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A Low-Cost Submicrolinear Incremental Encoder
Based on 3×3 Fiber-Optic Directional Coupler
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Abstract—A high-precision displacement sensor has been de-
veloped for short-distance measurement with the interferometric
method. This sensor uses a 3×3 fiber-optic directional coupler
and a high-coherence laser source with 1550-nm wavelength to
produce two interference patterns. A Lissajous figure is gener-
ated based on these two patterns. The change in displacement
can be obtained after signal comparing and processing. Low
cost and high precision are the main advantages of this sensor.
Two signal-processing approaches are presented for displacement
measurement.

Index Terms—Coupler, displacement measurement, laser
measurement applications, optical fiber interference, optical
interferometry.

I. INTRODUCTION

F IBER-OPTICS-BASED sensors are widely used for de-
tecting kinematic and dynamic parameters such as linear

displacement, angular velocity, strain, etc. Many industrial ap-
plications prefer using fiber-optics-based sensors because these
sensors have many advantages over conventional electronic
sensors. For example, fiber-optics-based sensors are immune
to electromagnetic interference, maintenance is unnecessary
since they do not include a moving part, and they have a long
operating life of more than 25 years.

One popular and powerful type of fiber-optics-based sensor
is the interferometer. This type of sensor is based on the inter-
ference pattern produced by the sensor itself. This variation of
pattern depends on the measurement parameter. The resolution
usually depends on the wavelength of the laser source, which is
in the micrometer order. The interferometer is particularly suit-
able for high-precision measurement. For example, a nanoscale
displacement measurement sensor is used in the microelectro-
mechanical system in [1], and an add-on measurement system
for a microscope using laser interferometer is described in [2].
The interferometer can also be used together with the ray-
tracing method for identifying the object’s position [3]. In [4],
an interferometer with speckle tracking technique is used for
displacement measurement on a diffusing target. In addition, a
laser-diode feedback interferometer that is used for stabilizing
the laser output is shown in [5].
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However, the basic form of the interferometer is only able
to detect the object distance instead of displacement. Recently,
many engineers have developed a displacement sensor with the
interferometer. References [2]–[9] show some modified inter-
ferometers used for detecting the direction and displacement.
For example, the interferometer output light vector can be
decomposed into two orthogonal vectors for direction detection
[6]. Optical frequency modulation and digital signal processing
can also be applied to the interferometer for detecting the
vibrating velocity and thus calculating the displacement [7]. In
[8], the automatic gain control made by an optical attenuator
and a photodetector feedback is used during displacement
measurement. In [9], Danati proposed a displacement sensor
using a He–Ne Zeeman stabilized laser and permanent magnets.
This sensor uses field backscattered from the moving surface
to perform signal amplitude modulation and signal frequency
modulation. The interference signals are demodulated by the
electric circuit and then generate velocity and position. How-
ever, those methods usually required many extra hardware
components that cause the size of the sensor to become bulky.
Light beam alignment is also required since an extra optical
component is required; thus, this has to increase the cost of the
sensor during production.

Reference [10] shows an innovative method using an optical
passive component called the 3× 3 directional coupler. It can
form an interferometer that is able to produce two interference
patterns with 120◦ phase difference. By using these two signals,
displacement of the moving object can be obtained. However,
the measurement range of this method is limited up to 15 μm
due to its low coherence source. In addition, a high-speed
processor is required to produce high resolution.

This paper proposes a new method for producing an im-
proved interferometer. A low-cost 3×3 interferometric dis-
placement sensor with high coherence source is designed.
This method has an innovation feature of cost reduction and
minimization on the number of hardware components. No extra
hardware is required for optical modulation. Therefore, no extra
effort on optical alignment is required. In addition, a high-
coherence-length light source is used, and the measurement
range could dramatically be increased. The coherence length
of our light source could be used up to several tens of meters.
Therefore, the measurement range could be much longer than
the range obtained with the method in [10].

II. THEORY

A. Fiber-Optic Interferometer With 3×3 Directional Coupler

The optical signals produced by the laser and the inter-
ferometer can be explained by using an unfolded form of

0018-9456/$26.00 © 2009 IEEE
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Fig. 1. Unfolded form of the interferometer with 3×3 directional coupler.

