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ABSTRACT This paper presents the design of a real-time direction judgment system for a sub-nanometer
scale grating ruler based on field-programmable gate array (FPGA) technology. On the basis of the working
principle of the grating ruler reading head, the characteristics of the grating ruler phase signal are analyzed.
In view of the frequency uncertainty and nonlinear error of grating scale phase signal laser, a preprocessing
structure based on biorthogonal lock-in amplifier is designed. Aiming at the problem of low data update
rate and insensitivity to direction switching in short stroke of traditional grating direction judgment method,
a real-time direction judgment method is proposed. On the FPGA platform, the signal generator is used
to simulate the actual photoelectric signal of grating ruler, and the calibration experimental platform of
electrical analog signal is built to verify the effect of the real-time direction judgment system on the FPGA
platform. The results show that compared with the traditional direction judgment system, the data update
rate is improved by 256-fold. Moreover, a method for using the result of the direction judgment system to
compensate the count value of the electronic subdivision when the object is moving backward is proposed.

INDEX TERMS Direction judgment, grating ruler, electronic subdivision, FPGA implementation.

I. INTRODUCTION
With the increasing development of science and technology,
the requirement for precise measurements in the field of
industrial production has increased. Facing these require-
ments, many high-precision measurement technologies have
appeared, one of which is the sub-nanometer scale grating
ruler [1]–[2].

The twomost common high-precision sensors are the inter-
ferometer and grating ruler [3]–[6]. The grating ruler has a
short optical path that makes it robust to the environment.
Thus, a grating ruler can provide a higher measurement
stability [7]–[9]. As a high-precision measurement sensor,
a sub-nanometer scale grating ruler is widely used in various
areas such as radar, computer numerical control, and semi-
conductor processing [10]–[13].

At present, methods for identifying the direction of a grat-
ing ruler signal can be roughly divided into three categories.
The first is to lay out the photoelectric detector at equal space
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of the grating movement track and determine the grating
movement direction according to the changing trend of the
detection signal of the photoelectric detector [14]. However,
the resolution of this method depends on the number and
density of the photodetectors installed. With improvements
in the measurement accuracy, the data update rate of the
direction judgment should also be improved, which implies
that the cost and installation difficulties of the photodetectors
will exponentially increase.

The second is the direction judgment method based on
sine and cosine symbol bits, which reflects the raster motion
through the changing trend of the sine and cosine input sig-
nal symbol bits [15]. When the grating is moving forward,
the phase of the sine signal is in advance of the cosine signal
phase by 90◦. In a cycle, the symbol bits of the input signal
have four relative changes: 00→10→11→01→00. It can
be observed that the grating ruler moves forward when two
adjacent signals appear in the four groups of signals. When
the grating is moving backward, the phase of sine lags behind
cosine phase by 90◦. The symbol bits of the input signal also
have four relative changes: 00→01→11→10→00. It can be
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observed that the grating ruler moves backward when two
adjacent signals appear in the four groups of signals.

The third class is based on a phase-shift circuit [16].
By shifting the phase of the input signal, multi-channel sig-
nals with different phases are output. The direction judgment
results are obtained according to the phase advance informa-
tion of each channel.

When the optical subdivision method was used in the
previously mentioned grating scale, and the subdivision mul-
tiple was 4, the above four methods showed an excellent
direction judgment effect. However, with the development
of the electronic subdivision, the digital subdivision method
based on amplitude can perform 1024 subdivisions or higher.
The result of the direction judgment cannot be replaced for
compensating the quadrant judgment in CORDIC algorithm
and the final phase results. Moreover, the traditional method
updates the result of the direction judgment every 1/4 period,
which cannot meet the real-time requirements of a grating
ruler with a high fine fraction. Once the object moves back
and forth within a range of a quarter grating pitch, misjudg-
ments easily occur in traditional direction judgment systems,
thereby affecting the accuracy of the measurement.

To meet the real-time requirement of a high-precision mea-
surement for direction judgment, a research was conducted
on real-time direction judgment systems based on FPGA
technology, which can be applied tomeasurement boards, and
can be helpful in providing a resolution of λ/1024 or even
higher.

II. WORKING PRINCIPLE OF GRATING RULER
The measurement system used in this study applies a ZMI
7702 laser head to generate dual-frequency laser beams with
a difference in frequency of 20 MHz.

