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Coherence Addressing of Quasi-Distributed
Absorption Sensors by the FMCW Method

Miha ZaviSnik and George Stewart

Abstract—\We report a new addressing mechanism for quasi-dis- frequency division multiplexing [2]. As an alternative to op-
tributed absorption sensors based on the frequency modulated tical time-domain reflectometry [4], frequency-modulated con-
continuous wave (FMCW) method. The sensor units consist tin,6ys- wave reflectometry has been introduced, and investi-

of open-path microoptic cells constructed from gradient index . . . ; . .
(GRIN) lenses, each of differing lengths. Coherence addressing ofgations on multiplexing optical fiber sensors using a frequency-

the cells using FMCW is achieved by the interferometric mixing Modulated source [5] have been accomplished.

of two signals originating from each cell (from the glass/air In this paper, we present a combination of coherence ad-
interfaces). The time delay between the two reflections, along dressing and the frequency modulated continuous wave method
with the linear frequency ramp of the source, gives rise to beat (FMCW) to distinguish between different open-path microoptic

frequencies in the mixed output which are different for each cell. - it di . Coh dd . f th
The connecting fiber length between two successive sensor cellSENSING UNIts arranged In series. Lonerence addressing of the

is chosen to be much greater than the coherence length of the CElls using FMCW is achieved by the interferometric mixing
source so that the reflections from different cells do not interfere. of two signals originating from each cell (from the glass/air
The interference patterns of all sensor cells add up at the detector jnterfaces). The time delay between the two reflections, along
whereby each individual sensing cell is identified by its power with the linear frequency ramp of the source, gives rise to beat

spectrum in the frequency domain. We show theoretically and L . . ;
experimentally how individual cells can be addressed and the frequencies in the mixed output which are different for each

measured signals obtained by suitable choice of cell length, proper C€ll. The connecting fiber length between two successive sensor

modulation of the source and appropriate signal processing. cells is chosen to be much greater than the coherence length
Index Terms—Absorption sensors, distributed fiber sensors, fre- Of the source so that the reflections from different cells do not
guency-modulated continuous-wave (FMCW) method. interfere. The optical absorbance which is a characteristic of

a chemical substance attenuates the amplitude of the optical
signal passing the sensing cell [3], resulting in a decrease of the
power spectrum amplitude for a given measurement point. The

DVANCED technologies are becoming more and mornaterference patterns of all sensor cells add up at the detector

critical to chemical and environmental sensing, efficiewhereby each individual sensing cell is identified by its power
pollution prevention and cost effective industrial process cospectrum in the frequency domain. We report theoretically and
trol. The field of fiber optic sensors has expanded rapidly in thexperimentally how individual cells can be addressed and the
last decade and fiber based sensors have been developed fomtbasured signals obtained by suitable choice of cell length,
measurement of a variety of physical and chemical parameteredulation of the source and appropriate signal processing. To
including chemical concentration and characterization of chealemonstrate the feasibility of the proposed technique a system
ical species present in mixtures. Ideally these sensor systaromposed of three microoptic sensing units has been evaluated.
would be capable of making distributed measurements of any
given analyte or gas.

With the development of optical fiber interferometric sensors,
interest in multiplexing several sensors in a system has greatlyrhe fiber microoptic sensing cell is constructed using two
increased. Fiber sensors offer unique capabilities when confagpillaries, two collimating GRIN lenses and a supporting
ured in a distributed nature, or arranged in multiplexing net¥-groove alignment block. On both ends of the microoptic
works. Such systems allow sensing at a large number of poiotdl the capillaries are used to fix the fiber and align it to the
by combining fiber-sensing methodologies with fiber telemetrgenter of the adjacent GRIN lens. As shown in Fig. 1 the
The primary emphasis in designing a sensor array is the mettwagbillary and GRIN lens are carefully aligned to minimize the
of separating individual sensor signals. A number of differeair gap between them. Because the air gap could cause spurious
multiplexing topologies have been devised and tested in receackreflections, the gap is usually filled with index matching
years including time-division multiplexing (TDM), wavelengthoil or gel.
division multiplexing (WDM), coherence multiplexing [1] and For the proposed sensor systems the collimating GRIN lenses

are turned with their antireflection coating facing the capillary.
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Fig. 1. Structure of the microoptic sensing cell.
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Fig. 2. FMCW with coherence addressing.

