
COL 10(7), 071202(2012) CHINESE OPTICS LETTERS July 10, 2012

Two-wavelength sinusoidal phase-modulating interferometer
for nanometer accuracy measurement
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A two-wavelength sinusoidal phase-modulating (SPM) laser diode (LD) interferometer for nanometer accu-
racy measurement is proposed. To eliminate the error caused by the intensity modulation, the SPM depth
of the interference signal is chosen appropriately by varying the amplitude of the modulation current pe-
riodically. Then, the refine theory is induced to the measurement, and the two-wavelength interferometer
(TWI) is combined with the single-wavelength LD interferometric technique to realize static displacement
measurement with nanometer accuracy. Experimental results indicate that a static displacement measure-
ment accuracy of 5 nm can be achieved over a range of 200 µm.
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High-accuracy non-contact measurement of displacement
is required in many areas, such as information technol-
ogy and micro-electro-mechanism systems (MEMS)[1−4].
The sinusoidal phase-modulating (SPM) interfeormet-
ric technique based on laser diode (LD) has been pro-
posed for conducting displacement measurement be-
cause of its unique features, such as high accuracy and
simplicity[5−8]. However, the measurement range in this
method is limited to half the wavelength due to 2π
phase ambiguity[9]. For the extension of the measure-
ment range, the two-wavelength interferometer (TWI)
has been proposed as a means of eliminating phase
ambiguity[10]. Sasaki et al. used sinusoidal signals with
different frequencies to modulate the injection currents
of the two LDs[10], and used the method described in
Ref. [5] to get the phase of the two interference signals[8].
Then, the phase difference is used to calculate the dis-
placement. With the influence of the intensity modula-
tion of the light source, the measurement accuracy shown
from the experiment result is not very high (the mea-
surement error is approximately 6 µm). The conven-
tional method for intensity modulation elimination[7] is
not suitable for TWI, because the two interference signals
detected by the photodiode (PD) cannot be separately
distinguished. Suzuki et al. used photothermal modula-
tion to suppress the intensity modulation in the SPM-LD
interferometer[11]. However, in the two-wavelength SPM-
LD interferometer, this method requires 4 LDs and can
only reduce the intensity modulation effect by one order
of magnitude[12].

In this letter, a two-wavelength SPM-LD interferom-
eter for nanometer accuracy measurement is proposed.
The SPM depth of the interference signals is chosen ap-
propriately with the periodical variation of the modu-
lation current amplitude; thus, the error caused by the
intensity modulation can be eliminated during the inter-
ference signal processing with the optimized SPM depth.
The measurement accuracy is improved to several sub-
micrometers, thus matching the measurement range of

the single-wavelength SPM-LD interferometer. Then, the
refine theory is induced to the measurement to realize
static displacement measurement with nanometer accu-
racy.

Figure 1 shows the two-wavelength SPM-LD interfer-
ometer for nanometer accuracy measurement. Two LDs
were used as the light source. Laser beams radiated
from the two LDs were coupled with coupler 1 and deliv-
ered into an all-fiber Fizeau interferometer after passing
through the isolator and coupler 2. The light exiting
from coupler 3 was collimated by collimator 1 and then
sent to the object. The reflected light at the exit face of
collimator 1 served as a reference wave, and the reflected
light at the object surface served as an object wave. The
reference and object waves were recombined in coupler 3
and interfered with each other. The resulting interference
signal was detected by PD1. The PZT1 used for associ-
ated parameter determination was fixed on collimator
1. Moreover, a reference interferometer constructed with
coupler 4, collimator 2, reference mirror, and PD2 was
added into the optical path to compensate for the mea-
surement error caused by the wavelength shift of LD.

When the injection current (IC) of LDi (i=1,2) is mod-
ulated by the sinusoidal signal Imi(t) = ai cosωit(i =
1, 2), both the wavelength and the intensity of LD are
modulated, which can be expressed as

λi(t) = λ0i + β0iImi(t)
gi(t) = β′i[I0i + Imi(t)]

i = 1, 2. (1)

Fig. 1. Two-wavelength SPM-LD interferometer for nanome-
ter accuracy measurement.
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where λ0i is the central wavelength of the two LDs, β0i

is the modulation coefficient of the wavelength, and β′i
is the modulation coefficient of the intensity. The inter-
ference signal detected by PD1 is expressed as

