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Recently a new signal processing algorithm for white light interferometry was presented. In this
paper, the proposed signal processing algorithm was applied for absolute temperature measurement
using white light interferometry. Stability testing and absolute temperature measurement were
demonstrated. Stability test demonstrated the feasibility of absolute temperature measurement
with an accuracy of 0.015 fringe. The test also showed that the absolute temperature measurement
system using white light interferometry is capable of obtaining the theoretical minimum detectable
change (0.0005 fringe), which is consistent with the performance predicted by the proposed signal

processing algorithm.

I. INTRODUCTION

In order to fully utilize the capability of fiber optic
senscrs, a fiber optic sensor with a new sensing princi-
ple termed “White Light Interferometry” (WLI) was
developad [1]). White light interferometry differs from
conventional interferometry in that it uses a broad-
band light source. Two interferometers, the sensing
interferometer and the processing (scanning) interfer-
ometr, are connected in tandem. For white light in-
terferomietry, the zero order fringe peak is the peak
with. th= highest fringe visibility amplitude and the
absolute Optical Path Difference (OPD) of the sens-
ing interferometer is known if the zero order fringe
peak is identified. White light interferometry has the
potential to identify the interference fringe order from
the cutput pattern of an interferometer [2]. But, for
most broadband light sources, the visibility of fringes
varie; so slowly in the vicinity of the zero order fringe
peak that a high signal-to-noise ratio is required to
identify the zero order fringe simply through inspec-
tion of its magnitude. This difficulty has inhibited the
application of fiber optic sensors using WLI for ab-
solut: OPD determination [3]. Recently, the author
presented a new signal processing algorithm for white
light, interferometry, and the proposed signal process-
ing a gorithm has been proven to be effective for abso-
lute temperature measurement [4]. Computer simula-
tion of the proposed signal processing algorithm iden-
tified the zero order fringe peak with a miss rate of

0.0003 at 31 dB signal-to-shot noise ratio. Also, at 35
dB signal-to-shot noise ratio, resolution of 10~ fringe
was obtained. This paper describes the demonstra-
tion of such a signal processing algorithm and com-
pares the absolute temperature measurement with a
performance prediction based on published data from
a previous report.

II. ALL FIBER WHITE LIGHT
INTERFEROMETRY

In this section All Fiber White Light Interferom-
etry (AFWLI) is briefly introduced. Over the past
two years the fiber optic lab at in Texas A & M uni-
versity has been developing it using the configuration
of Fig.1. From the beginning of this research, the
objective has been to develop the signal processing
algorithm for an AFWLI temperature measurement
system. First, the principle of absolute temperature
measurement for this AFWLI is explained. It consists
of three interferometers: the sensing interferometer,
the reference interferometer, and the processing inter-
ferometer. Fiber Fabry-Perot interferometers (FFPI)
were used as a sensing interferometer and also a ref-
erence interferometer. An All Fiber Mach-Zehnder
Interferometer (AFMZI) was used as a processing in-
terferometer and approximately 30 m of single mode
fiber was wrapped around in two layers on Piezoelec-
tric Transducers (PZTs) inserted in the scanning arms
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FIG. 1. All Fiber White Light Interferometer

of a Mach-Zehnder Interferometer (MZI). The only
moving parts employed were two PZTs on scanning
arms of the MZI. Two photodetector outputs were
sampled, digitized and stored using a data acquisition
board (National Instrument, AT-MIO-16E-2, high-
speed 12 bit MIO DAQ). The light source used in Fig.
1 was Oki OE3508 (A = 1.3 um) Superluminescent
Diode (SLD) purchased from Oki Semiconductor with
coherence length Lo ~ 26 A.

