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Abstract: This paper investigates the effect of modal interference on the
performance of hollow-core photonic bandgap fiber (HC-PBF) gas sensors.
By optimizing mode launch, using proper length of sensing HC-PBF, and
applying proper wavelength modulation in combination with lock-in
detection, as well as appropriate digital signal processing, an estimated
lower detection limit of less than 1 part-per-million by volume (ppmv)
acetylene is achieved.
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1. Introduction

A hollow-core photonic bandgap fiber (HC-PBF) allows the confinement of an optical mode
and gas- or liquid-phase materials simultaneously within the hollow-core and provides an
ideal platform for strong light-matter interaction over a long distance. The possibility of using
HC-PBFs for gas detection was suggested by Cregan et al. as early as the first air/silica HC-
PBFs were demonstrated in 1999 [1]. In 2004, Hoo et al. reported online the results of gas
diffusion measurement with a HC-PBF [2]. A short while later, Ritari et al. reported high
sensitivity gas detection using HC-PBFs with transmission windows centered at 1300 and
1500 nm [3]. Since then, several research groups have reported gas detection with HC-PBFs
[4-10]. These works include the detection of different gas species such as C,H,, C,H¢, CH,4
and NHj; the application of different signal processing techniques such as cavity ring down
spectroscopy [4], fiber Bragg grating modulation [10], multi-line fitting [7], and multi-
component gas detection [5, 9].

However, the performance of gas detection was found limited by the modal interference
(MI) in HC-PBFs [11-13]. Current commercial HC-PBFs support several groups of modes
and the interference of these modes results in fluctuation of the transmitted light intensity,
which sets a limit to the minimum detectable gas concentration. Efforts are being made to
develop truly single-mode HC-PBFs with which the MI could be avoided. Petrovich et al.
reported a single-mode HC-PBF with its core formed by removing three unit cells (i.e., 3-cell
core) [14]. The diameter of the 3-cell core is ~35% smaller than the 7-cell core, and the
transmission loss is significantly higher than the 7-cell core HC-PBFs. Lyngse et al. reported
a 7-cell core HC-PBF using a core tube with 80% wall-thickness relative to that of the
cladding capillary tubes [15]. The single-mode region is near to the short wavelength bandgap
edge and has a width of only 30 nm, which may not cover the absorption bands of some
important gases. Recently, Fini et al. reported a low-loss 19-cell core HC-PBF by employing
perturbed resonance to improve its single modedness [16]. However, so far there is no true
single-mode HC-PBFs available on market.
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In this paper, we study the characteristics of MI in the commercial HC-1550-02 fiber and
study the effect of the MI on the performance of gas sensors based on such a fiber. By using
proper the length of sensing fiber, optimizing the mode lunch, employing wavelength
modulation spectroscopy (WMS) with proper modulation parameters and digital signal
processing, we demonstrate acetylene detection with a noise-equivalent detection limit of <1
ppmv (parts-per-million by volume).

2. Modes and modal interference in HC-PBF

Agilent 81910a

Photonic All- External cavity
Parameter Analyzer tunable laser

Photodetector

/

(a) - 13 30 SEI

Fig. 1. (a) Setup for transmission spectrum measurement, (b) the scanning electron microscopy
(SEM) image of HC-1550-02 fiber’s cross-section.

Figure 1(a) shows the experimental setup. The wavelength-tunable external cavity diode laser
and photo-detector within the Agilent 81910A Photonic All-Parameter Analyzer were used to
measure the transmission spectrums of HC-PBF samples. The wavelength tuning range was
set from 1525 to 1535 nm, with a tuning resolution of 0.001 nm. The fiber samples tested
were prepared by fusion splicing different lengths of HC-1550-02 fiber (NKT Photonics) to
standard single mode fibers (SMFs) at both ends. The scanning electron microscope (SEM)
image of the HC-1550-02 fiber is shown in Fig. 1(b).

