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We present a compact displacement measurement system possessing the capability of nanometer-scale precision.
On basis of integrating single grating with 3 × 3 coupler for phase shift in interference signal, the present scheme
features advantages of simple structure, convenient alignment, and insensitivity to air turbulence. Linear com-
parisons between our system and HP5530 show a residual error less than 81 nm during step motions along a
10 mm round-trip, and a discrepancy less than 15 nm in the case of 200 μm movement. We also demonstrate a
measurement stability test in a duration of 300 s, which shows the proposed scheme potentially performs better
than HP5530 in terms of long-term stability.
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Displacement measurement by optical interferometry has
been an essential tool for nano-scale demand applications
in industry and scientific research[1]. Up to date, although
conventional laser interferometers working on heterodyne
or homodyne principle are extensively used to measure the
displacement with sub-nanometer resolution, the cost of
that measurement system is still high, and the measure-
ment accuracy depends on not only the stability of the
laser wavelength, but also the compensation of air refrac-
tive index sensitive to the environment is tough to be pre-
cisely determined[2,3]. As another technology competent
to realize displacement measurement with nanometers
precision, grating interferometry provides measurement
benchmark with a real object, and thus has a relatively
low requirement for environmental conditions[4]. Resulting
from the merits of low cost, simple configuration, and easy
instrumentation, displacement measurement by grating
interferometry attracts more and more attention in
fields of biopharmaceuticals, ultra-precision machining,
materials science, and so on.
Classical grating displacement measurement systems,

such as the dual-grating measurement system, work on
principles of Moiré fringe in a long range but with low
resolution[5,6]. Recently, various types of grating interfer-
ometers have been developed to measure linear displace-
ment or multi-degree-of-freedom (DOF) position with
nanometer resolution, such as single-metric grating
measurement system[7,8], Littrow-type grating interferom-
eters[9,10], heterodyne grating interferometers[11,12], and
DOF linear encoders[13]. Although most of these systems
have their own merits and specific applications, they are
usually built by relatively complicated optical setup,
leading to difficulty in alignment. In this work, we focus
on developing a compact and transportable grating inter-
ferometer for linear displacement measurement, which

innovatively integrates the grating interferometry with
a 3 × 3 coupler to construct a compact displacement mea-
surement system. In this scheme, the optical path is mini-
mized and DC noise of interference signals is suppressed,
so the anti-jamming ability, measurement stability, and
insensitivity to ambient change are largely enhanced,
making it capable for precision measurement and poten-
tial for low-budget instrumentation.

The schematic configuration of the whole system is
shown in Fig. 1. The single-wavelength laser beam emitted
from the He–Ne laser is coupled into a single-mode fiber
for possibility of distant delivery. The coupled beam from
the other end of the single-mode fiber is collimated with a
collimator, and then perpendicularly illuminates the sur-
face of the reflection-type grating. After grating diffrac-
tion, the diffracted beams of the positive first order and
negative first order reflect in the same diffraction angle.
To acquire an interference signal, the symmetric diffracted
beams of plus or minus first orders (denoted with P,Q) are
coupled into the 3 × 3 coupler, and then optical interfer-
ence signals with phase shifts are generated from the three
outputs of coupler and detected by photo-detectors (PDs).

Fig. 1. Schematic diagram of the system configuration. C,
collimator.
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Finally, these PD signals with interference fringe informa-
tion are sent into a signal processing module for displace-
ment calculation and display. Compared with other
grating interferometers, the proposed scheme combines
the metric grating with a 3 × 3 coupler to construct a
low-cost optical interferometric measurement system
which generates phase-shifted interference signals more
succinctly. Besides, the optical system is easier and more
flexible to be arranged in a compact and transportable
module, which facilitates alignment and construction
for short noncommon optical path exposed to air.
Suppose that iP;1 and iQ;−1 shown in Fig. 1 are the dif-

fraction angles of the two beams P and Q, respectively; ν0
is the frequency of the input laser beam; and d is the gra-
ting pitch. When the grating moves in direction x at a
speed of V , the Doppler-shift related frequencies of two
diffracted beams ðP; 1Þ and ðQ;−1Þ, νP;1 and νQ;−1, can
be expressed as

�
νP;1 ¼ ν0 · c

c−V sin iP;1
νQ;−1 ¼ ν0 · c

c−V sin iQ;−1

: ð1Þ

After interference of two beams, the composite Doppler
shift is equal to νP;1 − νQ;−1. Allowing for the conditions
that i ¼ iP;1 ¼ −iQ;−1, c ≫ V and the grating diffraction
equation d sin i ¼ λ, the composite Doppler shift can be
deduced as

Δν ¼ νP;1 − νQ;−1 ≈
2V
d

: (2)

The detected fringe variation N during time T is an
integral of Doppler shift

N ¼
Z

T

0
Δνdt ¼ 2

d

Z
T

0
Vdt ¼ 2

d
S ; (3)

where S is the displacement of the grating within time T .
Thus, the targeted displacement is expressed as

S ¼ N ·
d
2
: (4)