III. ABSOLUTE TEMPERATURE
MEASUREMENT

The proposed AFWLI consists of three interferom-
eters, one processing interferometer (MZI) and two
FFPIs. One FFPI works as a sensing interferometer
exposed to the temperature Ts to be measured and
the other FFPI works as a reference interferometer
which is protected from environmental disturbances
but exposed to the known reference temperature Tr.
In this set-up, the MZI is scanned to match its phase
to that of the sensing FFPI such that, the MZI and
the sensing FFPI are coherently matched and inter-
fered. The processing MZI has two PZTs in its two
arms. A constant d.c. voltage Vps (100 ~ 150 V, Fig.
2) is applied to the PZT1 in one arm to coarsely match
the OPD of MZI to that of the sensing FFPL. And an
alternating ramp voltage Vsaw (Fig. 2) is applied to
PZT?2 in the other arm to scan the processing inter-
ferometer so that path difference between two arms of
MZI Lp can be varied in a certain range as shown in

Eq. (1)
Lp—AL, <Lp<Lp+ AL, (1)
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FIG. 2. Outputs of sensing and reference FFPI.

where ALy, AL, are the arbitrary positive quantities
which denote the path length decrement and incre-
ment respectively due to the alternating ramp voltage
Vsaw applied to PZT2 in Fig. 1. Then the OPD of
the MZI is given by

2p = 022 2

where n is the refractive index of the optical fiber
core. Now, assume that the known temperature of
the sensing FFPI and the reference FFPI are T9, Th
respectively. When the OPD of the MZI, ®p is ex-
actly matched to that of the sensing FFPI, the output
of the sensing FFPI is maximized (zero-order fringe
peak) at a certain ®} 5 (Fig. 2). where

2nnLlps _ 2nnlLg

L

3)

and Lg is the round trip path difference of the sensing
FFPI. By the same token, the reference FFPI will give
its own zero fringe order fringe peak at a certain % p
(Fig. 2) where

27T7LLP,R 27T’nLR

and Lg is the round trip path difference of the refer-
ence FFPIL

Then, we can get the known value of the (absolute)
phase difference A®® = 8}, 5 — 8% ; (this is possible
by the proposed signal processmg algorithm in refer-
ence [4]) rather than identifying ®} 5 and ®% p in-
dividually and mapping A®® = &} ¢ — ®% 5 to the
temperature T9. When a sensing FFPI is exposed to
another temperature T4, the phase change induced by
the temperature shift ATE = T3 — T¢ of the sensing
FFPI is given by [5]

_27r(ndL dn

i hudoll A i
A¥s =S \Tsar dT) ATsLs (5)
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neglecting the temperature-induced change in the op-
tical fiber diameter. Then the phase of the processing
interfarometer will have its zero order fringe peak at

Ops =P =00% (6)

But phese @ g = ®% g as the reference interferome-
ter is protected from environmental disturbances and
phase d flerence

AP =Pp 5 - Bpp
= ‘I’?,s - q’,%,n
= ®p s+ AD5 - 2%
= Ady + AdL (7)

is mapped to the temperature Tg. By repeating this
procedure for the other temperatures T%, all the ®7’s
are mapped to the all the sensing FFPI temperature
TZ. Apolying the same assumption mentioned above
for Ey. {5), the phase change A®% induced by axially-
stra1ing the fiber on the PZT can be given by [6]

. 27 [ n dn
. _ 22 — A
A@P h\ (LP + dLP) LpLp 8)

But note that ®% ¢ in Eq. (6) can be also expressed
as

ATy = 805+ ATH ©

becaiise the phase change A®% in Eq. (6) is compen-
satec by the phase change A®% in Eq. (9). So we
can equate these two terms A®:, A®%, by considering
only dominant terms of Eq. (5) and Eq. (8)