The nominal vacuum wavelength was 633 nm. When the
laser beams enter the grating surface, diffracted light of dif-
ferent orders is produced according to the diffraction charac-
teristics of the grating [17], as shown in Figure 1.

The displacement of the plane grating is obtained by cal-
culating the Doppler shift of the diffracted light. In order to
improve the measurement resolution, the higher diffraction
times should be selected as far as possible. In order to obtain
higher diffraction times, it is necessary to build a reading
head to carry the diffraction light path. The internal light path
structure of the reading head selected in this paper is shown
in Figure 2.

The incident angle and diffraction angle meet the following
requirements:

g(sin θi + sin θk ) = kλ, k = 0,±1,±2 (1)

Diffraction above the second order achieves significant
attenuation and is not conducive to an optical signal acqui-
sition; therefore, this paper uses positive and negative
first-order diffracted light as the measured beam. The output
frequencies of the laser beams are f1 and f2, the frequency
difference between f1 and f2 is a fixed value, also known
as the laser differential frequency and the linear polarization

FIGURE 1. Diffraction characteristics of the grating.

FIGURE 2. Light path inside the reading head.

directions are perpendicular to each other. When the mea-
sured beam enters the grating head, there are two diffractions
on the surface of the plane grating [18].

Inside the reading head, P and S polarizers are arranged
in front of two symmetrical corner prisms. When the
dual-frequency laser is vertically incident on the plane grat-
ing and diffracts, only the linearly polarized light of P and
S enters the corner prism after the diffracted light passes
through the P and S polarizers.

Taking the XOZ plane as an example, when the plane
grating moves at velocity V , the frequency of the incident
light changes as follows:

fix = f0(1+
vx sin θi

c
) (2)
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fiz = f0(1+
vz sin θi

c
) (3)

The frequency change of the positive and negative first-
order diffraction light is as follows:

f1x = f0(1+
vx sin θi

c
)(1+

vx sin θ1
c

) (4)

f1z = f0(1+
vz cos θi

c
)(1+

vz sin θ1
c

) (5)

The moving speed of the plane grating is limited by the
6-DOF motion table, and the maximum speed cannot exceed
1.2 m/s, which is significantly less than the speed of light, and
thus the high-order term can be omitted.

f1x = f0(1+
vx sin θi

c
+
vx sin θ1

c
) (6)

f1z = f0(1+
vz cos θi

c
+
vz sin θ1

c
) (7)

The first diffraction is the difference in the light frequency
which is expressed as follows:

1f1x = f1x − f0 =
vx
λ
(sin θi + sin θ1) (8)

1f1z = f1z − f0 =
vz
λ
(cos θi + cos θ1) (9)

Substituting the above formula into the multistage diffrac-
tion equation, the frequency difference of the second diffrac-
tion light is obtained as follows:

1f2x = 21f1x =
2kvx
p

(10)

1f1z = 21f1z =
2vz
λ

(cos θi + cos θ1) (11)

The phase can be obtained by integrating the diagonal fre-
quency, and the displacement can be obtained by integrating
the velocity, and thus the corresponding relationship between
the phase and displacement in the X and Z directions is as
follows:

1ϕxoz =
4πm1x

p
+

4π (cos θi + cos θk )1z
λ

(12)

Similarly, in the Y and Z directions, we have the following:

1ϕyoz =
4πm1y

p
+

4π (cos θi + cos θk )1z
λ

(13)

The two optical interference signals in the reader head are
transmitted to the photoelectric receiver through the optical
fiber, and the photoelectric receiver obtains the phase value of
the interference signal by obtaining the light intensity signal.
The two optical interference signals have coaxial waves with
the same vibration direction and frequency difference of 4f .
When these signals are superimposed, they can be combined
into beat frequency signals [19], as shown in Figure 3.

The light intensity of the two interference signals is
expressed as follows:

E1 = E0{1+ cos[2π (f1 + 21f )t]} (14)

E2 = E0{1+ cos[2π (f2 − 21f )t]} (15)

FIGURE 3. Schematic of beat frequency phenomenon.

FIGURE 4. Overall structural diagram of preprocess.