The use of frequency modulation of a semiconductor laser is

an attractive concept because of its simplicity and the high 8y;rent ramping. We assume that the amplitude changes are
erage power due to continuos-wave (CW) operation. The bagjg) thereforeB(t — 1) ~ B(t).

~

of coherent FMCW reflectometry is the interferometric mixing The output light intensity... . for the first sensing cell is

of two signals originating from the same linearly chirped soureg,cjated by taking the first-order correlation of the total optical
[4]. The frequency output of the laser diode is varied in a lineggq 41 (t), where the time variable is limited to one pulse of

out

fashiqn, by driving the laser diode with a linear current ramp,o peat frequency

Any time delays between the signals reflected back from the

two interfaces give rise to beat frequencies in the mixed output. Tt g X <A(1)ut . A(l)ut *> = 7’%1(14 + Bt)

The configuration of the sensing array is shown in Fig. 2. 242 2 —ai Ci 4Ly
Heret;; andr;; represent the transmission and reflection co-

. / —a1C12L
efficients at the interfaces for individual cells. The connecting + 2riarantntyy (A + Btje o
fibers between two successive sensing cells are always much - cos <2_7r <2ﬂeL1> (o + AA)) ' 3)
greater than the coherence length of the source, so signals from Ao Ao

two different cells can not interfere.The system is essentia N . .
. - o output light intensities for the second and third cell are cal-
insensitive to the polarization state because, apart from the ce ’Z

length, both reflected beams from each cell travel the same pc%ln ted _accordmg o thg f'r.St cell der!vatlon. Additionally, we
) : ave to include absorption in the previous cells due to the serial
and experience the same perturbations.

arrangement of the system. The outputs read as
A. Signal Output

The absorption of light of incident intensifly by a concen-
tration, C, of a chemical or gas is described by the Beer—Lambert

Lot 2 = t%7‘§2 (A + Bt) e~ 1C14Lly
+ t1t3t 575 (A + Bt)e_[alcl4Ll+a2024L21
+ 2t%t12t&27’127’22(‘4 =+ Bt)e_[a1014L1+a2022L21

law
27w 271€L2
a 2 : il Ao + AX 4
I:I()G mLC:IoG 20 LC (1) COS<)\0 < )\0 )( 0+ )) ( )
whereq; is the amplitude attenuation coefficient ahds the
cell length. 4,42 —[o1 C1 4Ly +azCa4Ls]
For the first sensing unit the optical field of both reflections Tour3 _tltili’(f Z B;)G
returning along the fiber is given by + t1tytist3ra3(A + Bt)
—[Oé1014L1+0é2024L2+Oé3034L31
. C
AL () =ri V(A + Bt)ed*t ot t]
out(?) 11_2(5 ol ) SR jot b4 A) + Zt%t3t13t337’137’23(14 + Bt)
e thet (A + B(t - T))GJ vree (2) . e—[a1014L1+a2024L2+a3032L3}
where - cos <2l <2”€L3> (Ao +A)\)> . (5)
w angular frequency; Ao\ Ao
) phase shift superimposed due to the time delay;

The resultant interferometric signals add up at the detector

AR reflection coefficient, - and the power on the detector is a sum of individual unit outputs
t11, thy transmission coefficient in each direction at the

glass/air interface. Iowo =T + 140+ + Iown. (6)
The imposition of a dynamic shift in the frequency of the laser
light Aw, due to the driving of the laser with a current ramp reHere L, is the length of thgth sensing cell and; the jth am-
sults in a dynamic shift of the phage increases from a value plitude attenuation coefficient. The quantity is given from
27[2n. L1/ \o] by afactorAy which equal@n[2n.L1]AN/ /A3 12 = [tiitatiith] = (1 — 7%)(1 — r3;) and is the (power)
where L, is the length of the first sensing cell amsl\ is the transmission factor of cell (1). Similarly fag. If the two inter-
wavelength change due to modulatiohand B are constants faces in each cell are similar, then = —r21, etc. Fiber losses
and Bt represents the change in output light amplitude due &we assumed negligible.
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As already noted, the laser wavelength is ramped according to
A = Ao+ AMnax(t/T) and scA X in the cosine terms in (3)—(5)
can be written ad A = (A — Ag) = Adpax(¢/T) whereT is
the period of the ramp. Hence we can plot intensity from (6)
versus time as shown in Fig. 3(a), whéfe= 0.05 s. Also with
this substitution, the cosine terms become{w,t + 1) where
the beat frequency, = (4mn.L;ANpax)/ 3T