S(t) =
2∑

i=1

Si(t), (2)

where Si(t) (i = 1, 2) are the two signals generated by
LD1 and LD2, respectively. The expression of Si(t) is
given by

Si(t) = Si(1 + βi cos ωit)[S0i + S1i cos(zi cos ωit + αi)]

= Si(1 + βi cos ωit){S0i + S1i cos αi[J0(zi)

− 2J2(zi) cos 2ωit + · · · ]− S1i sin αi[2J1(zi) cos ωit

− 2J3(zi) cos 3ωit + · · · ]}, (3)

where Si = β′iI0i (i = 1, 2) is the dc component of the out-
put intensity of LDi; βi = ai/I0i is a ratio of the ampli-
tude of Imi(t) to I0i; the term Si(1+βi cosωit) represents
the intensity modulation of the LDi; zi = 4πaiβ0iL/λ2

0i is
the sinusoidal phase modulation depth; αi = (4π/λ0i)L
is the phase determined by the optical path difference
(OPD) 2L; Jn(zi) is the nth order Bessel function. With
the signal processing system (SPS) containing band pass
filter (BPF) and spectrum peak detecting function, the
amplitudes of the 1st and 2nd order frequency compo-
nents of Si(t) are obtained and expressed as

P1i = Ci −KiJ1(zi) sin αi + n1i, (4)

P2i = −KiJ2(zi) cos αi + n2i, (5)

where Ci = βiSiS0i is a fixed constant; Ki = 2SiS1i is
a proportional coefficient; n1i and n2i are interference
terms caused by the intensity modulation, which are ex-
pressed as

n1i = βiSiS1i[J0(zi)− J2(zi)] cos αi, (6)

n2i = −βiSiS1i[J1(zi)− J3(zi)] sin αi. (7)

To calculate the accurate value of phase αi, the two in-
terference terms should be eliminated.

By calculating the value of the Bessel function, it can
be concluded that J0(z) is equal to J2(z) when the SPM
depth z = 1.841. In this condition, the term n1i = 0[13],
Eq. (8) can be expressed as

Psi = Csi −KiJ1(zs) sin αi, (8)

where zs = 1.841; Psi is the amplitude of the 1st order
frequency component when zi = 1.841; Csi = βsiSiS0i is
a fixed constant; and βsi = asi/I0i, asi = zsλ

2
0i/4πβ0iL

is the modulation current amplitude of LDi when zi =
1.841.

When the SPM depth z is 3.054, J1(z) is equal to J3(z).
Under this condition, the term n2i = 0, Eq. (9) can be
expressed as

Pci = −KiJ2(zc) cos αi, (9)

where zc = 3.054; Pci is the amplitude of the 2nd or-
der frequency component when zi = 3.054. In this

set, the modulation current amplitude of LDi is asi =
zsλ

2
0i/4πβ0iL.

From Eqs. (8) and (9), we know that phase αi can be
calculated with Eq. (10) after the determination of Psi

and Pci. This is given by

αi = arctan
[J2(zc)
J1(zs)

· Psi − Csi

Pci

]
. (10)

Then, the phase difference α = α1−α2 is obtained, which
can be used to calculate the displacement dc expressed
as

dc =
Λ
4π

(α− α0), (11)

where Λ = λ01λ02/(λ02−λ01) is the synthetic wavelength;
the phase difference α0 is the phase corresponding to Λ
when the object stays on the initial position. In Eq. (11),
dc is taken as a rough value of the displacement. The fine
value of displacement can be calculated with the refine
theory[14] and is given by

d =
1
2
mλ01 +

λ01

4π
(α1 − α10), (12)

where m = int
(

2dc
λ01

)
is an integer satisfying the condition

mλ01 6 2dc < (m+1)λ01; α10 is the phase corresponding
to λ01 when the object stays on the initial position.

According to Fig. 2, for the detection of Psi and Pci

the modulation current amplitude can be set to

ai(t) =

{
asi, n∆t 6 t < (n + 1/2)∆t

aci, (n + 1/2)∆t 6 t < (n + 1)∆t
, (13)

where ∆t is the sampling time of the interference signal,
which is also the alternating periodic of the modulation
current.

Thus, the modulation current of LDi is given by

Imi(t) = a(t) · cos(ωit + θ)

=

{
asi cos(ωit + θ), n∆t 6 t < (n + 1/2)∆t

aci cos(ωit + θ), (n + 1/2)∆t 6 t < (n + 1)∆t
.