The relationship between a beat frequency signal and an
interference signal is as follows:

I = EE∗ (16)

I = 2E2
0 {1+ cos[2π(f1 − f2 + 41f )t]} (17)

III. PREPROCESS
The output measurement signal of a grating is a sine signal,
and the frequency is the sum of the laser differential fre-
quency and Doppler frequency shift. Under ideal conditions,
the laser differential frequency should be 20 MHz. How-
ever, in practice, the ZMI 7702 laser head has a frequency
uncertainty of ±1600 Hz. Because of the non-ideality of the
laser intensity, laser beam overlap ratio, and elliptic polar-
ization, among other factors, the amplitude of the sine signal
is uncertain. The fact that both the frequency and amplitude
are uncertain results in serious errors when calculating the
phase, and a preprocess is therefore needed [20]. The overall
structural diagram of preprocess base on biorthogonal lock-in
amplifier is shown in Figure 4.

Suppose that the frequency of the reference signal is fr , fre-
quency of the measurement signal is fm, two-frequency laser
beams are f1 and f2, frequency uncertainty of the laser head
is f ′, frequency difference caused by the Doppler frequency
shift is 1f, amplitude coefficient of the reference signal is R,
and amplitude coefficient of the measurement signal isM .
Then the reference and measurement signals can be

expressed as follows:

fr = R · sin[(f1 − f2 + f ′)t] (18)

fm = M · sin[(f1 − f2 + f ′ +1f )t] (19)
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FIGURE 5. Frequency spectrum distribution of signal.

The sine and cosine signals of 20 MHz generated by the
DDS are as follows:

fsin = sin[(f1 − f2)t] (20)

fcos = cos[(f1 − f2)t] (21)

The frequency spectrum distribution of the signal before
and after mixing is shown in Figure 5.

Four mixing signals after low-pass filtered are as follows:

fr · fsin =
1
2
R · cos(f ′t) (22)

fr · fcos =
1
2
R · sin(f ′t) (23)

fm · fsin =
1
2
M · cos[(f ′ +1f )t] (24)

fm · fcos =
1
2
M · sin[(f ′ +1f )t] (25)

Using the trigonometric function difference formula,
the influence of the frequency uncertainty of the laser head
can be eliminated as follows:

(fm · fcos) · (fr · fsin)− (fm · fsin)·(fr · fcos) =
1
4
RM · sin(1ft)

(26)

(fm · fsin) · (fr · fsin)− (fm · fcos)·(fr · fcos) =
1
4
RM · cos(1ft)

(27)

We then obtain a pair of sine and cosine signals that only
carry the information of the Doppler frequency shift. If the
laser head is replaced, only the DDS frequency in the prepro-
cessing module needs to be dynamically adjusted.

The use of the CORDIC algorithm to calculate the inverse
trigonometric function is essentially the operation of the tan-
gent value, and the amplitude coefficients of these two signals
are the same, which implies that R andM will be suppressed
during the CORDIC operation.

FIGURE 6. Doppler carrier for different directions of movement.

TABLE 1. The quadrant judgment results when the object is moving
forward.

TABLE 2. The quadrant judgment results when the object is moving
backward.

IV. DESIGN OF DIRECTION JUDGMENT SYSTEM
A. COMPENSATION PRINCIPLE OF DIRECTION
JUDGMENT APPLIED TO THE PHASE
In general, we use the coordinate rotation digital computer
(CORDIC) algorithm to calculate the trigonometric func-
tion [21]. The basic idea of CORDIC is to use a series
of angles related only to the cardinality of an operation to
approach the target angle using a constant deflection. The cal-
culation only requires an addition and shift to be applied, and
thus it can satisfy the requirement of the hardware platform.

The Doppler carrier for different directions of movement
is shown in Figure 6.

When the object is moving backward, the Doppler shift
is negative. According to the properties of the trigonometric
function:

sin[(−1f )t] = − sin[(1f )t] (28)

cos[(−1f )t] = cos[(1f )t] (29)

Once the sine wave turns into a negative sine wave, the first
step of CORDIC, which is known as quadrant judgment, will
fail. The quadrant judgment results when the object is moving
forward are listed in Table 1.

The quadrant judgment results during the backward move-
ment of object are listed in Table 2.