Signals from different cells are separated by transforming the
output signal into the frequency domain. The calculated power
spectrum for three sensing cells is shown in Fig. 3(b). The value
of the wavelength change is approximatéy,,,.,. = 0.7 nm,

ramp period

—>

Amplitude [relative units]

0.02 0.04 0.06 0.08
A=B=1,L; =48mm, L, =60 mm, Lz =72 mm,aC = .
0.000625 cm™*, Ao = 1300 nm and the reflection coefficients Time [S]
chosen so thatl; = 73, =73, = --- = 0.04. @

Different power spectrum peaks represent the different
sensing units, whereby the beat frequency is mostly determined 1
by the sensing length of the cell, i.e., separation between the \ First Cell Second Cell

GRIN lenses. Change in amplitude of the spectral peaks corre-
sponds to information about absorption within a cell. Because
different peaks represent different sensing units we have to lock
on to each peak separately to perform measurements.

In order to compare the simulations and experimental results,
we simulated absorption by introducing losses into the cells in
fixed steps offD.35 dB (8% reduction of intensity). This was
conveniently done by inserting microscope slides between the
GRIN lenses. The 8% reduction arises from the 4% Fresnel re-
flection losses at each surface of the slide, and these reflections
were directed away from the primary beam. First the measure- Frequency [Hz] .
ments for a single cell were obtained, whereby the absorption ) i

was increased in steps of 8% from 0 to 32%. The change in the

power spectrum amplitude is shown in Fig 4 Fig. 3. (a) Time response during currentramp and (b) power spectrum for three
. . N Cﬁll FMCW with coherence addressing.
In the next set of simulations, the number of slides for a ce

was changed between zero and four and the change in power
spectrum amplitude for individual cells was measured. The re-
sults are presented in Fig. 5. For Fig. 5(a) the absorption in the
first cell is kept fixed at 0, 8, 16, etc., within the shaded blocks,
while the absorption in the last cell is increased from 0 to 32%
across the width of each shaded block. In the second cell no ab-
sorption is introduced. In Fig. 5(b), the absorption in the second
cell is kept constant while the first cell absorption is changed
from 0 to 32%. Here no absorption is present in the last cell.

To extract signals for individual cells signal processing is nec-
essary. First, the first cell is evaluated and then the process is : : ,
continued toward the last cell, thereby taking into account all 0 8 16 2 32
previously calculated results. Absorption [%]

W
‘/ Third Cell

/

Amplitude [relative units]

] 500 1000

Qutput [relative units]

Fig. 4. Absorption for a single cell.
B. Limitation on Number of Cells in the System

When considering the coherence addressing of quasi-dige maximum number of sensaf§,.. ; due to the available
tributed absorption sensors by the FMCW method the maximdrgquency space is
number of sensors is limited by two factors: the available space
in the frequency domain and the signal to noise ratio (SNR). N,

The available space in the frequency domain is limited by the
coherence length of the source. To distinguish between differeviterew, is the maximum beat frequency (with a source coher-
beat frequencies in the power spectrum at the detector, evence length of 20 cmy. ~ 1700 Hz), andAw ~ 20 Hz is the
sensing unit should have its own unique optical path differenaainimum resolvable difference between two beat frequencies.
With increase in coherence length of the source, the numblfgcording to system parameters the maximum number of sen-
of sensing cells each with a unique length can be increassdrs due to the available frequency spac®igx s ~ 85.