Mach–Zehnder interferometer with 3×3 directional coupler
(Fig. 1). This can also be seen as an equivalent optical circuit
of the displacement sensor. References [11] and [12] show that
the 3×3 couplers are characterized by the coupling coefficient
Kij = Kji between the jth and ith waveguide (i, j = 1, 2, 3
and i �= j). The complex amplitudes aj of the three waves in the
coupler are governed by the following set of linear differential
equations:

da1

dz
+ iK12a2 + iK13a3 = 0

da2

dz
+ iK23a3 + iK21a1 = 0

da3

dz
+ iK31a1 + iK32a2 = 0 (1)

where aj’s are the complex amplitudes of the three waves in a
coupler, and they are functions of z. z is the position inside the
3×3 directional coupler. In addition, K12 = K23 = K31 = K
is assumed for mathematics simplicity.

Considering Fig. 1 and the input power A2 as the input
condition of coupler A, this means that the input conditions are

a1(0) = A a2(0) = a3(0) = 0. (2)

For z = L, which is the coupling length of the coupler, (1) can
be solved, and the solutions for aj are the following:

|a1(L)|2 = A2 − 2
∣
∣a2(L)2

∣
∣

|a2(L)|2 = |a3(L)|2 =
2
9
A2(1 − cos 3KL) (3)

where |a1(L)|2, |a2(L)|2, and |a3(L)|2 appear at fibers P1, P2,
and P3, respectively. K is the coupling coefficient. L is the
coupling length of the coupler.

Two signal outputs from the coupler (P2 and P3) are then
experienced as a phase shift φ and become P′

2 and P′
3, respec-

tively. Note that φ resulted from the position of the moving
target, and this is shown in Section II-B. Suppose 2 · |a2(L)|2 =
B2, where B is a constant. Then, the input condition of
coupler B becomes

a1(0) = 0 a2(0) =
B√
2
eiφ a3(0) =

B√
2
, B2 ≥ 0

(4)

where φ is the phase difference experienced inside the interfer-
ometer. Referring to [11] and [12], the output for ports PI, PII,

Fig. 2. Optical circuit for the displacement sensor.

and PIII becomes

|aI(φ,L)|2

=
2
9
B2(1 − cos 3 KL)(1 + cos φ)

|aII,III(φ,L)|2

=
1
18

B2 [(7 + 2 cos 3KL)

− 2 cos φ(1 − cos 3KL)μ6 sin φ sin 3KL] (5)

where aII takes the minus sign, and aIII takes the plus sign, and
|aI(φ,L)|2, |aII(φ,L)|2, and |aIII(φ,L)|2 appear at fibers PI,
PII, and PIII, respectively.

Equation (5) shows those outputs of the 3×3 interferometer
(PI, PII, and PIII) that are varying with the phase difference φ
experienced inside the interferometer. For our case, a 3×3 cou-
pler with 33 : 33 : 33 coupling ratio is used, and KL is supposed
to be 30◦.

B. Displacement Measurement Sensor With 3×3
Directional Coupler

Fig. 2 shows the optical component connection of the dis-
placement measurement sensor. The laser diode generates a
laser beam with input power A2 and launches into PI through
the optical isolator. The function of the isolator is to prevent
the reflected power from damaging and unstabilizing the laser
diode. Outputs at P1, P2, and P3 are expected, as shown
in (3). The output signals from ports P2 and P3 experience
reflection from the light reflector and the moving target. They
also experience phase shift due to the position of the moving
target. Supposing that the distance traveled from the coupler to
the light reflector through P2 and then back to the coupler is
D2, then the distance traveled from the coupler to the moving
surface through P3 and the collimator and then back to the
coupler is D3. D2 and D3 can be expressed as

D2 = 2L2

D3 = 2L3 + 2L (6)

where L2 is the optical length of fiber of P2, L3 is the optical
length of fiber of P3, and L is the optical distance between
the moving surface and the collimator. The refractive index has
already been taken into account.

