Limitation of absorption-based
fiber optic gas sensors by coherent reflections
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We report the noise limitation of fiber optic gas sensors with highly coherent laser sources.

Interference

between signal and reflected waves causes signal fluctuation in the output; this limits the performance
of the sensing system. Sensor resolutions limited by coherent reflections are calculated and compared

with experimental results.
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1. Introduction

Optical gas sensors based on absorption of light by
the vibrational-rotational energy levels of gas mole-
cules at near-IR (1-1.8-um) wavelength have at-
tracted considerable attention recently.l-¢ The
advantages of fiber sensors are remote detection ca-
pability, safety in hazardous environments, immu-
nity to electromagnetic fields, etc. The possible
gases that can be detected are methane, acetylene,
hydrogen sulphide, carbon dioxide, carbon monoxide,
etc. Like other types of fiber sensors, the perfor-
mance of gas sensors is limited by various kinds of
noise: source, shot, thermal, etc. We have already
reported the results of an investigation on the effect
of source, shot, and thermal noises on the perfor-
mance of a gas sensor that used a low-coherence op-
tical source.? Gas sensors with highly coherent
sources such as distributed feedback (DFB) and fiber
lasers are advantageous for obtaining high sensitiv-
ity. However, for this type, interferometric noises
caused by interference between signal and reflected
waves might be larger than the source and detector
noise and thus might set a limit on the sensor per-
formance. In this paper, we report the performance
limitation caused by coherent reflections in fiber gas
sensors with highly coherent laser sources. The
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magnitude of the noise caused by reflections is esti-
mated. The results of our investigation will help
design engineers to understand the noise processes
involved and to estimate the expected performance of
a particular fiber optic gas-sensing system.

2. System Description

The basic principle of absorption-based gas detection
by a laser is shown in Fig. 1 in which a transmission-
type sensor is illustrated. When a laser beam of
frequency o and intensity I, passes through a gas
sample, the output intensity I(w) may be expressed as

I(w) = I, exp[—2a(w)CL], (1)

where a(w) represents the attenuation coefficient in
amplitude due to gas absorption, C is the gas concen-
tration in terms of a fraction of pure gas. L is the
distance during which the laser light interacts with
the gas.

It is well known that the spectral line of a gas
under atmospheric pressure is collision broadened,
for which the line shape is given by the Lorentzian
distribution. Therefore the absorption coefficient
a(w) can be expressed as

Qo

a(w) = T e — o (2)
1+ ( 0)

dw

where o, is the absorption coefficient at w, corre-
sponding to the center of the absorption line (maxi-
mum absorption) and 3w is the half-width at half-
maximum (HWHM) of the absorption line.

The two most commonly used techniques for gas
detection are differential absorption spectroscopy
and frequency modulation spectroscopy. They are
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Fig. 1. Principle of absorption spectroscopy.

more or less based on the same fundamental principle,
namely, comparison of the output light intensities at
different wavelengths. Considering differential ab-
sorption spectroscopy, the system output is the ratio of
the light intensity at two distinct wavelengths, one
(with intensity I,) at the center of the absorption peak,
and two (with intensity I,) displaced from the center to
a position where the absorption is small and might be
neglected. The system output may be expressed as

I
1 = exp(—2a,CL). (3)
I,

The ratio detection method eliminates intensity fluc-
tuation due to factors other than gas absorption.

