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In this Letter, the liquid crystal variable phase retarder is applied for the accurate modulation of the laser power
in a detection system and the construction of a system that suppresses the influence of laser noise on the gyro’s
bias instability. A closed-loop control method for a laser noise suppression system is proposed.We obtain a power
stability index of 0.038% in a 3-h continuous test, and the nuclear magnetic resonance gyroscope bias instability
reaches 1°∕h. The proposed control method effectively improves the signal-to-noise ratio of the gyroscope
detection signal, which lays the technical foundation for future research work.
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Nuclear magnetic resonance gyroscopes (NMRGs) are a
kind of rotation-speed sensor that senses the angular
velocity by measuring a frequency shift in the Larmor pre-
cession of the nuclear spin in a constant magnetic field[1–6].
Its bias instability is expected to be 0.01°∕h[7]. The NMRG
is insensitive to vibrations. They have the potential advan-
tages of lower cost of manufacture, a smaller size, and
higher precision. The spin polarization of the noble gas
atoms influences the signal-to-noise ratio (SNR) of the
NMRG, which is proportional to the laser stability[8–13].
The improvement of the laser intensity stability can pro-
mote the SNR of the signal detected by the magnetic res-
onance gyroscope. There are two main methods of
stabilizing the power of semiconductor lasers[14–16]. One
method is to achieve a controllable laser output by control-
ling the temperature and current injection of the laser.
However, this method has no control ability on the power
fluctuation caused by other factors, and the power stability
is around 1%. The other method is to modulate the laser
beam directly by using the external optical modulator, such
as an acoustic optical modulator, an electro-optical modu-
lator, etc.[17–19], and to suppress the power fluctuation of the
laser by using negative feedback. The power stability of
such a method is in the magnitude of 10−4. Other studies
on laser power fluctuations are also numerous[20,21].
A liquid crystal variable retarder (LCVR) can be used

to modulate the laser intensity[22,23]. Compared with other
optical modulating devices, the LCVR has the advantages
of a small volume, low working voltage, and large
clear aperture, etc. A device comprised of an LCVR
and a polarization plate can achieve laser power stability
through negative feedback[24–29]. For this purpose, a special
LCVR driving system has been designed so as to achieve

stable control of the LCVR, with an acquired 3-h power
stability of about 0.038%, and with the NMRG bias insta-
bility reaching 1°∕h. This has improved the SNR of
NMRGs effectively and has laid the technical foundation
for the subsequent research work[30–34].

The NMRG is a kind of atomic gyroscope designed on
the principle of nuclear magnetic resonance. The principle
for the angular rate ωR to be detected by the magnetic
resonance gyroscope shall be[1,3,4]

ωR ¼ ω0
L − ωL; (1)

where ω0
L is the Larmor procession frequency of the nu-

cleon obtained from the detection signal of the photoelec-
tric detector. ωL is the Larmor procession frequency of the
nucleon, which is determined by an applied magnetic field
intensity B0 and the gyromagnetic ratio γ of the nucleus
itself, and[3]

ωL ¼ γB0: (2)

The pumping laser and detecting laser shall be used
in the operation of the magnetic resonance gyroscope.
Firstly, the electron inside the alkali metal shall be driven
into a polarized state with a pumping laser. Then, the sta-
tus information of the atom shall be obtained through the
detecting laser, and the angular rate information of the
carrier can be obtained through signal processing.

To measure the angular rate of the carrier with an
NMRG, it is first necessary to obtain the information of
the detecting laser passing the alkali-metal air chamber
through the photoelectric detector. From the information
of the detecting laser, the x component δM ðRbÞ

x of the
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electronic magnetic moment can be obtained, and the
x component Mx of the nucleon magnetic momentum
can be obtained through the signal demodulation process-
ing for it:

Mx ¼ M 0γB1T2 sinðωat þ Δ∅Þ; (3)

where M 0 is the electronic magnetic moment in the z-axis
direction, which is the amplitude of the x-direction alter-
nating magnetic field. T2 is the transverse relaxation time
of the nucleon, and ωa is the field frequency on the x-axis.
The demodulated signal is, therefore,

MxðdemodÞ ¼
M 0γB1T2

2

�
1−

Δ∅2

2

�
: (4)

Then, the angular rate ωR of the carrier can be mea-
sured through the equation Δ∅ ¼ ΔωRt, as shown in
Fig. 1. The detecting laser of the NMRG is the linearly
polarized light from the x-axis incidence, and the x com-

ponent M ðRbÞ
x of the electronic magnetic moment shall be

in direct proportion to the alternating component of the
light intensity of the detecting laser:

δI x ∝ M ðRbÞ
x : (5)

Therefore, the noise of the detecting laser is certain to
result in the instability of the x component M ðRbÞ

x of the
electronic magnetic moment, which will further introduce
measuring noise in obtaining the angular rate ωR of the
carrier.
The LCVR is a wave plate with continuously adjustable

phase retardation produced by the electro-optic birefrin-
gent effect of the nematic liquid crystal. The molecule of
the nematic liquid crystal has a birefringent effect, and its
refractive index difference is mainly related to the voltage
(denoted as V ) applied to it. The structure of the LCVR
mainly includes a fusion quartz substrate, an indium-
tin-oxide film, an insulation array layer, and a nematic
liquid crystal.
The phase retardation of the LCVR can be expressed

as δ ¼ 2πΔnt∕λ, where Δn is the refractive index differ-
ence of the crystal, which is relevant to the voltage, crystal
material, and temperature. The unit of δ is rad. Δl ¼ Δnt
is denoted as the optical path difference produced in the
crystal; then, δ ¼ 2πΔl∕λ. Therefore, for transmission
light with a certain wavelength, the optical path difference
is in one-to-one correspondence with the phase
retardation.

The change relation between δ and V is shown in
Fig. 2(a). When it has no voltage function, δ is the maxi-
mum, which is denoted as δ0. When V is smaller, δ almost
does not change δ0. If V exceeds the threshold value Vc, δ
shall be decreased, obviously, with the increase of V .
When V is large enough, then δ shall be very small.
The residual optical path difference of ∼30 nm still exists.
This study adopts the Thorlabs LCC1111-B-type half-
wave LCVR, which is applicable to the near-infrared
band. δ0 > π exists in any transmission light within such
a wave band.

The schematic diagram of a liquid-crystal variable laser
power attenuator based on the LCVR is shown in Fig. 3.
The polarizer is in quadrature with the transmitting axis

Fig. 1. Diagram of second demodulation process of ωR.

Fig. 2. LCVR phase retardation and transmittance. (a) Change
relationship between LCVR phase retardation and voltage and
(b) change relationship between unified transmittance and
voltage.

Fig. 3. Schematic diagram of the liquid crystal variable
attenuator.
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of the analyzer, and the fast axis of the LCVR is 45° with
the transmitting axis of the polarizer. When V ¼ V λ∕2,
the LCVR shall have a λ∕2 optical path difference; thus
V λ∕2 is called the half-wave voltage of the LCVR. The
polarization direction of linearly polarized light emitted
from the polarizer is rotated 90° by the LCVR, and the
laser power emitted from the analyzer shall reach the
maximum level. If V keeps increasing, then δ shall de-
crease continually. When V is large enough, δ shall be
close to 0, and the laser polarization direction emitted
from the polarizer shall be in quadrature with the trans-
mitting axis of the analyzer, and the output light power is
the weakest.
The polarization direction of incident light shall be ad-

justed into the horizontal polarization light; when the
polarizer will not work, it can be omitted. The incident
light power shall be denoted as I 0; then, the emergent
light power shall be I ¼ I 0sin2ðδ∕2Þ[25]. The normalized
transmittance of the liquid-crystal variable power attenu-
ator can be denoted as I norm ¼ I∕I 0 ¼ sin2ðδ∕2Þ. The
change relation between it and the voltage is shown in
Fig. 2(b). If V ≥ V λ∕2, then δ ∈ ð0 × π�, I norm ∈ ð0 × 1�,
and I norm shall be in monotone, decreasing with the
increase of V .
The laser power stabilization system based on the

LCVR uses the above liquid-crystal variable power at-
tenuator as the actuator, which stabilizes the laser power
through negative feedback control by using the photo-
diode-sampling laser power signal. When I 0 increases,
then the driving system will make V increase, and I norm
will decrease so as to maintain I 0 ¼ I 0·I norm. On the con-
trary, when I 0 decreases, the driving system will make V
decrease. When V decreases to V λ∕2, the normalized
transmittance reaches the maximum; if I still cannot
reach the setup value at this moment, then the system
shall run out, and stable power cannot be achieved. There-
fore, the power setup value of the system must be smaller
than the minimum within the original laser-power fluc-
tuation range. The system shall sacrifice partial laser
power to obtain the improvement in output laser power
stability.
Figure 4 shows the schematic diagram for the testing