Equation (4) indicates that the phase change is estimated
to be 2π, when the grating moves by half of a grating
pitch. In our system, we use a holographic grating[14] of
1200 grooves∕mm. Hence, the interference signal repeats
at every 416.7 nm of the grating movement.
In signal processing, interference signals from the 3 × 3

coupler with fixed phase shifts are vital for the accurate
phase demodulation. With perfect design of a 3 × 3

coupler, including no power loss, no polarization state
change, and equal split ratio, phase difference between
two arbitrary outputs of the 3 × 3 coupler is 120° theoreti-
cally[15]. However, in practice, the actual condition of
power loss, the split ratio and the polarization state in
3 × 3 coupler could not be perfect, so the phase shifts
are not a constant of 120°, but contaminated by a phase
deviation comprising a quasi-constant phase offset deter-
mined by split ratio and phase fluctuation related to
polarization variation. Such phase deviation is possible
to be evaluated by using the scattering matrix theory
of fiber couplers. In our case, that deviation is theoretically
estimated to be less than 6°, which is in good accordance
with observation of actual interference signals. Instead of
using specific disposal on fiber, such as polarization main-
taining or tuning the split ratio, we implement phase com-
pensation algorithm to accurately calculate phase change
in fringe despite of these drifted phase deviations between
interference signals[16]. The three interference signals
output from 3 × 3 coupler can be written as

( a ¼ A1 cos θ
b ¼ A2 cosðθ þ 120°þ Δφ2Þ
c ¼ A3 cosðθ þ 240°þ Δφ3Þ

; ð5Þ

where θ is the phase value to be measured; A1, A2, and A3

are the respective amplitude values of three outputs; a, b,
and c are real-time voltage of interference signals; Δφ2 and
Δφ3 are the uncertain phase deviations. From Eq. (5), θ
can be ultimately deduced as

θ ¼ a tan
�
a½A2 cosð120°þ Δφ2Þ− A3 cosð240°þ Δφ3Þ�− ðb− cÞA1

a½A2 sinð120°þ Δφ2Þ− A3 sinð240°þ Δφ3Þ�
�
: (6)

In phase demodulation algorithm, values of A1, A2, A3, a,
b, and c are initially required, and then Δφ2, Δφ3, and θ
can be obtained sequentially. We have also done 150
groups of simulation to test that demodulation algorithm.
The standard deviation of the simulation result deviated
from true value is 1.25°; in this context albeit phase devi-
ations and amplitude errors were added to interference
signals in the simulation, which corresponded to a dis-
placement precision of about 1.45 nm.

On basis of phase demodulation algorithm, a signal
processing module with high-speed analog-to-digital
(A/D) converter anddigital signal processor (DSP)was de-
veloped, which can realize fast and precise phase measure-
ment. Figure 2 gives a schematic graph of the entire signal
processing module. The three interference signals from the
PDs are amplified at first, and then the amplified signals
are sampled from analog signal to digital signal via
high-speed A/D converter. Next, with sampling time
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synchronization, the three sampled signals are transmitted
to the DSP-based digital phase demodulation module to
obtain accurate displacement. Finally, the displacement
result can be transmitted to PC by data bus for data
storage, and also can be displayed on a DSP-supported
liquid-crystal display (LCD).
Figure 3 is a diagram for the prototype of our displace-

ment measurement system. To evaluate the performance
of the present system, we install a conventional laser
interferometer (HP5530) on the same translational mov-
ing stage. All optical components are fixed on an anti-
vibration stage except for HP5530 laser head fastened
on a separate accessorial holder, which enhances reliability
and stability of the comparative measurement.
Before the installation of the grating sample, manufac-

tured with a length of 15 mm and a designed wavelength
of 632.8 nm, a white light interferometer (Zygo New View
700) is used to test the grating’s surface structure. The res-
olution (0.293 μm) of the interferometer is not high enough,
so the 3D structure obtained is a little bit rough, shown in
Fig. 4(a). The grating pitch is estimated using scanning
electron microscopy (SEM), as shown in Fig. 4(b). By
measuring the total length of a small random section

covering 20 grating pitches, we average the grating pitch
as approximately 831 nm, while it is predesigned to be
833nminprinciple,which showsacceptablemanufacturing
quality for grating. Manufacturing precision of grating is
crucial formeasurement accuracy as grating pitch is the ba-
sicmeasurement scale in this context[17].Although the single
grating pitch is impossible to be made equal and accurate
due to inevitable random errors in manufacturing, such
errors could be averaged and reduced by multiple pitches
together.

The three interference signals with phase shifts
can be observed directly by an oscilloscope (Tektronix
DPO2024). Figure 5 shows the analog waveforms of
three interference signals after amplifier. With the phase
measurement function of DPO2024, the actual phase
shifts of signals are measured to be 125.5° and 237.3°
(−122.7° shown in Fig. 5), which correspond to phase
deviations of 5.5° and −2.7° in good accordance with
the previous phase estimation. Besides, the quality of sig-
nals after photoelectric conversion and amplification is
identified quite high as shown from Fig. 5.