If there are errors in the measurement of I; and I,
ie,ly,, =1, + Al,and I,,, = I, + Al,,orIl;,, = I;(1 +
d,) and I,,, = I,(1 + 8,), where 8, = (Al,/I,) and 3, =
(AL,/I,) represent relative measurement errors; the
measured value of gas concentration (C,,) would be
different from the real value of gas concentration (C).
C,, and C may be related by the following equation:

Ilm
a— exp(_zaﬂcmL)a
I?m
CL(1+3y)
LA +3y)
=~ exp(—20,CL)(1 + &; — 3,), (4)

where m represents the measured values and we
have assumed that 3, and 3, are small so that

1+9;
1+39,

Rearranging Eq. (4), we have

I (a1, & 2): Reflection Points

Type 2

For small measurement errors, we may use the ap-
proximation In(1 + x) ~ x and obtain

20(0(0 - Cm)L = 81 - 82. (7)

The maximum error in gas concentration can then be
expressed as

|AC|=|C—C|<M (8
T 2a0L

Take an absorption-based methane sensor at 1665.5
nm (Q6 line) as an example. Under atmospheric
pressure, 2o, ~ 0.2 cm ™!, and for a 10-cm cell (L = 10
cm), we have 2q4L ~ 2. So to achieve 10-ppm accu-
racy (AC < 10 ppm) requires [3,] + |35| to be less than
—47 dB.

For modulation spectroscopy, the laser wavelength
is continuously tuned in a sinusoidal manner around
the center of the absorption line, and, because of the
variation of absorption with wavelength, this modu-
lation of wavelength is converted into an intensity
variation. For frequency modulation spectroscopy
based on current modulation of a DFB laser, the sys-
tem output often takes the ratio of a second harmonic
and a first harmonic, in which the former is propor-
tional to gas concentration and the latter is used as a
reference to remove intensity fluctuations from ef-
fects other than gas absorption. For this technique,
the measurement error can still be estimated by use
of Eq. (8), but 3; and 3, represent measurement er-
rors in the amplitudes of the first harmonic and the
second harmonic, respectively.

In this paper, we investigate the characteristics of
interferometric noise due to reflections for a system
with differential absorption spectroscopy. For fre-
quency modulation spectroscopy, the analysis is con-
siderably more complicated, but the results reported
here give a useful indication of the order of magni-
tude of the noise from coherent reflections and for a
general fiber gas-sensing system.

3. Coherent Reflections in Transmission-Type Sensors

For transmission-type sensors (see Fig. 2), while the
first-order reflection will be directly fed back into the
source, we may assume that they have no effect on
the system performance when a proper isolator is
used at the laser output port. The second-order re-
flection (reflection caused by a pair of reflective points

/— Signal Wave

( E —:— Reflected Wave

Q2 a:r 02 (031 (o 3] (¢
Laser ] ] }— Gas Cell } } } Detector
; \ Signal Wave
T 1 Second Order
ype Reflected Wave Type 1

Fig. 2. Second-order reflection pairs in a transmission-type sensor.
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along the fiber, first backward then forward; see Fig.
2), however, might affect the system performance.
In the output of the system, in addition to a primary
beam, many second-order waves due to second-order
reflections may exist. Reflections can occur at fiber
connectors, fiber-cell joints (cell surfaces), etc. For
simplicity, we divide the reflections into two types as
shown in Fig. 2.

A. Reflection Pairs before or after the Cell (Type I)
Signal wave (at output detector):

E@t) = E, exp][ —a(w)CL]exp(jot). 9
Reflected wave (at output detector):

E.(t) = aqoE(E — 1)
= oyoE exp[ —a(w)CL]exp[ jo(t — 7)], (10)

where E, = VI, is the amplitude of the laser field, o,
and a, represent the amplitude reflection coefficients
at two points as shown in Fig. 2, 7 is a time delay
between the primary and the reflected wave.

The total light intensity at the output detector 1(z)
may be divided into three parts, the intensity of the
signal wave, the intensity of the reflected wave, and
the mixing between the signal and the reflected wave.
The intensity of the reflected wave is of a higher order
compared with the other two terms and can be ne-
glected. In this paper, we will consider only two
terms: the signal and the mixing term (noise term),
which induces errors in the measurement.