#213212 - $15.00 USD Received 2 Jun 2014; revised 1 Sep 2014; accepted 3 Sep 2014; published 3 Oct 2014
(C) 2014 OSA 6 October 2014 | Vol. 22, No. 20 | DOI:10.1364/OE.22.024894 | OPTICS EXPRESS 24896



—03m
(a) —29m

4.5+ —35m
—13m

TVVPOTIIN I

{i! ! Ll HLTINER [t 'y “‘U il \ ‘\“ ‘-\‘|‘]‘M‘ ]v‘[\“‘\“‘ "\“ LI
‘ ekl

T T BN \ L
i (i Rl I m\ Ol i e \H‘\\ |t )

Transmission loss (dB)

L Il Il L
17525 1527 1529 1551 1533 1535
Wavelength (nm)

0.2 T T T T 0.2

® T —0sm © ! ! ! T —29m

a5 Cladding
modes
01
Py, Cladding
[ | Lp " e, mades

et s
/ F-P

| < LPy
interference| 0.05-
[ l I
% J Ly

250 300

o

I

Cladding
modes

Amplitude
Amplitude

0.05-

0 150 L
Spatial fire & 150 250 300
Spatial frequericyi(lnm) Spatial frequency (1/nm)

2 (d) T T T ; —sm (e) T ! ! ! 13m

Amplitude
I

0.05-

LP, ]
LP;,
LPy
" LPy
0 50 :

] 150 200 250 300 % 50 100 0 200 250 300
Spatial frequency (1/nm)

0 151 2
Spatial frequency (1/nm)

Fig. 2. (a) Transmission spectrums of HC-PBF samples with different lengths, and (b-e)
Fourier transforms of the spectrums in (a).

Figure 2(a) shows the measured transmission spectrums of four samples with HC-PBF
length ranging from 0.3 to 13 m. The spectrums are normalized by the spectrum measured
directly from the source SMF pigtail. The magnitude of the interference signals reduced
significantly for the 13 m HC-PBF sample while the average loss only increased slightly, as
compared with the 0.3 m sample. The Fourier transforms of the interference spectrums are
shown in Figs. 2(b)-2(e). Fourier transform has been used for analyzing interference between
coherent modes with different group delays to study the modal properties of HC-PBFs [12,
17]. There are five groups of higher order modes that interfere with the fundamental mode
and these modes are labeled for the 0.3 m long HC-PBF sample as shown in the inset of Fig.
2(b). As will be discussed later in this section, the first three peaks in the inset correspond to
three higher order groups of core modes. The peaks with higher spatial frequencies
correspond to higher differential group refractive indexes (0.08-0.2) and may be due to MI
from cladding modes [12].

We investigated the characteristics of the cladding modes by examining the output mode
intensity patterns of HC-1550-02 fiber samples with different lengths and launching offset
relative to the input SMF. Figure 3 shows the near-field mode profiles at 1530 nm recorded by
use of a charge-coupled device (CCD) camera. The mode intensity pattern of a 35 m long
sample showed no obvious change with the launch offset other than power variations, as
shown in Figs. 3(a)-3(c). For the 110 cm long sample, the mode intensity pattern changed
significantly with launch offset, as shown in Figs. 3(d)-3(f). With 6 um offset excitation, a
significant fraction of power resides outside the core. The cladding modes exist after 110-cm
transmission but would be significantly attenuated after propagating through the 35-m-long
sample.
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Fig. 3. Output mode intensity profile of 35 m HC-1550-02 fiber with (a) optimal launch, (b) 3
pum oftset launch, (c) 6 um offset launch. Output mode intensity profile of 110 cm HC-1550-02
fiber with (d) optimal launch, (e) 3 pm offset launch, (f) 6 pm offset launch.

Fabry-Perot type interference due to reflected waves from the SMF/HC-PBF interfaces is
also observable in Fig. 2(b). The spatial frequencies of the interference signals increase with
the length of the HC-PBF samples while the magnitudes decrease. The rate of decrease in
magnitude is much faster for the cladding modes than for the core modes, and this is expected
because the attenuations of the cladding modes are much larger. For the 0.3 m sample, the
interference between the core and the cladding modes are dominant, as can be seen from Fig.
2(b). The interferences between the cladding modes and the fundamental core mode becomes
minimal for fiber samples longer than 5 m as shown in Figs. 2(d) and 2(e), although the mode
beatings between the core modes still exist. For the 13-m long sample, the interference
between the core modes is also significantly reduced as shown in Fig. 2(e).