It is difficult to determine whether the sine wave is negative
without a direction judgment. Moreover, the convergence
range of CORDIC is [−99.88◦, 99.88◦], which implies that
to calculate a complete cycle of [−π , π ], we need to judge
the quadrant of the trigonometric function first [22], and then
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FIGURE 7. The direction judgment compensation method for the phase.

FIGURE 8. Overall structural diagram of direction judgment system.

shift the trigonometric function to the first quadrant. Without
the direction judgment result, CORDIC algorithm cannot be
compensated according to the quadrant information after the
calculation is completed.

In addition, for the corresponding relationship between the
phase and displacement, the forward moving phase should
be accumulated to obtain the displacement, whereas the
backward moving phase needs to be inverse accumulated.
If the direction identification information cannot be updated
in time, the final displacement information will be incorrect.

According to the above principle, the direction judgment
compensation method for the phase is designed, a flow chart
of which is shown in Figure 7.

As can be seen from Figure 7, after preprocessing the
grating ruler measurement and reference signals, two groups
of sine and cosine signals, including the Doppler frequency
shift, are obtained. After using the CORDIC algorithm to
calculate the phase, the motion direction of each point is
synchronously delayed according to the CORDIC pipeline
series, and the quadrant compensation signal is obtained. The
phase signal after compensation determines the positive and
negative phase accumulation according to the direction.

B. DESIGN OF DIRECTION JUDGMENT SYSTEM
The overall process of the direction identification system is
shown in Figure 8.

Four D flip-flops are used to delay two cycles for two input
signals, and supposing that the input signal is A, the output

TABLE 3. The four basic changing trends.

of the first-stage D flip-flop is B, and the output of the
second stage D flip-flop is C . To obtain the changing trend
of the input signals, A and B, B and C are compared using
comparators.

When the Doppler frequency shift is less than 100 kHz,
limited by the ADC sampling rate, it cannot be guaranteed
that each clock cycle has a change in signal amplitude. At this
time, an 8-division clock is used to sample the input sig-
nal and detect the amplitude changing trend between every
8 clock cycles, which can allow the system to maintain the
direction judgment ability when the Doppler frequency shift
is extremely low.

The four basic changing trends are listed in Table 3.
According to the positive and negative signs of the sign bit
and the changing trend of the input signals, a direction judg-
ment can be realized in real-time. The correspondence of the
sign bit, changing trend, and direction are shown in Table 4.

The object motion direction switching needs to pass
through a zero velocity; the Doppler frequency shift at zero
velocity is 0, and the signal is a direct current. At this time,
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TABLE 4. The correspondence of the sign bit, changing trend, and
direction.

A should equal to B, but it is unreasonable to directly take
B-A = 0 as the criterion of a Doppler frequency shift to 0.
The input sine and cosine differ to obtain 1 sin and 1 cos

as follows:

1 sin(ϕ) = sin[ω(t+1t)]− sin(ωt) (30)

1 cos(ϕ) = cos[ω(t+1t)]− cos(ωt) (31)

where1t is the unit sampling time interval, and the difference
product can be obtained through the following equations:

1 sin(ϕ) = 2 cos[ω(t+
1t
2
)] · sin(

ω1t
2

) (32)

1 cos(ϕ) = −2 sin[ω(t+
1t
2
)] · sin(

ω1t
2

) (33)

It can be seen from formula (32) and (33) that the difference
signal is essentially a sine and cosine pair, and that the sine
and cosine have zero crossing points; that is, when there is a
Doppler frequency shift that is not zero, b−a will still incur
a state equal to zero. Based on this principle, the lower the
frequency difference function, the smaller is the amplitude
difference function:

S = 1 sin2(ϕ)+1 cos2(ϕ) (34)

Because of the noise in the input signal, S cannot be
completely zero. When S is less than or equal to the preset
threshold, the amplitude of the differential signal is less than
the amount of noise, which implies that the object is in a
state of static or extremely low-speed motion. At this time,
the state is called the idle state. In an idle state, the phase is
still updated according to the original state.

The noise amplitude is controlled within ± 1 LSB by
an appropriate truncation, and the maximum and minimum
values of the input signal are then detected in an idling state.
If the absolute value of the difference between the maximum
and minimum values of the input signal is less than or equal
to 1 in 128 clock cycles, it can be considered that the plane
grating is in a completely static state.

In this paper, a zero indicates that the sign bit is positive,
1 indicates that the sign bit is negative, and the expression
method for an increased, decreased, and maintained value is
consistent with that shown in Table 3.