Signal intensity:

L ={E®) = E,* exp[—2a(w)CL]. (11)
Noise intensity:

I, = 2Re(E(t) E,*(2))
= 20,05]Y(7)| Eo? exp[ —2a(w)CL]cos(wr), (12)

where y(7) is coherence function of source.
The measurement error 8; and 3, (caused by coher-
ent reflections) can then be expressed as

n

S = % = 20,0 Y(T)|cos(w;T), (13)
where i = 1, 2 corresponds to a different wavelength.
The measurement error is dependent on the reflec-
tion coefficients a; and ay, and time delay T between
the reflected and the signal waves. Because of vari-
ation of temperature and other environmental fac-
tors, T changes randomly with time, causing 8, and 8,
to change with time. The maximum values of 3; and
3, may be written as

|81|max = |62|max = 20[10L2|’Y(T)|. (14)

Note that the maximum error depends on the relative
positions of the reflection points and the coherence
function of the source; if the two reflection points are
situated so that the time delay (1) between the re-
flected and the signal wave is much longer than the

coherence time of the source, the measurement error
8, and 3, will be greatly reduced.

For multiple pairs of reflection points, if we assume
that the cross interference between the different sec-
ondary waves is small and can be neglected, the sig-
nal intensity remains approximately the same, but
the noise intensity is a summation of contributions
from all the pairs of reflection points.

B. Reflection Pairs across the Cell (Type II)

For the case of a pair of reflection points, one before
and after the cell (see Fig. 2), the reflected wave can
be written as

E. = 0 0,E, exp[ —3a(w)CL]exp[ jot — 7)]. (15)

The signal intensity is the same as that in Eq. (11),
and the interfering term can be written as

I, = 20404|Ey|* exp[ —4a(w)CL]|y(7)|cos(wT).  (16)

For example, considering reflections from the sur-
faces of the gas cells, a; and a, will be the reflection
coefficient of the cell surfaces and 7 will be the round-
trip delay of the gas cell (cavity).

The relative error 8; and d, can be calculated as

1
S, = Il = 20,05 €xp(—20oCL)|y(T)|cos(w,7), (17)

S

3y = 2005 y(T)|cOS(w,T), (18)

where 3; and &, changes with environment due to
changes in T with say temperature. It might be nec-
essary to choose low-thermal expansion material to
improve the stability of the system. At the worst
case, the maximum error [3;|,,.., [92|max CaN be writ-
ten as

|81|max = 20¢10L2|'\/(T)|9Xp(_20‘oCL), (19)
|82|max = 20‘1042|V(T)|- (20)

Again, if there are multiple reflection points across
the cell, the summation of contributions from all pos-
sible pairs should be considered. The total measure-
ment error of the whole system will be the summation
of contributions from all the type I and type II reflec-
tions. The measurement error |AC| can be esti-
mated by use of Egs. (14), (19), (20), and (8).

4. Coherent Reflections in Reflective-Type Sensors

So far, most of the reported gas sensors with laser
sources are of the transmission type. However, the
reflection type is also possible and might be advan-
tageous because it requires only a single transmis-
sion fiber. In this section, we study the noise limit of
reflective-type sensors set by coherent reflections.
In reflective-type sensors as shown in Fig. 3, the
first-order reflections begin to seriously limit the sys-
tem performance. Even though the incidence of the
reflected waves together with the returned signal on
the laser is prevented by the use of an isolator fol-
lowing the laser, the mixing between the first-order
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Fig. 3. First-order reflection in a reflective-type sensor.

reflected waves and the signal wave at the detector
causes significant measurement errors.

Not all the reflected waves (first order) can inter-
fere with the signal wave. Only those reflections
from particular sections of the fiber, which travel
nearly the same length (within a coherence length L)
as the signal wave contribute to the noise. (Figure 3
shows a reflected wave from one reflection point.)
Reflections near the gas cell have a major effect.