0t 1,%‘
Jo ol
Eee

<l)- <m>-

Fig. 4. (a) Geometry model of HC-1550-02 fiber used for calculating mode contents, (b) and
(c) are the mode fields of HE;; modes, (d)-(g) are the mode fields of quasi-TMy;, odd HE;,,
even HE,; and quasi-TE,; modes respectively, (h)-(k) are the mode fields of odd HE3;, odd
EH,,, even EH;;, and even HE;; modes, (1) and (m) are the mode fields of odd HE;, and even
HE; modes.
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The core modes of the HC-1550-02 fiber were investigated by use of COMSOL
Multiphysics 4.2 software. The model structure used is the same as described by Aghaie [18]
and shown in Fig. 4(a). The core diameter and pitch of the fiber are 11.64 and 3.88 um
respectively. The calculated mode fields of the four groups of core modes are shown in Figs.
4(b)-4(m). The phase effective refractive index (RI) of different modes as functions of
wavelength were calculated with COMSOL, and the group RI of the modes were then
calculated by using

(D) =n, (A)=Asdn . (A)/dA (1)

Mo offp o

where n,, and n.g, are the group RI and phase RI, respectively and A is the wavelength. Table
1 lists the calculated phase and group RI, as well as the calculated and measured differential
group RI for the LP;, LP,; and LPy, mode groups that beat with the LPy; mode. The
experimental differential group RI was derived by the half width half maximum of the first
three peaks in Fig. 2(b) with 30 cm HC-1550-02 fiber sample. The discrepancy between the
calculated and experimentally measured differential group RI may result from the difference
between the real structure of HC-1550-02 fiber and the model structure we used to calculate
the mode field since the properties of HC-PBFs are extremely sensitive to changes of the
structural parameters [19].

Table 1. Calculated phase, group and differential group RI, and measured differential
group RI at 1530 nm

Fiber modes Phase RI Group RI Calculated Measured
differential differential group
group RI RI
LP,, HE,,"? 0.994423 1.012018 ~ ~
LP;, quasi-TMy, 0.987124 1.029964 0.017946 0.0101-0.0109
HE,,"? 0.986717 1.026497 0.014479
quasi-TEq, 0.986219 1.029059 0.017041
LP,, HE,, 0.978444 1.049589 0.037571 0.0211-0.0240
EH,,"? 0.978237 1.050147 0.038129
HE,’ 0.977954 1.048334 0.036316
LP, HE,,' 0.975318 1.060233 0.048215 0.0562-0.0652
HE,,’ 0.975315 1.060995 0.048977

3 Reduction of MI with optimal mode launch

We studied MI for a fiber sample shown in Fig. 5. The output end of a 13-m-long HC-1550-
02 fiber is fusion spliced to a SMF while its input end is jointed to another SMF by use of a
mechanical splicer. The gap between the SMF and HC-PCF ends at the joint can be varied
and viewed by use of an optical microscope. Because of the different outer diameters of the
SMF and HC-1550-02 fiber, lateral offset would result at the SMF/HC-PBF joint. The quoted
inner diameter of the mechanical splice, the cladding diameters of the SMF and HC-1550-02
fiber are respectively 125.3, 125 and 120 = 1 um. Therefore, the lateral offset between the
cores of the SMF and HC-1550-02 fiber would be in the range of 2-3 um.

Mechanical splice
[ SMT fFH] [C-155002 | SMF |

iy

Gap

Fig. 5. A HC-PBF sample with its input end mechanical spliced to a SMF with a gap

The transmission characteristics of the fiber sample were measured with the same setup
shown in Fig. 1. Figures 6(a) and 6(b) show the normalized transmission spectrums and the
corresponding Fourier transforms of the 13 m long HC-1550-02 fiber sample with different
gaps. MI due to two groups of modes (i.e., LP;; and LP,; groups) is observable in Fig. 6. The
magnitudes of the interference signals decrease considerably when the gap is varied from 0 to
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100 pm. Further increase in gap-size results in a little reduction in the interference signal but
with significant increase in the joint loss. Hence, a 100 um gap may be regarded as optimal
for reducing MI and at the same time maintaining a reasonably low joint-loss.
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Received 2 Jun 2014; revised 1 Sep 2014; accepted 3 Sep 2014; published 3 Oct 2014
6 October 2014 | Vol. 22, No. 20 | DOI:10.1364/OE.22.024894 | OPTICS EXPRESS 24900

$15.00 USD



N\

/ \ _ N\
SMF [ | core-coreoffset / _ \ HC-1550-02 fiber
|
[

_-1z F—HL

—>» —»—>
y E(X’yvo) E(XayaL) El(X’Y)

Fig. 7. Mode excitation from SMF to HC-1550-02 fiber.

