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A High-Precision Method for the Determination of
Cavity Length of a Fabry-Perot Interferometer

Yunging Guan“, Biao Yin

Abstract—A novel method to obtain the cavity length of a Fabry-
Perot interferometer (FPI) precisely based on the Vernier effect
via a virtually variable reference FPI is proposed in this paper.
Compared with the traditional method based on the measurement
of wavelength spacing between two adjacent peaks in the spectrum
of a single FPI, or enlarge the wavelength spacing with the Vernier
effect by incorporating a real reference FPI in the sensor part,
the present scheme is more flexible and applicable. By scanning
the cavity length of the virtual reference FPI digitally, the accurate
cavity length of the real FPI can be obtained when the free spectrum
range (FSR) of the spectrum envelope of the combined FPIs reaches
a maximum. Both theoretical analysis and experimental results
show that the proposed scheme is superior to traditional methods,
and with the present measurement condition, more than 20 times
accuracy improvement for the determination of cavity length can
be achieved.

Index Terms—Cavity length, virtually variable reference FPI,
Vernier effect.

1. INTRODUCTION

S A TYPE of optical interferometer, FPI has gained con-
siderable attention and has been widely applied in various
sensing purposes, such as refractive index [1], [2], temperature
[3], [4], strain [5], [6], pressure [7], [8] and curvature [9]-[11],
etc. For fiber-optic sensors based on FPIs, the signal demod-
ulation methods can be divided to two types: the wavelength
tracking method [12] and the peak-to-peak method [13], [14].
In comparison with the former method of tracking the peak or
dip wavelength shift, which is hard to implement if a long term
measurement is carried out and the power is incidentally off, or
there are many similar periods in the spectrum, the measurement
of cavity length of the FPI by the peak-to-peak method is superior
since it will change monotonically with measurands. Therefore,
measuring the cavity length of FPI with high precision is most
important in practical applications.
Generally, the cavity length of an FPI, L, can be obtained
from the 'SR, which is defined by the wavelength difference
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between the two adjacent peak or dip wavelengths, A1 and Ao,

of the transmission or reflection spectrum of the FPI [14], [15]:
A1Ao

2nFSR M

where n is the refractive index of the cavity medium. The

accuracy of the cavity length obtained from Eq. (1) is then highly

dependent on the measurement accuracy of the two wavelengths,

A1 and Ao, respectively. Consequently, the error of cavity length
calculated from Eq. (1) can be expressed as:

Mra (M= Ax) (g — Ahy)
2n ()LQ _)\.1) 2n ()LQ _)\.1 —A)Lg +A)\.1)

where AX; and ALy are the measurement errors of A1 and As,
respectively. If we suppose the wavelength measurement errors
are the same for A1 and Ao, ie., Ad; = Aks = AA, Eq. (2)
can be simplified as follows:

Ao — (A1 — AR) (ko — AX)
2n ()LQ - )\1)

The measurement accuracy of the cavity length cannot be
improved simply by using two wavelengths spaced across a
number of spectral periods, since the FSR is not a constant
at the measurement range of wavelength. It is well known
the sensitivity of an interferometric sensor such as FPI can be
increased by introducing a reference FPI in the measurement
arrangement with its FSR closing to the sensing FPI, so, based
on the Vernier effect, the wavelength shift or change of FSR
can be effectively enlarged in the combined spectrum [16]-
[19]. Therefore, if a reference FPI with variable FSR can be
added to the measurement system, it is possible to increase the
measurement accuracy of cavity length of sensing FPI greatly.
However, in practice, a reference FPI with accurate FSR can
hardly be built, and it is difficult to make the reference FPI
immune to surrounding disturbance. Therefore, to get rid of the
problem, we propose a novel method for the first time in this
paper, that by introducing a virtual reference FPI with variable
FSR, i.e., adjusting digitally the cavity length of a virtual FPI
to match the cavity length of the sensing FPI. Owing to the
Vernier effect, the FSR of the envelope of the superimposed
spectrum, F'S R g, will increase dramatically up to infinity when
the cavity length of the virtual reference FPI approaches that of
the sensing FPI. So, by scanning the cavity length of the virtual
reference FPI digitally, which is able to be carried out at most
precision, with the aid of the Vernier effect, the cavity length of
sensing FPI can be obtained with extremely high accuracy. The
theoretical analysis and experimental measurement presented in
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Fig. 1.  Simulated AC part I}, , of the total output according to Eq. (7) (Lg =

380 um, Lg = 465 um, n = 1).

the following sections demonstrate the validity of the proposed
method.