27 (dn 27 [ n
T (d—f) ATsLg = 5y (E) ALpLp (10)

whic 1 results in

dn Lp

ALp = T ATs (11)
Fron. Eq. (11) it is shown that temperature change in
the s2nsing FFPI has a linear relation with the length
chanze in the processing interferometer ALp. The
phas: difference A®* between the reference FFPI and
the sensing FFPI is linearly and uniquely mapped to
the sbsolute temperature AT% over the range in which
the linearity assumed in Eq. (5) and Eq. (8) is effec-
tive. Sc, at any temperature T%, A®* is identified us-
ing the signal processing algorithm recently proposed
by the author [4]. Then

A = B — B (12

is mapoed to the (absolute) temperature T%. This
kind of sensor is self-calibrating and is capable of ab-
solute temperature measurement. And also this kind
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of sensor is not limited by the quadrature stabiliza-
tion, fringe counting problem. Other desirable fea-
tures include large dynamic range, while the limitation
is that the reference interferometer has to be kept in-
dependent of the measurand. Dynamic range of the
measurement depends on the dynamic range of the
sensing FFPI and the scanning MZI. An FFPI tem-
perature sensor with internal mirror was tested from
-200 to 1050 °C [7]. Using high voltage PZTs a to-
tal scanning range of 150 pm is possible [8] which ap-
proximately corresponds to 115 fringes or 690 °C tem-
perature change for an FFPI sensor of 10 mm cavity
length.

IV. EXPERIMENTAL RESULTS
1. Experimental arrangement

Experiments were carried out to demonstrate the
performance of the proposed signal processing algo-
rithm for absolute temperature measurement. Before
the measurement, one arm of the AFMZI was ran-
domly twisted between two fingers so that the visi-
bility of whole fringe data was maximized on the os-
cilloscope screen and the twisted arm of the AFMZI
was taped and fixed to one side wall-surface of the
AFMZI enclosure. The whole system was stabilized
for approximately four hours at room temperature af-
ter the system was turned on until the drifts of the
WLI signal are not visually noticeable on the oscillo-
scope screen.

TABLE 1. Phase delay A®' of stability test.

Fringe scan number = Phase delay Statistics
[sample] [sample]
1 54.10853
2 54.14474
3 54.10854
4 54.07233
5 54.03616
6 54.89157
7 54.78320
8 55.18052
9 53.56683
10 53.56690 Mean:
11 53.53082 53.76878
12 53.46905 Standard Dev.:
13 53.36068 0.579 (0.015 fringe)
14 53.28855
15 53.18020
16 53.14413
17 53.14413
18 54.71174
19 54.60360
20 53.14407
21 53.10804
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TABLE 2. Phase delay A®* of absolute temperature measurement.

Sensing FFPI Temp. [°C]

Phase delay [sample]

Statistics [sample]

24 —7.223328

24 —7.248166 Mean: —7.22836

24 —7.223475 Standard Dev.: 0.0110 (0.0004 fringe)
24 —7.223486

24 ~7.223417

25 —11.47066

25 —11.47117 Mean: —11.46902

25 ~11.47101 Standard Dev.: 0.0043 (0.0001 fringe)
25 —11.47105

25 —11.46120

26 —15.70248

26 ~15.70258 Mean: —15.68752

26 ~15.67775 Standard Dev.: 0.0136 (0.0005 fringe)
26 —15.67764

26 —15.67766

27 —19.80177

27 —19.80181 Mean: —19.79668

27 —19.77718 Standard Dev.: 0.0109 (0.0004 fringe)
27 —19.80161

27 —19.80165

2. Stability test

First, the stability of the signal processing algo-
rithm was tested. For this purpose the sensing FFPI
and reference FFPI were placed together side-by-side
(but not touching each other) between styrofoam sub-
strates enclosed by an aluminum box so that both
sensing and reference FFPIs are exposed to the same
room temperature. After approximately 4 hours of
stabilization, 21 fringe scans were collected with a 10
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FIG. 3. Phase delay fall-off in absolute temperature
measurement,.