(14)

Fig. 2. Modulation current amplitude ai(t).

Fig. 3. Modulation current of LDi, Imi(t).
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As shown in Fig. 3, in order to keep the continuity of the
modulation current, the phase bias θ is set to θ = −π

2 ,
and the alternating periodic of the modulation current
∆t should satisfy

∆t =
2N

fi
. (15)

When sampling the interference signal whose time length
is ∆t, the expression of the interference signal Si(t)(i =
1, 2) can be expressed as

Si(t) =





Si[1 + βsi cos(ωit + θ)] {S0i + S1i cos[zs cos(ωit + θ) + α1i]} , 0 6 t <
1
2
∆t

Si[1 + βci cos(ωit + θ)] {S0i + S1i cos[zc cos(ωit + θ) + α1i} ,
1
2
∆t 6 t < ∆t

. (16)

When 0 6 t < 1
2∆t, the SPM depth of interference signal

zs=1.841, and the amplitude of the 1st order frequency
component is Psi; when 1

2∆t 6 t < ∆t, the SPM depth
of interference signal zc=3.054, and the amplitude of the
2nd order frequency component is Pci.

It is known from Eqs. (6) and (7) that in eliminating
the influence caused by the interference terms n1i and
n2i, the accurate values of modulation current amplitudes
asi and aci should be determined to make the SPM depth
satisfy the equations: zs = 1.841 and zc = 3.054. More-
over, the fixed constant Csi should also be determined
before calculating αi with Eq. (10). The PZT fixed on
the collimator is driven to perform the low-frequency vi-
bration, of which the amplitude is larger than λ0i/8 (Fig.
1). We turn on the LDi and then use the sinusoidal sig-
nal with the amplitude a′i and frequency ωi to modulate
the injection current. By detecting the amplitudes of the
1st and 2nd order frequency components (P1i and P2i) in
different times, the maximum and the minimum of P1i

and P2i can be marked. It is known from Eqs. (4) and (5)
that the expressions of the maximum and the minimum
are




[P1i]max=Ci +
1
2
Ki

√
β2

i [J0(zi)− J2(zi)]
2 + [2J1(zi)]

2

[P1i]min=Ci − 1
2
Ki

√
β2

i [J0(zi)− J2(zi)]
2 + [2J1(zi)]

2

[P2i]max=
1
2
Ki

√
β2

i [J1(zi)− J3(zi)]
2 + [2J2(zi)]

2

[P2i]min=−
1
2
Ki

√
β2

i [J1(zi)− J3(zi)]
2 + [2J2(zi)]

2

.

(17)

It can be concluded from Eq. (17) that,

[P1i]max − [P1i]min

[P2i]max − [P2i]min

=

√
β2

i [J0(zi)− J2(zi)]
2 + [2J1(zi)]2√

β2
i [J1(zi)− J3(zi)]

2 + [2J2(zi)]
2
. (18)

In Eq. (18), the right side can be taken as a single-valued
function of zi; thus the SPM depth z′i can be determined
with the calculation result of [P1i]max−[P1i]min

[P2i]max−[P2i]min
. Then, the

parameter γi = λ2
0i/4πβ0iL = ai/zi can be calculated as

the ratio of the set value of modulation current ampli-
tude a′i to the determined depth z′i. Using the parameter
γi, the modulation current amplitudes asi and aci corre-
sponding to the SPM depth zs = 1.841 and zc = 3.054,

respectively, can be determined. By adjusting the modu-
lation current amplitude to asi, the parameter Csi can be
determined by Eq. (19) after the calculation of [P1i]max

and [P1i]min as

Csi =
1
2
([P1i]max + [P1i]min)

∣∣
zi=zs

. (19)

Computer simulations were performed to demonstrate
the validity of the proposed method. The position change
of the object leads to subtle changes of the OPD 2L.
From the expression of SPM depth zi = 4πaβ0iL/λ2

i , we
determine that the change of OPD leads to the change
of zi; in turn, this induces a phase measurement error
ϕi. Figure 4 shows the distribution of the phase mea-
surement error ϕi versus the phase of the OPD and the
displacement that must be measured. The initial OPD
between the object and collimator is set to 2L0 = 50
mm, and the range of the displacement d to measure is
set from –100 to 100 µm. The phase error ϕi is smaller
than 7.0 × 10−4 rad; thus the phase error ϕe corre-
sponding to the synthetic-wavelength Λ is smaller than
1.4×10−3 rad (Fig. 4). When the wavelength of LDi and
the synthetic-wavelength are set to λi = 1 310 nm and
Λ =400 µm, respectively, the rough measurement error
becomes smaller than 45 nm, and the error of the mea-
surement displacement calculated with the refine theory
also becomes smaller than 0.08 nm. Thus, the influence
of this system error to the measurement result can be
ignored.