We
max f — Aw

()
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009 Numbers in block are fixed absorption in 1" cell Assuming that the system is shot noise limited we can calcu-
008 late the SNR for the absorption signal from celhs
T ool 0% | 8% | 16% || 24% | | 32%
g B 2\2(n—1)71 9,.2 2
e s AROZEIBAD
Booat, T Gl 1 2eRPrec
% 8:8; o where
© 001 e FE gﬁ;— ®  photodiode responsivityD.9A/W);
e S S BN I ey o B bandW|d'th (5 kHz.);
Absorption third cell [%] 2 electronic charge;

F,.. total power received by photodiode.
In the worst case with a large number of sensors in the system,
we assume that all the incident power is reflected back to the

Absorption second cell =0%
@

oy embers in block are fixed absorption in 2" cell receiver and so, taking into account the 50: 50 cougteg, ~
o 0.08 . . 0.5 .
‘g 0.07 + 8% 16% With these assumptions and substituting the values for the
e g-gg parameters, the worst case shot-noise-limited SNR is
Egg‘; » ‘ Cell 1 SNR= [48.17 — 0.72(n — 1) + 10log A] dB.  (12)
5002 NN
© 001 N YT T Cell 2 Equation (12) predicts that we can still detect an absorbance of
T R [10—2 in the last cell at a SNR df5 dB, for the maximum cell
Absorption first cell [%] number,n = 20.
Absorption third cell = 0% From practical construction considerations, we do not antic-
) ipate to have more tham20 cells in a system. The above re-

sults show that there should not be any problems in regard to

Fig. 5. (a) Absorption in the first cell held at fixed values shown and (b).. . - : -
absorption in the second cell held at fixed values shown. é_lther the a_vaﬂable space in the frequency domain or in the
signal-to-noise levels.

The second limitation is the SNR, especially the SNR relatiné; .
to the last cell in a chain af cells. To calculate this ratio, we Analysis of Crosstalk
need to obtain the signal level from the last cell and also theAlthough the selection of different optical path differences,
receiver noise level. In general, the receiver noise consistsi@f, cell lengths enables the separation between sensor signals
amplifier noise, dark current noise, shot noise and thermal noige the frequency domain, it does not completely ensure their
However, because our bandwidth requirements are very modegparation from “cross terms” which are the result of undesired
(5 kHz) and power levels on the detector are relatively high (upterference between any two optical paths associated with more
to milliwatt levels) a comparison of noise terms shows that shiftat one sensor in a system. If the cross terms are considered
noise limited detection is readily obtained. when designing the system, signals should be allocated in such
We can compute the signal level as follows. From the thi@manner that cross terms do not coincide with any of the signals
term of (3) the amplitude of the beat signal returned from cellim the frequency domain.

is approximately Together with the interference from the sensing unit we get
) ) four additional interference terms resulting from the GRIN
Dyear1 = 2r71 (1 —711)(1 = @1 C1L1) Py (8) reflections in the neighboring sensing cells when crosstalk is

here P is the incident ch in intensity d tconsidered. Firstis the interference between signals originating
where Py, is the incident power. (Change in intensity due fom the reflections on the first GRIN in theth cell and the

current ramPing has been neg!ected.) . _first GRIN lens of the(n + 1)th cell. Second is the interference
The amplitude of the beat signal returned from cell n is 'etween reflections on the first GRIN in theth cell and

duced because the incident and returning beams have to RASSsecond GRIN lens of the: + 1)th cell. The third is the

through the preceding cells each with a transmission factor.iﬂ erference between reflections on the second GRIN imthe

2. Assuming that all cells have a similar throughput transmige :
i ell and the first GRIN lens of thén + 1)th cell, and the last
2 L
sion of¢” ([D.92) and a GRIN lens reflectancerdf(0.04) then is the interference from reflections on the second GRIN in the

nth cell and the second GRIN lens of the + 1)th cell.