II. THEORETICAL ANALYSIS

The theoretical model for the combination of a sensing FPI
and a virtual reference FPI, which is supposed in our analysis,
can be analogized as two FPIs connected in parallel [16]. If the
waves from different FPIs are incoherent, the total output of the
FPI combination can be written as:

I = IR + IS = 4[0 + 2[()COS¢R + 2[0608(155‘ (4)

where I and Ig represent the optical intensity of the output
from the virtual and sensing FPI, respectively. To simplify the
expression, we assume that all the amplitudes of the reflected
waves inside each FPI are the same, which is represented by /.
¢r and ¢g are the phase of the virtual and sensing FPI, which
can be expressed as 47";LR and 47”;’33 , where Lr and Lg are
the cavity lengths of virtual and sensing FPI, respectively. Eq.
(4) can be further divided into DC part 1. and AC part I,. by
signal filtering, and I,. can be further expressed as follows:

Lge = 41y &)

47nLp 4mnLg )
05

IQC

21y (cos (6)
2mn (LR + LS)COS2’/T71 (LR — Ls)
A A

An example of the curve of I’ vs. A is illustrated in Fig. 1.
From Fig. 1, the envelope of the superimposed spectrum is
obtained by fitting the valleys of the high-frequency fringes, for
example, the lower envelope is shown by the blue line. It is clear
that owing to the Vernier effect induced variation of the envelope
of the superimposed spectrum, we can define anew F'S Ry, from
the adjacent peak or dip wavelengths of the envelope, which is
the wavelength difference between A1 and A 5. The phases at

27n(Lr—L 27n(Lr—L
Ap1 and A go can be expressed as ””(/\R s) and ”"(A; s)

I, = 2cos @)

s
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respectively, the difference between them is shown by the blue
arrows in Fig. 1, which can be expressed as:

27Tn(LR—Ls) QWH(LR—Ls)
AE1 AE2

®)

Then, F'SR g, which is defined by the wavelength difference
between the two adjacent peak or dip wavelengths of the enve-
lope, A g1 and A g2, can be derived from Eq. (8) and the relation
between I''S R and the FSRs of reference FPI and sensing FPI
can be expressed as [20], [21]:

AR1A
FSRp = |Ag2 — Am| = m
- |FSRs — FSRp|

Therefore, the cavity length Lg can be derived from Eq. (9)
and its determination error AL’ can be expressed as:

AE1AE2
L¢=Lp £ ———~—" 10
S R = OnNFSRg (10)
AL =
AE1AE2 (Ap1 — Arg1) (Ap2 — Akga)

2 (hge — Ag1)  2n(hga — Ami — Ahga + Ahg)

(1)

where AL g1 and AMgs denote the measurement errors of A g1
and A pgo. Since the reference FPI superimposed on the sensing
FPI is digitally constructed without measurement error, AA g
and A\ g are considered equal to the wavelength measurement
error AX in Eq. (3), so AL is:

AL, _ )\.El)\.EQ — ()LEl — A)\.) ()\.Ez — A)\)
2n ()\,EQ — )\El)

To compare the error of the cavity length calculated by the
proposed method with that of the conventional method, an
improvement factor m is introduced in the following analysis.
The parameter m is similar to the amplification factor M in [16].
m can be obtained from Eq. (3) and Eq. (12) as follows:

AL - ANZ — ()\.El +)LE2) AL FSRg
AL AA — (A + i) AL FSRg

The value of A1 + Ag2 and A1 + Ay can be considered to
be approximately equal in Eq. (13) since both of them have the
same center wavelength, consequently, Eq. (13) can be further
simplified as:

12)

m = (13)

FSREg FSRp 1
m = = = (14)
FSRg |FSRs — FSRE| ‘%a _ 1’
S
Then, we can get the relation between m and £ according

to Eq. (14), as shown in Fig. 2. From Fig. 2, it can be seen that
the closer L and Lg are, the greater value of m is. Meanwhile,
according to Eq. (9), F'S R, becomes larger as well, but at least
one complete F'S R must be included in the wavelength range
of the superimposed spectrum, which means the wavelength
range of the spectrometer limits the value of m directly.
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Fig. 2. The curve of m vs. i—?.