device for the stability test of the LVCR laser power.
The optical axis of the polarizer is perpendicular to the

optical axis of the polarizer. The angle between the optical

axis of the polarizer and the fast axis of the liquid crystal
variable phase retarder is 45°. The laser generates a linear
polarized light with a wavelength of 795 nm and a power of
about 1 mW, which is separated by a beam splitter (BS1)
and received by a photo detector (PD3). The PD3 receiv-
ing laser is mainly used to monitor the original intensity
information. Another beam of light enters a variable laser
power attenuator formed by a polarizer, a liquid crystal
variable phase retarder, and a polarizer. By changing
the driving voltage applied to the LCVR, the polarization
state of the laser can be changed so as to change the out-
put power of the laser. The laser emitted from the detector
is divided into two beams by BS2. The detector PD1 is
used for the sampling of the optical power, and the detec-
tor PD2 is used to test the stability of the output laser
power. The optical power sampled from PD1 is converted
to a voltage signal in the control unit. The control unit
compares the actual optical power with a set value to pro-
duce the appropriate control voltage. At the same time, a
symmetrical square wave signal with a frequency of 2 kHz,
a duty cycle of 50%, and an average value of 0 is generated
in the circuit. The amplitude of the square wave is modu-
lated by the control voltage, which is loaded on the liquid-
crystal controllable phase retarder, and the optical power
of the outgoing laser is changed to realize the closed-loop
stability of the power.

The results of continuous 3-h testing on the system are
shown in Fig. 5. The original light intensity and the laser
intensity after stabilization shall be normalized to their
mean values separately after stabilization. The light inten-
sity stabilization shall be balanced with standard
deviation; then, the original light intensity stabilization
is about 7.6%. After the stabilization, the stabilization
of the laser light intensity shall be about 0.038%. The
nominal stability of the laser noise attenuator of goods
from Thorlabs is 0.05%. It can be seen that the driving
system designed in the Letter can achieve the stabilization
of the light power better.

laser

LCVR driving system
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Fig. 4. Schematic diagram of the laser intensity stabilization
system.

Fig. 5. (Color online) Results of laser inspection system stabili-
zation experiment.
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In order to compare the effect of the laser power on the
detection of the NMRG, a stability test of the NMRG de-
tection signal was carried out on the NMRG prototype. It
is known that the angular rate ωR of the carrier is achieved
by measuring the x component Mx of the nucleon mag-
netic momentum. Therefore, a contrast experiment is de-
signed to test whether the laser power is stable to the
NMRG detection signal.
The results of the x component Mx of the nucleon

magnetic momentum where the detecting laser has not
achieved power stability are shown in Fig. 6, and the stan-
dard deviation is 0.031%. The results of the x weightMx of
the nucleon magnetic momentum where the detecting
laser has achieved power stability are shown in Fig. 7,
and the standard deviation is 0.014%. It can be seen that
after the detecting laser achieves power stability, the am-
plitude stability of x weight Mx of the nucleon magnetic
momentum of the magnetic resonance gyroscope can be
improved.
Figure 8 shows the spectrum analysis diagram of the de-

tection signal of the NMRG where the detecting laser has

or has not achieved power stability. It can be seen that
after the detecting laser achieves power stability, the noise
baseline of the detection signal decreases obviously, which
greatly increases the SNR of the detection signal of
the NMRG.

It can be seen from Fig. 9 that the short-term stability
has been obviously promoted after the NMRG restrains
the detecting noise, which is mainly due to the promotion
of the SNR of the detection signal, and the gyroscope bias
instability can reach 1°∕h, laying a good technical founda-
tion for the promotion of detection precision and the gyro-
scope index.

The Letter analyzes the relationship between the power
stability of a detecting laser of an NMRG and the noise of
the detecting laser signal, which introduces the working
principle of the laser-power stability system based on
the LCVR, and proposes the closed-loop control method
for the laser noise suppression system by design of the cir-
cuit control system. By using such a system, the precision
test for the NMRG is carried out, and a power stability
index of 0.038% is achieved in 3-h continuous testing.
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Fig. 6. Results of the laser without intensity stabilization.
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Fig. 7. Results of the laser with intensity stabilization.

Fig. 8. (Color online) Detection signal spectrum analysis.

Fig. 9. (Color online) Allan standard deviation curve.
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The SNR of the detection signal of the NMRG is improved
effectively, and the bias instability achieves an index of
1°∕h, laying the technical foundation for subsequent
research.
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