If the wavelength of the laser is λ, then the phase difference
between the reflected signals in P2 and P3 can be expressed as

φ = (D3 − D2)
2π

λ
=

4π

λ
(L3 − L2) +

4πL

λ
(7)
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Fig. 3. Simulation result of the signal output from PII and PIII. The outputs
vary with the position of the moving target.

where L2 and L3 are fixed, since they are the lengths of the
fiber, and φ is then varying with L only. Light beams are
recoupled into the coupler after experiencing phase shift φ and
then undergo interference inside the coupler. It is not difficult
to understand that the equations of the signal outputs of PII

and PIII are the same as in (5), with φ equal to (7). Graphical
presentations of the signal outputs of PII and PIII are shown
in Fig. 3, where KL is set to 30◦, and L2 ≈ L3. According
to Fig. 3, the output amplitudes are varying with the position
of the moving surface. Note that the amplitudes depend on the
position of the moving target, but not on time.

C. Encoding for the Signal Output From Coupler

Some problems are expected to occur in both signal outputs
of the interferometer. For example, the amplitudes of the output
signals will vary because the optical power is sensitive to the
temperature and stress applied on the fiber. The phase differ-
ence between both optical signals is 120◦ (shown in Fig. 3)
and not 90◦ (which is used in conventional encoder). A suitable
encoding is required. Fig. 4 shows a flowchart of all the signal
processing carried in the encoding processes.

The first processing is “offset and gain compensation.” To
obtain the Lissajous figure in a regular manner, the dc compo-
nents of both signals have to be removed, and their amplitudes
should be equal. The compensation function is achieved by
detecting the upper and lower envelopes of the signals. The
offset and gain compensation values (Coff and Cgain, respec-
tively) are

Coff =
[ue(t) + le(t)]

2
(8)

Cgain =
2

[ue(t) + le(t)]
× required_amplitude (9)

where ue(t) and le(t) denote the upper and lower envelopes,
respectively. Note that they are a function of time. These two
compensation values adjust the signal outputs into pure ac with
the same amplitude.

Suppose that the offset- and gain-compensated outputs are
signal A and signal B. If they are plotted into Lissajous format,
then Fig. 5 can be obtained, and the “position point” on the
ellipse rotates in the clockwise and anticlockwise directions
while the object is moving forward and backward, respectively.

To increase the resolution of the sensor, the second signal that
processes “signal comparison” is carrying out four conditions,
as shown in Fig. 5. The figure is divided into eight regions
according to Table I. Assuming that the target moves at a
constant speed in the forward direction, the time for traveling
in each region shown in Fig. 5 is the same. Fig. 6(a) and (b)
could be obtained when the target is moving. Note that Fig. 6(a)
shows an analog form of the compared signals, and Fig. 6(b)
shows the digital form of the compared signals. It is reminded
that x and y are signal A and signal B, respectively.

It is obvious that the four digital signals have a 45◦ phase
difference. By applying combinational logic with the truth table
shown in Table II to these four signals, two square-wave signals
with 90◦ phase shifted could be obtained. The resolution of
this type of encoder is λ/16. λ is the wavelength of the la-
ser beam.

III. EXPERIMENTAL SETUP

To demonstrate the proposed measuring method, all the
optical components were connected, as shown in Fig. 7(a)
and (b). A 3×3 interferometer and a 1550-nm-high coherence
laser source (new focus, external-cavity tunable diode laser,
model number: 6262) controlled by a laser driver (new fo-
cus, including an external-cavity tunable diode laser controller,
model number: 6200) were used. A mirror was mounted on
the moving target with a movable range of 1 cm. The light
reflector was replaced by a fiber reflector, as proposed by
Mortimore [13]. Two p-i-n photodiode outputs were pream-
plified by the transimpedance amplifiers and then coupled
to a 12-bit A/D converter embedded on a dSPACE DS1104
digital signal processing board for real-time measurement. An
optical encoder with 50-nm resolution (Renishaw, linear optical
encoder, RGH24H30D30A) was also installed for the reference
displacement of the moving target, and it was connected to the
dSPACE board. During the experiment, the operating tempera-
ture of the laser is controlled at 17 ◦C by the laser driver, and
the room temperature is 22 ◦C.