Because of the crosstalk between sensing cells additional
gpwer spectrum peaks are visible (see Fig. 6). Their position
along the frequency axis is dependent on the length of the cells
used and the separation between them. For Fig. 6 reflectivities

Aleat n 2 APy [(tQ)Q("*l)} 27,2(1 _72) (10) of the GRIN lenses were chosen as 0.04. The separation
between the GRIN lenses of thgh and(n + 1)th cells were
whereA is the absorbanced( = «,,,CL). chosen as 48 and 60 mm giving beat frequencies of 400 and

Dot 2 [(t2)2<"—1>] 22(1 = 12) (1 — ctmnCnLn) Pan. (9)

From (9) the reduction in the beat signal caused by absorpti
is
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cross-talk peaks 5 Crosstalk maximum
dl=Ln+l-Ln
Connecting fibre length d1 [mm] /\
(n+1)-th cell R A T A
1 2 3 4 5 6 7 8 9 10 1/ 12\13 14
N n-th cell =
= T 37
‘g 0.025 \ 2
E ol
o 0.02 =
< | 0.015 g
3 0.01
::a' -201
g 0.005
< 254
500 1000
Fig. 7. The influence of the connecting fiber length on the crosstalk factor
Frequency [HZ]> between adjacent cells for the coherence addressing of absorption sensors by

the FMCW method.

Fig. 6. Power spectrum for the coherence addressing scheme when crosstalk
between sensing units is present.

crosstalk grows as the connecting fiber length approaches 12
) L mm, at which point the crosstalk beat frequency is coincident
500 Hz, respectively. A connecting fiber length of 12 mm Wasith the cell beat frequency.
assumed between the cells. The simplest solution to avoid crosstalk between successive
A crosstalk beat frequency will coincide with the beat freze g1 s to make sensors incoherent with each other by intro-
quency of two adjacent cells if any one of the following condi,ing jong time delays between sensors so that cross terms do
tions is satisfied not arise. If this is not possible then the following steps should

4 —L. or be taken:

dl : L" « the separation between successive cells should be different
L=l from any cell length;

di =(Lny1 — L) or « the sum of an arbitrary number of cell lengths should not

dy =(Lp — Lyny1) (13) match another cell length;

« the sum of an arbitrary number of cell lengths plus the fiber
whered; is the separation between the cells (the difference in  connection length should be different from any other cell
index between cell and fiber is neglected here). length within the coherence length.

In principle, if crosstalk beat frequencies do not coincide with
cell beat frequencies, then crosstalk is not a problem because
measurements are taken by locking to cell beat frequencies, or
the crosstalk frequencies may be eliminated by band pass fil-

tering. In practice, however, because beat frequencies have ghe feasibility of the proposed method was demonstrated by
certain spectral width in the frequency domain (due to the finaking the three-sensor system shown in Fig. 8. The optical
nite time interval over which the signal is sampled by the spegpyrce is a 1300-nm Nortel DFB laser diode. The output power
trum analyzer), crosstalk will still influence measurements j§ 1 mw with a coherence length of approximately 20 cm. The
crosstalk frequencies are sufficiently close to cell beat frequagser diode incorporated an internal optical isolator and ther-

cies. _ moelectric heat pump for temperature stabilization. The output
To analyze the effect we define the crosstalk factor for a c@lbquency of the laser diode was injection current modulated by

IV. MEASUREMENTS

as a sawtooth waveform at a modulation frequency of 20 Hz and
CL— SIL 19 mA current amplitude. The corre;ponding frequency excur-
CF =10log —57 (14) sion of the laser diode was approximately 90 GHz. The cells

were constructed using GRIN lenses in V-grooves, with lengths
HereS L is the power spectrum amplitude of the cell's beat frek; = 22 mm, L, = 33 mm, L3 = 45 mm.

quency without crosstalk, ardL is the total (increased) ampli- In line with the simulations, first a single cell was evaluated
tude, including crosstalk effects, also at the beat frequency fmd then three cells were placed in series and connected by a
the cell. 20-m length of single-mode fiber. The individual power spectra

Considering the same two adjacent cells as in Fig. 6 of lengtivbere identified using a spectrum analyzer.
48 and 60 mm, Fig. 7 shows the crosstalk factor for the 60 The time domain output signal for the three cell system which
mm cell (at 500 Hz beat frequency) as a function of the coneuld be observed on the oscilloscope is shown in Fig. 9. The
necting fiber length between the cells (spectrum analyzer sageneral shape of the time response is well predicted by (2) and
pling time interval of 1Qus). The figure shows clearly how thecorresponds to the theoretical calculations shown in Fig. 3(a).
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Coupler  Sensing cell 1 Sensing cell 2 ( , Sensing cell 3 Q
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Fig. 8. Experimental setup for coherence addressing of quasidistributed absorption sensors by the FMCW method.

cells experience a small step change in attenuation as cell (1)
attenuation is increased in fixed steps (from block to block)
whereas only cell (3) experiences the attenuation of 0-32%
across each block width.