The state variable has a total of 8 bits, and is composed
of symbol signal, changing trend, static flag and idling flag,
and x indicates that the state variable is unimportant. When

FIGURE 9. Flow chart of state machine.

FIGURE 10. Post-processing structure of the system.

the state machine is not in an idling state, the idling flag
signal has the highest priority. When the state machine is in
an idling state, the static flag signal has the highest priority.
The flow chart of the state machine is shown in Figure 9.
Every 6 bits of 4 rows are arranged in the following order:
sine symbol, cosine symbol, sine changing trend and cosine
changing trend.

The real-time direction judgment module is realized using
a Moore state machine, and the output motion direction
information is only related to the current state and has no
relation with the input signal. Compared with the Mealy state
machine, the resource consumption is further reduced.

It should be note that jumping from a forward or backward
state to an intermediate state does not imply that they are no
longer in the forward or reverse state. An intermediate state
aims at the peaks and troughs of the sine and cosine signals.
When the plane grating moves to the peak, the oversampled
signal will have a clock cycle of A < B and B > C , which
does not meet the changing trend listed in Table 2; however,
the plane grating still retains the original motion state. This
requires an intermediate state to eliminate the impact of this
jump. The post-processing structure of the system is shown
in Figure 10.
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FIGURE 11. Resource requirements of the direction judgment system.

FIGURE 12. Resource requirements of the complete electronic
subdivision system.

Because the motion direction switching must first pass a
zero velocity, when such a velocity is not detected, that is,
if the state is intermediate or idle, the output of the previous
state will be maintained. When the direction judgment state
machine jumps directly from forward or backward to idling
state or intermediate state under the influence of noise, it can
be inferred that the grating motion direction has not been
switched because it has not passed the static state. Under the
function of post-processing module, the output value of error
jump is kept as the original output, which makes the direction
judgment system robust.

C. COMPILATION RESULTS
The resource requirements of the direction judgment
system according to the compilation results are listed in Fig-
ure 11. The resource requirements of the entire electronic
subdivision system include preprocessing, direction judg-
ment, phase calculation, phase compensation, Gigabit Eth-
ernet lower computer transmission, and other functions, are
listed in Figure 12. The Gigabit Ethernet transmission has a
significant impact on FPGA resource utilization.

The Gigabit Ethernet transmission has a significant impact
on FPGA resource utilization. Figure 13. shows the com-
parison of the proportion of logical resources occupied by
the direction judgment system and the complete electronic
subdivision system without Gigabit Ethernet transmission for
all resources of Xilinx Kintex-7 325t.

In FPGA, flip-flop (FF) is used to realize sequential logic,
look-up table (LUT) is used to realize combinational logic,
and digital signal processor (DSP) module is used to realize
complex multiplication. It can be seen from Figure 13 that
the LUT, DFF, and DSP occupied by the direction judgment
system are less than 10% of the entire system. This implies
that the system will not be overburdened.

FIGURE 13. Resource comparison.

FIGURE 14. Experimental platform.

V. EXPERIMENTAL RESULTS
The real-time direction judgment system is a subsystem of the
electronic subdivision system. In this paper, the function of
the real-time direction judgment system is tested by replacing
the photoelectric signal of the plane grating with the signal
generated by the signal generator.

The experimental platform uses a DG4062 signal generator
and MK7325FA FPGA development board, as shown in the
Figure 14. The FPGA chip model of the development board
is an XC7K325T-FFG900-2I and a 12-bit ADC chip with a
sampling rate of 125 MSa/s is used to obtain the input signal.
In theVivado 2019.1 development environment, VerilogHDL
language is used to design the direction judgment algorithm
circuit, which is downloaded into the FPGA chip to complete
the direction judgment function.

A. COMPENSATION PRINCIPLE OF DIRECTION
JUDGMENT APPLIED TO THE PHASE
When the plane grating moves in the forward direction,
the Doppler frequency shift is positive, and the maximum
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FIGURE 15. Experiment results of stationary motion.

moving speed is 1.2 m/s, corresponding to a frequency shift
of 16 MHz. Therefore, the measured signal is a sine wave of
greater than 4 MHz and less than or equal to 36 MHz, and the
reference signal is a sine wave of 20 MHz.