The whole signal processing system shown in Fig. 4 was
programmed into the digital signal processor (DSP) board for
real-time processing. Note that the minimum sampling time
of the DSP board is 50 μs, which limited the speed of the
moving target since signals from the transimpedance amplifiers
had to be recovered using adequate sampling points. During
the experiment, the position of the moving target measured
by the optical encoder and the outputs of the transimpedance
amplifiers were measured at the same time.

The “offset and gain compensation” used in signal process-
ing achieved the compensation by detecting the envelopes of
the signals. However, this compensation function cannot detect
envelopes when the speed of the moving target is too slow. In
our experiment, the “offset and gain compensation” function
was terminated when the speed of the moving target was slower



CHOW et al.: LOW-COST INCREMENTAL ENCODER BASED ON 3×3 FIBER-OPTIC DIRECTIONAL COUPLER 1627

Fig. 4. Flowchart of signal processing.

Fig. 5. Lissajous figure with signal A and signal B for x- and y-axes. Note
that this is obtained from simulation.

TABLE I
CONDITION FOR REGION

than 0.4 mm/s, and the compensation value will set to values
just before termination.

The lower limit of the speed is due to the compensator.
However, the upper limit is due to the sampling rate of the
dSPACE board. The maximum speed of the target is

Vmax =
λ/2

(2 × ncondition × tsampling)
(10)

where λ is the operating wavelength of the laser, ncondition

is the number of conditions used, and tsampling is used in
the signal processor. Note that 2 × ncondition is the minimum
number of sampling points to recover the signal.

There are three different situations that were investigated:
1) the target moves in the forward direction; 2) the target
moves in the backward direction; and 3) the target changes its
moving direction. In each situation, phase A and phase B were
produced by the two different methods. The first method used
the conditions and logic mentioned in Tables I and II. The other

Fig. 6. Output from process “signal comparison” from simulation (x-axis is
the time in seconds).

TABLE II
REDEFINED OUTPUT SIGNALS

method used the digital form of the signals “y − x” and “y + x”
shown in Fig. 6(b) to act as phase A and phase B. In total, six
results could be obtained for the three different situations. The
resolution of the first approach is equal to λ/16 = (1550/16) =
96.8 nm. The square wave generated by the first approach is
twice as dense as the second approach; therefore, the resolution
is λ/8 = (1550/8) = 193.75 nm.

Note that Vmax is calculated based on (10), and therefore,
the Vmax of the 97-nm-resolution case is 3.875 mm/s when
ncondition is 4, and the Vmax of the 194-nm-resolution case is
1.9375 mm/s when ncondition is 2.

For each situation, six sets of data were collected: 1) signals
from two transimpedance amplifiers; 2) two square waves
(phase A and phase B) with 90◦ phase shift produced by signal
processing; 3) displacement recorded by the optical encoder;
4) displacement converted from this two square waves by the
decoder; 5) error between the displacement measured by the
proposed methods and the optical encoder; and 6) the velocity
of the moving target was recorded. Note that the velocity of
the moving target recorded in 6) was calculated by optical
encoder measurement, and all the data were collected from a
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Fig. 7. (a) Diagram for setup of the interferometer displacement sensor. (b) Actual object for setup of the interferometer displacement sensor.

real-time process. Figs. 8–13 show those plots for situations 1,
2, and 3.

IV. PERFORMANCE AND DISCUSSION

A. Maximum Velocity of Moving Object

Fig. 10 demonstrates the target moving at different velocities
and reversing its direction with the 194-nm-resolution mea-
surement approach, and the error-time graph in Fig. 10(e) is
showing a sudden increase when the speed of the target is larger
than 2.5 mm/s. A similar situation occurs in Fig. 13, which is
measured by using the 97-nm-resolution approach. A sudden
increase in the error curve [Fig. 13(e)] occurs when the speed
of the target is larger than 1.5 mm/s.

The measured maximum speeds are different from the cal-
culated values. It is because the number of sampling points in

(10) is not adequate for recovering the signal. Therefore, (10)
should be modified. The new maximum speed equation is

Vmax =
1

1.5
λ/2

(2 × ncondition × tsampling)
. (11)

Note that the 1.5 value in (11) is the compensation factor for
the minimum number of sampling points.