The relation between the accuracy improvement factor m and
the wavelength measurement range of the spectrometer should
be studied. In theory, from Eq. (14) in the original submitted
version, for the same sensing FPI, that is, when Lg and F'SRg
remain unchanged, m and 'S R, is positively correlated. Then,
according to Eq. (9), when the difference between the cavity
length of the reference cavity and the cavity length of the sensing
cavity becomes smaller, F'S R becomes larger. Since we can
flexibly construct a digital reference cavity with any cavity
length, the maximum F'SRpg as well as m can be obtained
when the difference of the cavity length is minimum. However,
in practical applications, F'SRg must be less than or equal to
the measuring range of the spectrometer. So, F’'SRg and m
will increase when the measurement range of the spectrometer
expands, which also explains that 12 times higher accuracy with
50 nm and 20 times higher with 100 nm range.

The numerical simulation is used to verify the applicability
and flexibility of this method, we set the sensing FPI cavity
length as 465 um, and the wavelength range of the spectrum is
1528 nmto 1568 nm as an example. The spectrum of the sensing
FPI can be constructed, which is shown in Fig. 3, according to
the following equation.

drnl,
A

In the traditional method, the two adjacent peaks around
1545 nm are substituted into Eq. (1), which are shown by the
red dots in Fig. 3. It can be calculated that the cavity length is
462.96 um and the error AL is 2.04 um.

Here, the proposed method is used to improve the accuracy
of the cavity length. First, the cavity length of the virtual ref-
erence cavity needs to be determined. Considering the sensing
cavity length obtained by the traditional method is 462.96 um
and the wavelength range of the spectrum is 40 nm, which
must include at least one complete F'SRg. We set Api1Ago as
1545 nm * 1545 nm, Lg as 462.96 um, and F'SRg as 30 nm.
30 nm is an example to ensure that a full period of the envelope

Is = cos

15)
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Fig.3. The spectrums of the sensing FPI and reference FPI in simulation (L g
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Fig. 4. The superimposed spectrum when the reference cavity length is

423.16 um in simulation.

is included in the measurement range of the spectrometer, the
reference cavity length L is calculated as 423.16 um according
to Eq. (9). The virtual reference FPI spectrum can be constructed
with L instead of Lg according to Eq. (15). Then, the obtained
virtual reference FPI spectrum is superimposed with the sensing
FPI spectrum, the superimposed spectrum is formed in the shape
of the large envelope, thus, 1535.63 nm and 1564.21 nm are A g
and Ao as the arrows shown in Fig. 4. The envelope F'SRg
is 28.58 nm, so the sensing cavity length Lg is calculated as
465.18 um according to Eq. (10). The corresponding error AL’
is 0.18 um and the improvement factor m is 11.52 according to
Eq. (13).

Moreover, to verify the relation between m and ﬁ—’;, variable
virtual reference cavity lengths are substituted into Eq. (10) to
calculate sensing cavity length. The result is shown in Table I.

It can be seen from the table that when the selected reference
cavity length makes E—R closer to 1, the improvement factor m
becomes higher, which is consistent with Fig. 2.
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TABLE I
THE RELATION BETWEEN m AND ﬁ—g‘

Lp Error m calculated by
Lg (um) — Lg calculated by Eq. (10) (um)
Ls percentage (%) Eq. (13)
423.16 0.92 465.18 0.039 11.52
410 0.89 465.31 0.067 6.58
400 0.86 465.67 0.14 3.30
390 0.84 466.06 0.23 1.91
(a) I Iz
5.5
N /— -
Supercontinuum light source 7 Translation stage

Circulator

Spectral acquisition and
signal processing unit

Fig. 5. (a) Schematic diagram of the experimental setup for displacement
measurement. (b) The real photo of the experimental setup.

III. EXPERIMENTAL EXAMPLE OF A DISPLACEMENT
MEASUREMENT

To verify the validity of the accurate determination method of
the cavity length of an FPI, a displacement measurement setup
is established, and the experimental arrangement is illustrated
in Fig. 5(a) and Fig. 5(b). A broadband supercontinuum light
source (BBS) with a wavelength range from 800 nm to 2100 nm
is employed in the measurement. The light outputting from the
BBS will propagate to the optical circulator, which will direct
it to the FPI under test (FPI-UT). The FPI is comprised of a
single-mode fiber with a well cleaved end and another aligned
fiber with a gap between them. The separation of the two ends
of the aligned fibers forms the cavity of the FPI. Without loss of
generality, a fiber splicer is employed to adjust the separation of
the ends, so, the fibers are mounted onto the translation stages
of the splicer. Consequently, the cavity length of FPI can be
changed manually.