The input measurement signal from 4 to 36 MHz is ver-
ified. Among them, the specified direction of zero is static,
1 is positive, and 2 is negative. The state of the state machine
is encoded by one-hot code, ‘‘00001’’ stands for static state,
‘‘00010’’ stands for idling state, ‘‘00100’’ stands for for-
ward state, ‘‘01000’’ stands for backward state, and ‘‘10000’’
stands for intermediate state.

Figure 15. shows the direction judgment results when the
measured signals are 19, 21, and 20 MHz, respectively. The
acquisition mode uses an integrated logic analyzer (ILA), and
the number of sampling points is 131,072.

B. VALIDATION OF EFFECTIVENESS OF MOTION
DIRECTION SWITCHING
When the plane grating is in static condition, the Doppler
frequency shift is zero, and the input signal is the difference
frequency of 20 MHz of the dual-frequency laser. After pre-
processing, the DC output is obtained.

For the real-time direction judgment system, each input
measurement signal has a corresponding direction judgment

result. Theoretically, there is no limit to switching frequency.
Limited by the performance of the motion platform, the max-
imum acceleration of the plane grating is 32 m/s2. In the
forward-to-reverse direction switching experiment, the test
case is implemented using a 21 to 19 MHz frequency sweep.
The signal frequency of 21 MHz is the superposition of
laser frequency difference of 20 MHz and Doppler frequency
shift of 1 MHz. The Doppler frequency shift of 1 MHz
can be calculated according to formula (10), the velocity
of plane grating is 0.75 m/s. Similarly, the corresponding
velocity of 19 MHz is -0.75 m/s. When the plane grating
moves from 0.75 m/s to -0.75 m/s with 32 m/s2 acceleration,
the total time consumed is 4.6875 ms, so the sweep time
is set to 4.6875 ms. The experimental results are shown
in Figure 16.

The forward motion decelerates to rest, and then contin-
ues to move forward. The test case is implemented using a
21 MHz→ 20 MHz→ 21 MHz frequency sweep.
Reverse movement decelerates to rest, and then continues

the reverse movement. The test case is implemented using a
19 MHz→ 20 MHz→ 19 MHz frequency sweep.
In the above experiments, the signal generator is used

to generate test cases for various possible motion states of
the plane grating, and the correct direction judgment results
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FIGURE 16. Experimental results of motion direction switch.

FIGURE 17. Experimental results of the data update rate of direction judgment system.

can be obtained. The experimental results demonstrate the
effectiveness of the system.

In order to test the response speed of the direction judg-
ment system, an experiment of testing the data update rate
of direction judgment system is proposed, the experimental
result is shown in Figure 17. The working frequency of the
direction judgment system is 125 MHz, and the latency is
4 clock cycles, same as 32 ns. Scale is the mapping value
of phase from [0◦, 360◦] to [0, 1024] in order to facilitate the
accumulation and transmission. When the electronic subdi-
vision system is working at a data update rate of 1024 times
per sinusoidal cycle, the direction judgment system can track
and respond to this change in real-time. Compared with the
traditional direction judgment system with the highest update

rate of 4 times per sinusoidal cycle, the date update of the
real-time direction judgment system is improved by 256-fold.

VI. CONCLUSION
In this study, a real-time direction judgment method of a grat-
ing ruler phase signal is proposed, and a real-time direction
judgment system based on an FPGA circuit was constructed.
First, the phase compensation scheme based on the result
of the direction judgment is determined. Second, a signal
pre-processing scheme was established. Using a mixing,
filtering, and phase difference, the sine and cosine sig-
nals containing only Doppler shift information were
obtained. Subsequently, a real-time direction judgment
system was designed. By combining the symbol signal,
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changing trend, static flag and idling flag, a Moore state
machine was designed to jump the direction judgment state.
A post-processing module was then designed to ensure the
strong robustness of the system.

During the experimental process, the correctness of the
direction judgment in uniform forward, uniform reverse, and
static states was proved first, and then the effectiveness
of switching from forward motion to reverse motion, from
reverse motion to forward motion, from forward motion to
forward motion, and from reverse motion to reverse motion
was proved. The experimental results show that the direction
judgment system can track the moving direction of a grating
correctly and significantly improve the real-time performance
of the direction judgment.
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