The reason for the sudden increase in the error curve is due to
the speed of the moving target. When the speed is larger than the
critical value (2.5 mm/s for 194-nm resolution and 1.2917 mm/s
for 97-nm resolution), the number of sampling points is not
enough for reconstructing the waveforms. It can be observed
in Figs. 10(a) and 13(a).

To conclude, the maximum speed of the moving target is
limited by the sampling rate of the analog-to-digital converter
(ADC). The ADC used in this project is for a general purpose,
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Fig. 8. Data capture for situation 1 with a resolution of 194 nm, and the x-axis is the time in seconds (the target moves in the forward direction). (a) Signals
collected from two transimpedance amplifiers. (b) Phase A and phase B from signal processing. (c) Displacement measurement from the optical encoder.
(d) Displacement measurement using the proposed sensor. (e) Difference between the measurement of the optical encoder and the proposed sensor. (f) Velocity of
the moving target.

Fig. 9. Data capture for situation 2 with a resolution of 194 nm, and the x-axis is the time in seconds (the target moves in the backward direction).
(a) Signals collected from two transimpedance amplifiers. (b) Phase A and phase B from signal processing. (c) Displacement measurement from the optical
encoder. (d) Displacement measurement using the proposed sensor. (e) Difference between the measurement of the optical encoder and the proposed sensor.
(f) Velocity of the moving target.
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Fig. 10. Data capture for situation 3 with a resolution of 194 nm, and the x-axis is the time in seconds (the target changes the moving direction). (a) Signals
collected from two transimpedance amplifiers. (b) Phase A and phase B from signal processing. (c) Displacement measurement from the optical encoder.
(d) Displacement measurement using the proposed sensor. (e) Difference between the measurement of the optical encoder and the proposed sensor. (f) Velocity of
the moving target.

Fig. 11. Data capture for situation 1 with a resolution of 97 nm, and the x-axis is the time in seconds (the target moves in the forward direction). (a) Signals
collected from two transimpedance amplifiers. (b) Phase A and phase B from signal processing. (c) Displacement measurement from the optical encoder.
(d) Displacement measurement using the proposed sensor. (e) Difference between the measurement of the optical encoder and the proposed sensor. (f) Velocity of
the moving target.
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Fig. 12. Data capture for situation 2 with a resolution of 97 nm, and the x-axis is the time in seconds (the target moves in the backward direction).
(a) Signals collected from two transimpedance amplifiers. (b) Phase A and phase B from signal processing. (c) Displacement measurement from the optical
encoder. (d) Displacement measurement using the proposed sensor. (e) Difference between the measurement of the optical encoder and the proposed sensor.
(f) Velocity of the moving target.

Fig. 13. Data capture for situation 3 with a resolution of 97 nm, and the x-axis is the time in seconds (the target moves in the backward direction).
(a) Signals collected from two transimpedance amplifiers. (b) Phase A and phase B from signal processing. (c) Displacement measurement from the optical
encoder. (d) Displacement measurement using the proposed sensor. (e) Difference between the measurement of the optical encoder and the proposed sensor.
(f) Velocity of the moving target.
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and hence, the maximum speed of this sensing system seems to
be too slow for industrial applications. This maximum speed
could be improved by using a powerful ADC with a higher
sampling rate.

B. Error of the Sensing System

The accuracy of the sensor could be evaluated by assuming
that the target moves at a constant speed. Figs. 8 and 9 show that
the maximum error is ±150 nm for the 194-nm-resolution case.
Figs. 11 and 12 show that the maximum error is ±101.5 nm
for the 97-nm-resolution case. On Figs. 8(e), 9(e), 10(e), 11(e),
12(e), and13(e), some special phenomena could be found:
1) the error curve is gradually increasing or decreasing; and
2) some sudden step up in the error curve.