This may be compared with Fig. 12(b) where all three cells
experience the 0-32% variation in attenuation across each block
introduced in cell (1), whereas only cells (2) and (3) experi-

R R R R ence the small st_ep change fr_om block to blgck mtroc_iuced by
Titne [s] the fixed attenuation changes in cell (2). Again, there is a good
agreement between the computed and measured results.
Fig.9. Time response for the coherence addressed quasidistributed absorptidrinally, Fig. 12(c) is similar to Fig. 12(b) except that cell (3)

Amplitude [relative units]

Sensors. attenuation is increased in fixed steps from block to block in-
stead of cell (2). Hence, only cell (3) experiences the slight de-
A. Experimental Power Spectrum cline from block to block as indicated by the dot-dash line.

To evaluate the proposed system for absorption based meafig' 13(a) and (b) showin greaterdetail h(_)w the experimental
surements, the absorption inside individual cells was increa put fqr th? secqnd gnd third ce!l, rgspectlvely, ch{inges as the
by inserting microscope slides between the GRIN'. Compa{:}t_tenuatlon is yarled in the cells indicated on the figure. Here'
ison between power spectra with and without absorption is p'%l_so a comparison between computed and measured results is
sented in Fig. 10. presented.

In Fig. 10(a) all three beat frequencies are clearly visible.

After a microscope slide is inserted in the first cell the amplC. System Performance

tude for all three power spectrum peaks is reduced in proporor attenuation present at one cell only, the power spectrum
tion to the absorption [Fig. 10(b)]. Similar the amplitude of th%mplitude at the cell’'s beat frequency was found to have a mea-
second and third beat peak is reduced after a slide is inserted ifgple range of 20 dB, i.e., a range of 20 dB on the vertical
the sef:ond cell [Fig._lO(c)]. T_he final spectrum _is obtained aftgkis of Fig. 11. From Fig. 11, where the slop&®5 dB signal

one slide has been inserted in each cell. Also in Fig. 10(d), thgr dB attenuation in the cell, a range of 20 dB on the vertical
difference between the power spectrum without, and with aRgis corresponds to a dynamic range[® dB in attenuation
sorption present in each cell is indicated. measurement on the horizontal axis. However, due to the serial
arrangement of the system, the available dynamic range of any
individual cell is reduced when attenuation is present at earlier

Further investigations of the system were made by measuricgls in the fiber line. For example if the first two cells have an
the change in power spectrum amplitude for a particular besttenuation present af0.3 dB, then the dynamic range of the
frequency when absorption is increased. First a system witlihérd cell is reduced ta5.8 dB.
single sensing unit has been evaluated. The experimental reFor determination of system resolution, the noise level of the
sults (together with the computed results) are shown in Fig. Itheasurement was observed to be less 03 dB. Hence, a
and, as expected, show the decrease in amplitude of the beatrieselution of(0D.01 dB can be estimated.
guency in proportion to the absorption introduced. In order to evaluate the response of the system to tempera-

Due to the successive arrangement of the sensing cells tiiee change we heated the fiber at different locations (the lead
influence from the cells in the beginning is transferred to sulr fiber before the coupler, after the coupler and the connecting
sequent cells. To analyze the influence of different levels &ber between the cells) using alaboratory gas burner. During the
absorption for subsequent cells and the overall system perfoeating process the change in the power spectrum amplitude at
mance a range of possible combinations of sensing cell absdie beat frequencies corresponding to individual sensing units
tion has been evaluated. were observed. We found that temperature change has a negli-

Fig. 12 shows the experimental results and the theoreticgble influence on the system. Without regard to the location of
curves plotted in the same graph. In Fig. 12(a) the experimentia temperature influence, the power spectra changed less than
and calculated results are in very good agreement and all thtlee noise level.