We also carried out theoretical analysis and numerical simulation on the effect of gap and
lateral offset on the mode launch or excitation efficiencies by use of a model structure shown
in Fig. 7. Light from the SMF gets diffracted in the air before coupling into the HC-1550-02
fiber. Supposing the polarization direction of the electric field is in the x direction shown in
Fig. 7, the mode field of the SMF may be approximated to be a Gaussian profile and the
electric field at the output end of the SMF, i.e., z = 0, may be written as

E(x,y,0)=Eoexp[—(x2+y2)/a2] ©)

where a is the mode field radius, E, the field amplitude at the center of the beam.
The electric field amplitude in air at z =L can then be written as [20]

E —ikL k x2+y2
E(x,y,L)=—""——c¢ —i—(x*+ 2)6 — 3
(x,2,L) L xp(lzR(x ¥*) |exp " 3)
wa’
1 za®Y LAY
with R=L+Z(Tj L@ =d* (1‘1’( 2) J, where k is the wave number, L the gap
za

between HC-PBF and SMF. A similar expression exists for the magnetic field H(x, y, L).
At the input end (i.e., z = L) of the HC-1550-02 fiber, the transverse electric and magnetic
field may be expressed as

2n,.
Et (X,y)5¢E(X,y3L) (4)
nair +nHC
2n
H,(x,y)=——#—H(x,y,L) (5)
nair +nHC

Because n,. =n, , Egs. (4) and (5) may be re-written as [21]

air

E (x,y)=E(x,y,L) (6)

H, (x,y)=H(x,y,L) (7)
Within the HC-1550-02 fiber, a range of bound and leaky modes are excited and they are
related to E, (x,y) and H,(x,y) by:

E (x,y)=Da,e,(x,y)+E,(x,y) (8)
J
H,(x,y)=Y ah,(x,»)+H,(x,y) , ©9)
J
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where a; is the amplitude of each bound modes. e, and /, are the transverse electric and

magnetic fields of the bound modes. E, (x,y)and H, (x,y) represents the transverse electric

and magnetic fields of leaky modes. All the bound modes are orthogonal to each other and to
leaky modes, and the mode excitation amplitude may be evaluated by using

[ Exhozda [ e xH,zd4
a. == ===

J

(10)

[ _eyxh/ezdd [ e xhyzdd

With the above formulation, we calculated the mode launch amplitude for 2 and 3 pm
lateral offset for different longitudinal gaps and the results are shown in Fig. 8. The launch
amplitude of the LP,; (HE,;) mode decreases approximately linearly with increasing gap size,
while the launch amplitudes of the higher order core modes such as LP; (TEg,, odd HE,,
even HE,) and LP,; (even HE3,) modes decrease more significantly for gap from 0 to 100 um
but very little from 100 to 150 um. The launch amplitudes of TMy,;, odd HE;;, odd EH;; and
even EH;; modes are 5-6 orders lower than the fundamental mode and we did not plot them in
Fig. 8. Hence a gap-size of 100 um may be an optimal value, which agrees with the
experimental observation.
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3 um, respectively.
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4. Gas detection with WMS

Wavelength modulation/harmonic detection techniques are popularly used for laser-based gas
absorption measurements [22-27]. Multiple reflections occurring in gas cells were found to
generate etalon fringes and produce harmonics in the output that are indistinguishable from
the gas absorption signal. These etalon effects may be reduced by selecting proper modulation
parameters [22, 25] and by digital signal processing [26, 27]. Here we demonstrate that
similar techniques could be used to reduce the effect of MI on HC-PBF based gas sensors.

DFB
SMF HC-PBF
g @
ol-.—.-r 0
LU Inlet Outlet
982 ppm
C,H, (Ny) PD I
Laser
controller
A
fo

/1/1/] E o E USB §

.
DAQ Computer

Fig. 9. Experimental setup for gas detection with WMS. DFB: distributed-feedback laser, PD:
photodetector, DAQ: data acquisition.