Similar to the treatment in the proceeding section,
the signal wave E(¢) is given by Eq. (9) and the re-
flected wave E,(t) can be written as

Er = 0Lr'BjO eXp[]w(t - Tr)]7 (21)

where T, represent the delay of the reflected wave
relative to the signal wave; «, is a reflection coeffi-
cient. L equals twice of cavity length of the gas cell
because of the light that travels through the gas cell
twice.

At the receiver, the signal intensity is given by Eq.
(11) and the noise intensity can be written as

I, = 20,|E | exp[ —a(w)CL]y(t,)cos(wr,).  (22)

The measurement error §; and 3, can then be ex-
pressed as

3, = 2a, exp(agCL)vy(7,)cos(wT,), (23)
3y = 20,y(7,)cos(w,). (24)

The maximum values of 8; and 8, can then be written
as

|81|max = 2ar exp(OLOCL)|'Y(Tr)|a (25)
182 = 20t |y(7,)]. (26)

Equations (8), (25), and (26) can be used to estimate
the sensor resolution caused by first-order coherent
reflection in a reflective-type system.

For a reflective-type sensor, in addition to the first-
order reflections, second-order reflections also con-
tribute to the measurement error. The mixing
between the second-order reflected waves can be an-
alyzed in the same way as in the transmission-type
sensors. If all other conditions are the same (reflec-
tion points, coefficients, interaction length, etc), the
measurement error produced by these second-order
effects should be comparable with that of the
transmission-type sensors.
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5. Discussion

In the analysis presented in Sections 3 and 4, we have
actually assumed that the polarization states of the
signal and the reflected waves are the same. In a
practical system, however, the polarization states of
the signal and the reflected waves might be different
and might change randomly with environmental dis-
turbances. The effect of the different polarization
states is to reduce the magnitude of the mixing term
as given by Egs. (12), (16), and (22), which in turn
reduces the magnitude of the relative error 8, and d,.
Indeed the measurement errors 8; and 3, can be re-
duced to zero if the polarization states of the signal
and the reflected wave are orthogonal. Therefore
Eqgs. (13), (19), (20), (25), and (26) should be regarded
as worst-case errors that can be reached only when
the signal and reflected waves have the same polar-
ization states.

As the sensing system is characterized by multi-
path, laser phase noise will be converted into inten-
sity noise, which can play a role as one of the limiting
noise factors. The amount of laser-phase-induced
noise power in the detected output intensity is a func-
tion of center frequency and bandwidth of the detec-
tion system and is also dependent on the phase bias
and time-delay difference between the interfering
beams (the signal and the reflected waves as shown
in Figs. 2 and 3) and the coherence time of the light
source.” However, in any case, the ratio of laser-
phase-induced intensity noise power and the power of
the interferometric noise due to coherent reflections
as discussed in Sections 3 and 4 is found to be less
than Br,”. Here B is the bandwidth of the detection
system and 7, is the coherence time of the source. If
we assume a DFB laser of linewidth 50 MHz, and a
detection bandwidth of up to 50 kHz, Bt, should be
<1073, indicating that the laser phase noise contri-
bution is much less than the interferometric noise
caused by coherent reflections.

6. Comparison of Two Types of Sensor and
Comparison with Experimental Results

In Sections 3 and 4, we derived formulas for estimat-
ing sensor resolution as limited by coherent reflection
for both transmission- and reflective-type sensors.
In this section, we estimate the practical achievable
limit of a particular type of sensor, i.e., a methane gas
sensor based on absorption near a wavelength of 1665
nm. We assume that L = 10 cm, which corresponds
to a 10-cm-long gas cell for a transmission-type sen-
sor and a 5-cm-long gas cell for a reflective-type sen-
sor, and use the Q(6) absorption line at wavelength
1665.5 nm. The absorption coefficient at this wave-
length is 20, = 0.2 cm ™! giving 2aoL = 2. From Eq.
(8), we may express the measurement error as

