : i denotes the arithmetic mean. Figure 6 shows the
Allan deviations of the beat note center frequencies at different
PRRs as a function of time interval τ. We can notice that the
Allan deviations at different PRRs are consistent with the
Allan deviations of white noise (τ−1=2) in the overall trend,
and the Allan deviations are almost all less than 100 kHz, which
illustrate that the PDH injection-seeding method is a good way
to improve the frequency stability of the single-frequency pulses.
For averaging time< 1 s, white noise is the main factor affecting
frequency stability. Because of others types of noise processes,
the Allan deviations have large fluctuations for averaging time
of more than 1 s. This indicates that the pulse accumulation time
of about 1 s is suitable for lidar application.
The beam quality of the single-frequency pulses was detected

by a beam profiling camera (Pyrocam IIIHR, Ophir Optronics
Solutions Ltd.). Figure 7 shows the change of beam diameter
with relative position at the PRR of 300 Hz, where the beam
is focused by a convex lens with a focal length of 500 mm.
Fitting the beam widths by a hyperbola line, the M2 factors
are calculated to be 1.24 and 1.21 in the X and Y directions,

Fig. 4. (a) Single-shot beat note signal and (b) its FFT at the PRR of 300 Hz.
(c) Single-frequency pulse waveform diagram.

Fig. 5. Recorded center frequencies of the beat note signals (left) and their
distributions (right) at different pulse repetition frequencies of 100 Hz, 200 Hz,
300 Hz, 400 Hz, and 500 Hz. Fig. 6. Allan plot for pulse frequencies at different PRRs.
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respectively. Thanks to the symmetrical pumping structure and
the very small incident angle on the concave mirrors M3 and
M5, the output laser beam has almost no astigmatism.

5. Conclusion

The PDH scheme also has a good performance in the injection-
seeded pulse domain that was demonstrated. The frequency sta-
bility of an injection-seeded single-frequency 1645 nm pulsed
laser can be controlled close to 100 kHz. It may be a good tech-
nical verification for the future space-based lidars. The single-
frequency pulse energy varies from 9.84 mJ to 19.55 mJ with
a relative energy instability of approximately 0.5% at the PRR
from 100Hz to 500Hz. The output pulses also have a beam qual-
ity with M2 factors of 1.24 in the X direction and 1.21 in the Y
direction, respectively. What is more, the influence of pulse fre-
quency jitter on SNR and measurement accuracy of lidar was
also analyzed.
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