The experimental setup with WMS is shown in Fig. 9. A 1.53 pm distributed feedback
(DFB) semiconductor laser is used as the light source and the wavelength of the laser was
ramped across the P(9) absorption line of acetylene periodically and at the same time it was
modulated sinusoidally at a higher frequency of 6 kHz. The second-harmonic of the
modulation signal (i.e., at 12 kHz) was detected by use of a lock-in amplifier. The output end
of the HC-1550-02 fiber was spliced to SMF with low fusion current to prevent the collapse
of air-holes [28]. The fusion duration and current was set to 0.2 s and 12.5 mA, and the offset
and overlap were 45 and 10 um, respectively. A micro-channel was drilled from aside of the
HC-PBF near the HC-PBF/SMF splicing joint by use of an 800 nm femtosecond laser. Instead
of fusion splicing, the input end of a 13 m HC-1550-02 sample is mechanically spliced to
SMF, with a gap between the ends of the SMF and HC-PBF. The gap serves as channel for
gas filling and the size of the gap is selected for optimal mode launch described in section 3.
The two connection joints were enclosed within two 10-cm-long tubes with diameter of 1 cm.
The input end of the tubes was connected to a high-pressure gas cylinder containing 982 ppm
acetylene balanced by N, while the other left open to atmosphere. The HC-PBF was firstly
filled with the 982 ppm acetylene with ~2.5 bar pressure for ~2 hours, and then depressurized
and sealed before taking measurements.
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Fig. 10. Second-harmonic outputs (signals) for modulation voltages of (a) 1 V and (b) 1.9 V
with wavenumber scanning across the absorption line. The black curves are the original lock-in
outputs and the red curves are the results after digital filtering. (Wavenumber (v) = 1/A)

The black lines in Fig. 10 show the second-harmonic lock-in outputs for two different
modulation voltages of 1 and 1.9 volts when the laser wavenumber was scanned across the
P(9) absorption line. The signal for 1.9 V (Fig. 10(b)) is bigger but fluctuates less as
compared with that for 1 V (Fig. 10(a)), indicating that the signal-to-noise ratio (SNR) can be
optimized by selecting proper modulation voltages. The base line in Fig. 10(b) is higher than
in Fig. 10(a), and that may result from the increased residual laser intensity modulation for
larger modulation voltage. At 1.9 V, the maximum second-harmonic amplitude and the base
line (i.e., mean value over the wavelength region away from the absorption line) are
respectively 5.5 and 0.7 V; and the standard deviation of the fluctuating signal away from the
absorption is 13.7 mV, giving a SNR of 350. The lower detection limit for a SNR of unity can
then be estimated to be 2.8 ppmv.

The etalon fringes have different spectral decomposition from the signal and the SNR
could be further improved by digital signal processing [26, 27]. We measured the second-
harmonic output signal with wavelength scanning when the HC-1550-02 fiber is free of
detection gas. By analyzing the frequency contents of the second-harmonic outputs with and
without detection gas, we found that they are quite different for this 13-m-long sample. The
higher frequency component, which is due to MI, was further reduced by applying digital
low-pass filtering after lock-in detection. Figures 10(a) and 10(b) are the original and filtered
signals for two different modulation voltages. The SNRs are improved by factors of 7 and 3
for the modulation voltages of 1 and 1.9 V, respectively. The lower detection limit for an SNR
of unity for 1.9 V modulation voltage is then estimated to be below 1 ppmv.

We also measured the second-harmonic output (standard deviation of the fluctuating noise
when the wavelength was scanned in the wavelength range away from the absorption peak)
for varying modulation voltage from 0.2 to 2.2 V. The result is shown in Fig. 11. The standard
deviation for 1.9 V is minimum and about 10 times lower than for 1 V.
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Fig. 12. Variation of second-harmonic output with time for the modulation voltage of 1.9 V.
The laser wavelength was not scanned by tuned to the peak of the absorption line.

In order to investigate the signal fluctuation (noise) with a stable wavelength, we also
recorded the second-harmonic output when the laser wavelength is tuned to the peak of the
gas signal shown in the Fig. 10(b), and the results are shown in Fig. 12. To reduce the
wavelength drift of the laser, an ultra-stable thermoelectric cooler controller was used to
maintain the temperature of the DFB laser with a long-term stability of better than 0.008 °C.
The time constant and slope of lock-in amplifier are set to 100 ms and 18 dB/oct, respectively.
This corresponds to ~0.94 Hz detection bandwidth. The standard deviation of second-
harmonic signal over a period of 1000 s is 5.5 mV, giving a SNR of 870. The low detection
limit for an SNR of unity is estimated to be 1.1 ppmv.