1
AC = 5 (I34] + [35]), 27

where AC represents measurement error in terms of
the fraction of pure methane at atmospheric pressure.
For transmission-type sensors and for reflection



pairs before or after the cell (type I reflections), if we
assume the reflection coefficients are approximately
the same, i.e.,

o = oy = a, (28)

we obtain
|81|max = |82|max = 20‘10‘2 = 20[2, (29)

therefore
|AC oy = 20°. (30)

The measurement error in gas concentration is pro-
portional to the reflection coefficient. For a conven-
tional fiber cable with FC/PC connectors, the (power)
reflection at the joint is of the order of —40 dB (a? =
10~ %), which corresponds to an error in methane con-
centration of 200 ppm.m. In other words, if we re-
quire a resolution of 10 ppm, the required power
reflection coefficient should be 5 ppm = —53 dB.
This may be obtained through use of either a contin-
uous fiber or FC/APC rather than conventional
FC/PC connectors. Note that the above value is for
the worst case, where the two reflection points are so
close that the time delay between the reflected light
and the primary light is less than the coherence
length of the source. Ifthe distance between the two
reflection points is well beyond the coherence length,
the measurement error is greatly reduced. Usually,
fiber joints in the transmission system can be made to
be well beyond the coherence length, but multiple
reflections near the source and/or detector modules
need to be carefully considered.

The reflections occurring across the cell are proba-
bly due to reflections from the cell surfaces. Since
the cell length is normally short compared with the
coherence length of the source, we can almost cer-
tainly assume that |y(t)] = 1 and the measurement
error in gas concentration can then be calculated, by
use of Egs. (8), (19), and (20), as

|AC| = o’[1 + exp(—20,CL)]. 31

The error depends on the methane concentration C.
At a small methane concentration so that o(CL << 1,
the error takes the same form as Eq. (30). Take a
methane sensor with a gas cell formed with paired
GRIN lenses (NSG Europe) of —30-dB backreflec-
tance, the calculated sensor resolution by use of Eq.
(30) is 200 ppm.m. This value agrees very well with
our recent experimental data (~200 ppm.m) obtained
with a setup as shown in Fig. 2.6 Reduction of the
reflection coefficient from the cell surface should yield
high-accuracy measurement. For example, to ob-
tain 1-ppm.m accuracy, the reflection coefficient
should be <—53 dB. This can be achieved with an-
tireflection coating and angled cell surfaces.

For reflective-type sensors, the second-order reflec-
tion induced error should be of the same order as that
of a transmission-type sensor. The sensor resolu-

tion limited by first-order reflections can be estimated
from Eqgs. (8), (25), and (26), as

AC = o,[1 + exp(ayCL)]. (32)

It can be seen that the first-order noise increases with
methane concentration in an exponential manner.
The maximum error is obtained when C = 1 (pure
methane). At small methane concentration C ~ 0
for a reflection coefficient (power coefficient) of o, =
10~ %, the measurement error in C can be estimated
from Eq. (32) as 2 X 1072 = 2% methane. This is 2
orders of magnitude larger than the error in
transmission-type sensors.

7. Summary

We have investigated interference induced noises in
optical fiber gas-sensing systems with coherent
sources such as DFB lasers. It was found that in a
reflection-type sensor, the measurement error caused
by first-order coherent reflections is 2 orders of mag-
nitude larger than that in transmission-type sensors.
The latter is limited by the second-order reflections.

For transmission-type sensors with FC/PC connec-
tors with back reflection of —40 dB, or cavity reflec-
tion of the same order, the system limited
performance is 200 ppm for a 10-cm cell or 20 ppm.m.
This agrees with the experimental results that we
obtained.

For reflective-type sensors, the main contribution
is from first-order reflections. For reflection of the
order of —40 dB, the first-order reflection effects have
a magnitude of 2000 ppm.m. The magnitude of the
second-order effects for a reflective-type sensor is
similar to that of the transmission-type sensor.
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