The main reason for the first phenomenon is because the
output power and the emitted wavelength of the laser source
are varying with the tiny temperature variation. Although the
laser is controlled by the laser driver and under temperature
and wavelength control, a small temperature variation causes
the laser driver to retune the laser wavelength to 1550 nm.
However, a few seconds are required to settle the wavelength.
The wavelength will oscillate within ±0.5 nm. In the decoder,
the displacement calculation is based on the resolution of the
sensor, which is λ/8 or λ/16. The preset wavelength of the laser
is assumed equal to the fixed value of 1550 nm in the DSP. A
small variation in temperature will cause the wavelength drift
to slightly be higher or lower than 1550 nm, and therefore, the
trend of the error value is increasing and decreasing during the
measurement process.

The second problem, i.e., the sudden “jump” in the error
curve, is caused by noise in signal A and signal B col-
lected from the transimpedance amplifiers. For example, during
0.0075–0.008 s, the solid line in Figs. 11(a) was affected by
noise, and hence, the square wave in Figs. 11(b) produced some
sharp “spikes.” These “spikes” cause the encoder to accumulate
the error and cause a “jump” in the error curve.

C. Stability

The measurements for a stationary target position over a
period of 9 s for both cases (194- and 97-nm resolutions)
were performed, and the results are shown in Figs. 14 and 15.
The maximum deviation is 1 resolution of the sensor, and this
could be verified from Figs. 14(b) and 15(b). Those deviations
result from the noise in signal A and signal B and the external
vibrations of the moving object. The signals that suffered from
noise are shown in Figs. 14(a) and 15(a). It is observed that
signal A and signal B consist of high- and low-frequency
components. The high-frequency component resulted from the
noise in the electrical circuit, whereas the low-frequency com-
ponent resulted from the external vibration and an unstable
temperature. Note that temperature instability will cause laser
diode power fluctuation and wavelength shift.

The external vibration caused the position point to oscillate
inside the Lissajous figure, although the target is stationary.
When it oscillated across the region boundary, as shown in
Fig. 5, a deviation in position will appear since the rising

Fig. 14. Proposed measurement sensor with a 194-nm reading for a stationary
target over a period of 9 s. (a) Signal collected from transimpedance amplifiers.
(b) Displacement measured by the proposed method.

Fig. 15. Proposed measurement sensor with a 97-nm reading for a stationary
target over a period of 9 s. (a) Signal collected from transimpedance amplifiers.
(b) Displacement measured by the proposed method.

and falling edges in phase A and phase B are generated.
The number of deviations for the 97-nm-resolution approach
is more than the 194-nm-resolution approach since the lat-
ter has more conditions and region. Note that the measur-
ing period (9 s in this project) is limited by the memory in
the DSP.

D. Cost Reduction

Compared with other types of interferometer, our design is
more suitable for industrial application. The most important
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reason is cost reduction in our design. Other sensors used some
components to generate the direction information. For example,
in [6], a coupler, a retarding film, and a polarizing beam splitter
are used for decomposing the laser beam into two orthogonal
vectors to collect displacement and direction information. In
[7], the sensor includes a piezoelectric element and two lasers,
which are the external-cavity tunable laser and the Zeeman laser
for optical-frequency modulation to achieve displacement mea-
surement. In [9], permanent magnets with moderate transverse
field are installed and applied to the plasma tube to modulate
the laser beam. However, in this paper, the displacement sensor
is only using one component, i.e., a 3×3 coupler, to generate
displacement of the moving object, which greatly reduces the
cost. In addition, this design could minimize the number of
components, reduce the difficulty during installation, reduce the
number of light beam alignment, and shorten the installation
time. The overall installation cost will also be reduced.

V. CONCLUSION

A high-precision displacement sensor with interferometric
method, together with a high-coherence-length laser, is de-
scribed and experimentally verified. The measurement is based
on the conversion from outputs of the 3×3 coupler into two
phase A and phase B square waves. The resolution of the sensor
could be up to 97 and 194 nm. The maximum speed is low
for high-resolution sensing, but the error is relatively low for a
high-resolution output. The most expensive component in this
sensing system is the external cavity tunable laser source. How-
ever, it could be replaced by a distributed feedback laser, and
the tradeoff is shorter coherence length and shorter measurable
range. In addition, the precision of this sensing system could
further be improved by a short-wavelength laser.

The proposed method is particularly suitable for high-
precision differential displacement measurement, such as the
sensor of the continuous mechanical alignment in machines.
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