To better understand the effect of varying modulation amplitude on the second-harmonic
signal due to MI, we may analyze the second-harmonic interference signal with the theoretical
model shown in Fig. 13. At the input SMF/HC-PBF splice joint, both the fundamental and
higher order modes are excited, after propagating through the HC-PBF, they are combined
coherently at the output splice joint and cause fluctuation in the output signal intensity. For
simplicity, only one higher order mode is considered in the following.
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Fig. 13. Model for analyzing modal interference.

The light intensity in the output SMF may be expressed as
Imzl/ml = <E02ulpul > (1 1)

Eyp =kl exp(—r,aCL) cos(et —7,)) + [k, 1, exp(—r,acCL) cos(@(t ~7,)) (12)

where k, and k, represent respectively the fraction light intensities, r; and 1, the relative
sensitivity factors, and 7, and 7, the group delays of the fundamental and high order modes.

Iy is the input light intensity and ¢ is the (amplitude) absorption coefficient. r; and r, are
proportional to the percentage of light power located in the air-holes [29]. 7, and 7, are
L-n,  L-n

related to the fiber length and the group RI (n,, andn,,) by: 7, = T, = £ Fora
¢ c

higher order core mode, 7, =r, =1, and considering the facts that &k, >> &, and in the limit of

aCL — 0. Equation (11) may be approximated by

I output

~ k1, (142l , cos A7) (13)

where A7 =7, —7,. The second term in Eq. (13) is due to MI and denoted as Iy;.
Now, considering frequency (wavelength) modulation

w=0 + dwsin(@, 1) (14)

where @ is the frequency at the center and can be scanned by tuning the DFB laser
temperature, 0@ the amplitude of the frequency modulation and @, the modulation
frequency. We have

kILII =2\Jkk, cos{@rt +[dant]sin(em,n)} (15)
170
Equation (15) may be expanded into its harmonic components using

cos{@AT +[dan7]sin(w, 1)}

- 16
= J,(80AT) cos(@AT)— )" 4, sin(n,t +6,) (1

n=1

where 4, =2J, (0oAT)sin(@A7—6,) and 6, =0 forn=1,3,5, ..., 6, :% forn =2, 4, 6,
... The amplitude of the second harmonic due to MI can then be expressed as

Ly < |[J,(8@AT) cos(@AT)| (17)
From Fig. 6(b) it can be seen that the LP;; mode beating with the fundamental mode
dominates the MI for the 13 m long HC-1550-02 fiber sample. A7 between the LP;; and
fundamental modes for 13 m HC-1550-02 fiber is estimated to be ~0.433 ns. With 1.9 V
modulation amplitude, the wavelength modulation amplitude is ~118.4 pm corresponding to
OwAT = 41.27, which determined by using an edge filter as described in [30]. The second-
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harmonic noise shown in Fig. 11 as a function of dwA7 is re-drawn as the black line in Fig.
14. For comparison, the second-order Bessel function of the first kind as function of dwA7
was also calculated and shown as the red line in Fig. 14. The quasi “periodic” variation of the
noise with dwA7 agrees with that of the second-order Bessel function, but the envelopes
differ considerably from each other, probably due to the linear and non-linear residual
amplitude modulation [31, 32]. Further work is needed to fully understand the discrepancy.
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Fig. 14. Black line: the second-harmonic output (noise) calculated from the standard deviation
of the fluctuating noise when the wavelength was scanned in the wavelength range away from
the absorption peak, and red line: the second-order Bessel function of the first kind as function

of OWAT . The two curves are not in the same vertical scale.

5. Conclusion

We studied the effect of MI on the performance of HC-PBF gas sensors. The MI due to higher
order core modes and cladding modes can be reduced by using a longer length of HC-PBF
and the MI due to cladding modes was not observed for HC-PBF samples longer than 5 m.
The MI can also be reduced by optimizing mode launch and a mechanical splice with splice
gap of 100 pm reduces the MI considerably but with an acceptable insertion for the
fundamental mode. The effects of MI on the lower detection limit can be further reduced by
using WMS with appropriate modulation parameters and digital signal processing. With a 13-
m long HC-1550-02 sensing fiber and a combination of techniques mentioned above, we
achieved a lower detection limit of less than 1 ppmv acetylene.
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