minute separation. Sampling rate was 36 sam-
ples/fringe, PZT scanning period was 33 msec and
fine tuning step was 1/1000 fringe. The fine tuning
step is the signal processing parameter used in ref-
erence [4] to enhance the accuracy of A®'. In the
stability test A®*was measured in terms of the total
number of samples between ®% g and ®% 5. For ex-
ample, if there are 36 samples in the range between
9% 5 and ®% p, then A®® has the value of 36 samples
which corresponds to 27 phase delay (or one fringe)
not considering the sign of the phase delay. Table 1
shows the phase delay between the sensing FFPI and
the reference FFPI. In these measurements the true
phase delay A®* between the sensing FFPI and refer-
ence FFPI was not known and the standard deviation
(S.D) of the phase delay was calculated instead of the
RMS error. Statistics in Table 1 show that the pro-
posed signal processing algorithm calculated the phase
delays of 21 fringe scans with a standard deviation of
0.579 sample which is 0.015 fringe. Standard devia-
tion of 0.015 fringe corresponds to 0.09 °C of accuracy
for an FFPI sensor of 10 mm cavity length [9].

3. Absolute temperature measurement

The second experiment shows an example of abso-
lute temperature measurement. The temperature of
the reference FFPI was maintained at 24 °C using a
thermo-electric cooler (TEC) and the temperature of
the sensing FFPI was varied from 24 °C to 27 °C us-
ing another TEC. WLI fringe scans were measured at
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the mtervals of 1 ¢ircC for the sensing FFPI. Sam-
ple rat: was 25 samples/fringe and PZT scan period
was ~ 9 seconds. Table 2 shows the mean and the
standa:-d deviation of the temperature measurement
in termcs of sample. Five measurements were collected
in a row at fixed sensing FFPI temperature. In this
case the proposed signal processing algorithm repeat-
edly p-oduced identical A®* at fixed sensing FFPI
tem»erature. Note that the fine tuning step was set
as 171000 fringe and +0.0005 fringe (half the fine tun-
ing step) was the lowest obtainable fine tuning reso-
lut'on. The resolution of approximately 0.0005 fringe
was ottained with one exception. That is the stan-
dard d>viation 0.0001 fringe of five measurements (25
°C sersing FFPI temperature) in Table 2. Fig. 3
shenss the phase delay increase between temperature
measurements.

Note that the difference of mean phase delay be-
tween temperature measurements (slope of straight
line segment in Fig. 3) was —4.24066, —4.21860,
and —4.10906 samples/°C and the temperature de-
pendence of these phase delays between temperature
measurement was almost constant (linear) as assumed
in Fiq. 5 and Eq. 8. Slope fell off by 0.13 samples
(0.33 samples) over the 2 °C (6 °C or one fringe) tem-
peruture change and this was presumably due to the
imnerfect linear expansion of the PZT.

V. CONCLUSIONS

I 1994 Kaddu demonstrated the WLI absolute
ternpe-ature measurement system over the tempera-
ture rznge of 20-70 °C. But, in this scheme the Fabty-
Perot type scanning interferometer was formed by a
cleaved end of a single mode fiber and a planar mirror,
whi:h is driven by a computer-controlled Nanomover
(mi rcpositioning system) [10]. The feasibility of ab-
solt te temperature measurement using all fiber white
light iaterferometry was demonstrated in this report.
Tte¢ author believes the measurement in this report to
be :he first time-domain absolute temperature mea-
surcment using all fiber white light interferometry.
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The previously proposed signal processing algorithm
has proven to be capable of measuring the phase dif-
ference A®* between ®% g and % p obtained from
the all fiber white light interferometry temperature
measurement system. In the stability test, the sig-
nal processing algorithm repeatedly produced identi-
cal A®* with a resolution of 0.015 fringe at fixed sens-
ing FFPI temperature. And the absolute tempera-
ture measurement test showed that the white light in-
terferometry absolute temperature measurement sys-
tem was capable of obtaining a theoretical minimum
detectable change (0.0005 fringe) which is consistent
with the performance prediction in report [4].
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