To get the exact cavity length as calibration, an image process-
ing method is used to extract the number of pixels corresponding
to the fiber diameter. A known cladding diameter of 125 um
corresponds to 992 pixels with an error of 1 pixel is shown in
Fig. 6(a) and Fig. 6(b). The number of pixels corresponding to

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 3, JUNE 2022
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Fig. 6. (a) The original picture of FP cavity displayed by the fiber splicer.

(b) The original picture after image edge extraction.
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Fig. 7. The spectrums in the experiment when the measurement range of the
OSA is 50 nm. (a) The spectrum of sensing FPI. (b) The spectrum of reference
FPI. (c) The superimposed spectrum.

the cavity length is 1832, so the cavity length is 230.85 um with
an error of 0.126 um. The image method is also used in [22].

The reflected spectrum of the FPI can be measured by the
Optical Spectrum Analyzer (Yokogawa, AQ6370D). Take the
measurement range of 50 nm as an example, the two adjacent
peaks around 1345 nm are substituted into Eq. (1) as A; and 1o
by the conventional method. The cavity length of FPI-UT can
be obtained as 233.42 um from the measurement result of FSR
calculated from its spectrum, which is given in Fig. 7(a). The
error percentage of the conventional method is 1.11% according
to the accurate value of cavity length obtained by the image
method (230.85 um) as the calibration.
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TABLE II
THE COMPARISON OF THE KEY PARAMETERS BETWEEN THE PROPOSED
METHOD AND OTHERS

Whether can get .
) M Error p g Cavity length
absolute cavity
Range (%) accuracy
length
Wavelength
tracking method No Limited to FSR NA NA
in [12]
Limited to the
Peak-to-peak A
X Yes range of the 16.67% Low
method in [13]
spectrometer
Limited to the
Peak-to-peak .
’ Yes range of the 0.59% Medium
method in [14]
spectrometer
Limited to the
This method Yes range of the 0.09% High
spectrometer
2 ~—— The superimposed spectrum - The envelope

=
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Fig. 8.  The superimposed spectrum in the experiment when the measurement
range of the OSA is 100 nm.

In the proposed method, the cavity length of the virtual
reference FPI needs to be determined. To ensure that at least
one complete F'S R is included in the measurement range of
the OSA (50 nm) which is mentioned in the previous section.
F'SRE can be chosen as 30 nm as an example, the two adjacent
peaks around 1345 nm as Ag1 and Ago and Lg as 233.42 um are
substituted into Eq. (9). Then the cavity length of the virtual
reference FPI is calculated as 202 um. The spectrum of the
virtual FPI is shown in Fig. 7(b) according to Eq. (15) with
L instead of f Lg. Then, the superimposed spectrum can be
obtained, which is shown in Fig. 7(c). Finally, the accurate
values of A1 and A g2 can be obtained from the superimposed
spectrum as shown in Fig. 7(c). According to Eq. (9), the result
of sensing FPI cavity length is calculated as 231.05 um. The
error percentage of the proposed method is 0.09%. Compared
with the conventional method, 12 times higher accuracy has been
achieved, which is consistent with the simulation. We changed
the displacement that is the cavity length of the sensing FPI
to verify the repeatability and reproducibility of the proposed
method. When the cavity lengths are 219.67 um, 221.61 um,
and 235.20 um in order, the values of m that can be calculated
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according to Eq. (13) are 11, 12, and 12 in sequence. Moreover,
the comparison of the key parameters between the proposed
method and the ones in the literature is shown in Table II for a
clearer comparison.

To get higher precision, we adjusted the measurement range of
the OSA to 100 nm. The superimposed spectrum can be obtained
by the proposed method and the envelope can be extracted, which
are shown in Fig. 8. Through the proposed method, the result of
sensing FPI cavity length is calculated as 230.98 um. The error
percentage of the proposed method is 0.05%. Compared with the
conventional method, at least 20 times higher accuracy can be
achieved at present measurement parameters, such as the wave-
length range is 100 nm. The accuracy can be further increased
if a larger wavelength range is selected in the measurement.

IV. CONCLUSION

The novel method for the determination of the cavity length
of an FPI based on the Vernier effect through a virtually variable
reference FPI has been demonstrated. The theoretical analysis
and experimental results show the measurement accuracy can be
effectively improved by measuring the transmission or reflection
spectrum of the FPI in a large wavelength range and constructing
a composited spectrum with the Vernier effect by digitally
scanning the cavity length of a virtual reference FPI. The novel
method provides a new approach to obtain the cavity length of
an FPI, or more generally the optical path difference (OPD) of
an interferometer with high accuracy, and without the cost of
building a real reference FPI and the stability problem met in
the experiment.
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