In the experiment, the light sources used in the inter-
ferometer shown in Fig. 1 were two LDs with tempera-
ture controllers (TCs). The maximum output powers of
the two LDs were about 10 mW. The central wavelengths

Fig. 4. Distribution of phase measurement error ϕi with
different displacement d values, the initial OPD is set to 2L0

= 50 mm. When the range of d is set from –100 to 100 µm,
the error ϕi is smaller than 7.0× 10−4 rad.
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of LD1 and LD2 were 1 312.95 and 1 308.76 nm, respec-
tively. The frequencies of the modulated current of the
two LDs were 9.0 and 5.6 kHz, respectively, and the
alternating periodic of the modulation current was set
to ∆t = 0.1 s. The bandwidth of BPF in SPS was 100
Hz. The length of the measuring arm was set to ap-
proximately 25 mm; thus, the initial OPD between the
object and the collimator1 was approximately 50 nm. By
adjusting the position of the reference mirror, the length
of the reference Lr became equal to L. By adjusting
the micro-displacement stage, we changed the position
of the object at equal interval of 10 µm and measured
the displacement d of the object at multiple positions.

Figure 5 shows the interference signal S(t) and its spec-
trum distribution when the object is fixed on a certain
position. With the frequencies of the modulated cur-
rent set at 9.0 and 5.6 kHz, respectively, the low order
frequency components of S(t) do not overlap with each
other (Figs. 5(c) and (d)). Thus, Psi and Pci can be de-
tected from S(t) with BPF and spectrum peak detecting
function.

Figure 6 shows the measurement result. The range
of the displacement d to measure is –100-100 µm, the
rough measurement error ∆dc is smaller than 0.3 µm
(Figs. 6 (a) and (b)), which is smaller than a quarter
wavelength of LD and can satisfy the requirement of the
refine theory for single-wavelength interferometer. Then
the displacement d is calculated with the phase α1 and
the rough measurement displacement dc by the refine
theory (Fig. 6 (c)). The measurement error is less than
5 nm (Fig. 6 (d)). This error is mainly caused by the
noise induced by some devices such as the laser mod-
ulator, photodiode, and SPS. Moreover, some external
disturbances such as mechanical vibration will also con-
tribute to the error. In another hand, it is concluded
from Fig. 6 that a displacement measurement accuracy
of 5 nm is achieved over the range of –100 to 100 µm.

In conclusion, a two-wavelength SPM-LD interferom-
eter for nanometer accuracy measurement is proposed.
The SPM depth of the interference signals is optimized
by adjusting the modulation current amplitude periodi-
cally. With the optimized SPM depth, the error caused

Fig. 5. Interference signal S(t) and its spectrum distribution.
(a) S(t) intercepted during the first half alternating periodic,
(b) S(t) intercepted during the second half alternating peri-
odic, (c) spectrum distribution Fs(ω) of S(t) in the first half
alternating periodic, and (d) spectrum distribution Fc(ω) of
S(t) in the second half alternating periodic.

Fig. 6. Displacement measurement results. The range of the
displacement d to measure is –100-100 µm. (a) Rough mea-
surement displacement dc and (b) its error ∆dc, and ∆dc is
smaller than 0.3 µm; (c) measurement displacement dm and
(d) its error ∆dm, and ∆dm is smaller than 5 nm.

by the intensity modulation is eliminated during the in-
terference signal processing. Thus, the TWI measure-
ment accuracy improved to 0.3 µm, which matches the
measurement range of the single-wavelength SPM-LD in-
terferometer. Then, the refine theory is induced to the
measurement to realize static displacement measurement
with nanometer accuracy. Experimental results indicate
that a static displacement measurement accuracy of 5 nm
can be achieved over a range of 200 µm.

This work was supported by the National Natural Sci-
ence Foundation of China under Grant No. 60938003.
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