A stabilized He–Ne laser with a wavelength of 632.8 nm
is used as the laser source in our system, matching with the
grating design. On the large anti-vibration base stage, a
motor platform is fastened to give common translational
movement for grating and target mirror of HP5530. The
movement is driven by an electronic-control motor plat-
form KSA150-12-X and MC600-2B, which possesses a
closed-loop resolution of 1 μm and a repeatability of
3 μm. Then comparative experiments are performed
between our system and HP5530 laser interferometer.

To test the measurement performance of our system,
first, a long-range linear comparison is performed. As the
measurement range of our system is determined by the ef-
fective diffraction length of the grating as 15 mm, and the
middle part (10 mm length) of the grating is chosen along
with a step motion of 1 mm. A forward and backward
movement of 10 mm range is sequentially performed,

Fig. 2. Schematic diagram of signal processing module.

Fig. 3. Measurement system; (a) schematic diagram of the measurement system; (b) picture of the prototype of the measurement
system. HPI, Hewlett Packard interferometer; LS, laser source; PC, personal computer.
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and themeasurement results are shown in Fig. 6, where the
reference displacements in the x-axis come from the reading
of the HP5530 and measurement results are recorded in
1 min for averaging after each step motion. Figure 6(a) di-
rectly shows the original differences in linear displacement
between HP5530 and our system. As the displacement in-
creases, it seems the difference also linearly increases, and
themaximum is 559 nmat the location of 10mmduring the
forward movement. There may be a cluster of factors ac-
counting for the differences, but themain error results from
the cosine error between the grating center axis and optical
path of laser interferometer, so linear fitting is implemented
for data processing. Residual errors are obtained by the
subtraction between measurement results of grating

system and fitted results. The fitted data and residual er-
rors for forward movement and backward movement are
shown in Figs. 6(b) and 6(c), respectively. The maximum
residual error (absolute value) is no more than 81 nm dur-
ing the round-trip movement. The fitted slope with a slight
change is estimated from the tiny tilt of the platform mov-
ing axis between the forward movement and backward
movement, which explains that there is about 86 nm offset
when the platform returns to the initial position referenced
to HP5530.

Relative to long-range comparison, we performed
a short-range linear comparison as well. Because the
closed-loop resolution of the electronic-control motor plat-
form only reaches 1 μm corresponding to one driving pulse,
each time we choose 25 step impulses to feed the amount of
step motion, which are estimated to be from 25 to 200 μm.
Figure 7 gives the comparison results of every step motion:
the maximum of residual errors is less than 15 nm, while
the peak-to-valley (PV) value is 23 nm, which confirms
that our system is potential for comparative performance
with laser interferometer in short-range measurement.

When the measurement stability of our system is tested,
we turn off the electronic-control motor platform MC600-
2B for removal of motor vibration. We initialize the mea-
surement of the HP5530 and our system, and continuously
monitor the displacement variation. Due to usage of the
low internal memory DSP in the present system, the mea-
surement update rate could not be high, so we set it at
1 s for assurance. Figure 8 shows the system stability mea-
surement results of two measurement systems for 5 min. In
Fig. 8(a), displacements of our method maintain quite well
as time elapses, albeit there are some local drift around the
initial value. Relatively, displacements of HP5530 have a
small drift in a short time window, but accumulative offset
arises as time elapses, which is estimated from refractive
index change in the dead path. The results of our measure-
ment have some initial drift, which is estimated to come

Fig. 4. Grating images; (a) by Zygo New View 700; (b) by SEM.

Fig. 5. Output of three interference signals.
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Fig. 6. Comparison measurement result of the 10 mm round-trip; (a) original displacement difference; (b) linear fitting and residual
error for the forward movement; (c) linear fitting and residual error for the backward movement. Disp, displacement.
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from intensity variation of the interference signals. Because
a certain spatial gap still exists between the grating scale
and the collimator for receiving light, when we press the
reset button on LCD to initialize the measuring system,
it would cause some air flow and a slight vibration close
to our optical configuration. Displacement calculated by
algorithm fluctuates at the beginning, and gradually be-
comes stable. Nevertheless, it is obvious that the center
of displacement results seems unvaried. Besides, as a dis-
play resolution of 1 nm in our system, the displacement
seems to maintain as a constant value during a short time
such as 100–150 s. Figure 8(b) gives the Allan deviation
analysis of the measurement data. The analysis indicates
that, in a short time, the stability of HP5530 is better than
that of our method, but in the long-term case, our method
potentially shows better stability than HP5530.

In conclusion, we propose a displacement measurement
scheme based on 3 × 3 coupler and single grating, and con-
struct a measurement system with the advantages of high
measurement precision, simple optical path, compact
structure, and insensitivity to ambient change. Linear
comparison experiments and stability test prove the com-
petent performance of our system, which is promising as a
low-budget choice in the fields of micro/nanofabrication,
microelectronics engineering, biomedicine, and so on. For
the next step, we also plan some further research on ex-
tending the measurement range, promoting data process-
ing update rate, compact design for practical application,
and studying systematic measurement error.
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Science Foundation of China under Grant No. 51275523.
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