B. Absorption Measurement
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Fig. 10. Power spectrum of the FMCW Coherence addressed system: (a) without absorption, (b) microscope slide inserted in the first cell, ét) addition
microscope slide inserted in the second cell, and (d) one microscope slide in each cell and comparison with the spectrum without absorption.
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system has been tested on macrobends by bending the fiber by
hand and on microbends by pressing the fiber with a sharp ob-
ject. Both bending mechanisms cause less than 0.05 dB change
in the power spectrum amplitudes. The amplitude drop is mainly
due to the microbend attenuation, since the macrobend effect is
almost negligible. Basic precautions for avoiding or suppressing
microbend effects is to use a fiber-optic cable designed to min-
imize microbend effects, and/or to shield the fiber from harsh
mechanical influences.

Since a temperature controlled and current stabilized source
is used, variations in source intensity are minimized, and in ad-
dition, a reference source power level can be extracted from the
input coupler and used for feedback control of the source power.

D. Discussion

In general, the experimental and simulation results are in

Fig. 11. Change in power spectrum amplitude for a single cell due freement. To take into account the mutual influence between
absorption.

cells due to the serial configuration, a calibration process at the
beginning is necessary. Here, individual power spectrum peaks

The second disturbance which could influence the perfaare identified and assigned to the sensing cells. When measure-
mance of the system are macro- and microbends of the leadriants are carried out, a power spectrum locking technique is
fiber, or the fiber which is connecting the sensing units. Thesed to collect the individual values. After all cells are scanned
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Fig.13. (a) Outputchange for second cell due to absorption for different values

of first cell absorption and (b) output change for third cell due to absorption for
different values of second cell absorption.

the individual absorption value for each cell is calculated using
previous calculations starting with the first cell.

One of the possible applications for the system is in measure-
ment of gas concentration such as methane. The sensitivity level
which is useful in practice (for methane alarm systems) is de-
tection below the lower explosive level (LEL: 5% methane in
air). For example, to detect 50% of the LEL and assuming a
methane absorption coefficiénf «,,, = 0.25 cm~tatni* for
the (weak) near IR lines around 1665 nm, the system has to de-
tect an attenuation of 0.27 dB or 6% change in the power spec-
trum amplitude for an individual sensing unit of length 5 cm.
The experimental results presented (where the system has been
evaluated using similar absorption values[@®6, but with a
broadband absorber) indicate that the proposed system is fea-
sible for quasidistributed gas detection. However, because the
methane gas absorption line-width(is GHz then appropriate
adjustment of the scan range and sweep time would be neces-
sary. Although the current system has been evaluated using a
scan range of 90 GHz, the scan range can easily be reducBd to

bGHz while maintaining the same beat frequencies by reducing

Absorption in the second cell held at fixed values shown. (c) Absorption in tlige sweep period from 0.05$ ms. System operation using a
third cell held at fixed values shown.

narrow-band absorber is currently under investigation.
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V. CONCLUSION surements is a distributed gas detection system, especially for
[Q_ethane. Here sensitivity levels below the lower explosive level

In this paper, a new approach for addressing quaSIdHEénethane are readily achievable, enabling a serial arranged

tributed interferometric absorbance sensors using cohere
addressing and the FMCW method has been described.
herence addressing of the cells using FMCW is achieved by
the interferometric mixing of two signals originating from
each cell. The optical absorbance, characteristic of a chemicalf!]
absorber, attenuates the amplitude of the optical signal passing
the sensing cell, resulting in a decrease of the power spectrunp]
amplitude for a given measurement point. We have performed
mathematical modeling with simulations and experimental
verification of the proposed addressing mechanism and showng]
both theoretically and experimentally how different sensing
cells can be addressed and how the information about the meg,
surand can be acquired. Consideration of the available space in
the frequency domain and the signal to noise ratio indicates that
systems containing 20 serial sensing units are feasible. In orde
to take into account the mutual influence between cells due to
the serial configuration, individual power spectrum peaks are
identified and assigned to the sensing cells at the beginning of
the measuring process. To avoid crosstalk between successive
sensors it is desirable to make sensors incoherent with each
other by introducing long connecting fiber lengths betwe
sensing units, much greater then the coherence length of
source.

The feasibility of the proposed method was demonstrated

&)e_thane gas detection system.
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