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Abstract—Microwave photonic interrogation of a high-speed
and high-resolution multipoint refractive index (RI) sensor based
on an Au-coated tilted fiber grating (Au-TFBG) array is proposed
and experimentally demonstrated. Due to the surface plasmon
resonance (SPR), the optical spectrum of an Au-TFBG has a dip
in the spectral envelope. When an Au-TFBG is immersed in a
solution and the RI of the solution changes, the location of the dip
will shift, reflecting the change of the RI. For multipoint sensing,
an Au-TFBG array with the array elements located at different
locations is employed. However, due to the overlap of the spectra of
the Au-TFBGs in the array, the dips cannot be precisely located by
optical spectrum measurement. A solution is to convert the spectra
to the time domain based on spectral shaping and wavelength-to-
time (SS-WTT) mapping with the mapped temporal waveforms
separated by different time delays. By using a digital signal pro-
cessor (DSP), the sensing information can be extracted at a high
speed and high resolution. The proposed approach is evaluated
experimentally. Experimental results show that the sensor has high
RI accuracies of 3.1×10−5 , 2.5×10−5 and 2.6×10−5 refractive
index unit (RIU) and a fast sensing speed of 11.75 kHz.

Index Terms—Envelope detection, microwave photonics,
multipoint refractive index measurement, surface plasmonic
resonance, tilted fiber Bragg grating array.

I. INTRODUCTION

M EASUREMENTS of refractive index (RI) based on op-
tical fiber sensors could find enormous applications such

as biomedical detections [1], [2] and chemical analysis [3] due to
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their distinctive advantages such as compact size, remote sensing
ability, high resistance to erosion, immunity to electromagnetic
interference, and high tolerance to harsh environment [4]. In the
recent years, several single point optical fiber RI sensors using a
long period fiber grating (LPFG) [5], a tapered optical fiber [6], a
tilted fiber Bragg grating (TFBG) [7]–[9], a photonic crystal fiber
(PCF) [10], [11] and a D-shaped fiber [12] have been proposed
and experimentally demonstrated. For some applications such
as real-time environment monitoring, food processing and pack-
aging control, environment and contamination assessments, gas
detection, and the structure health monitoring [4] where multiple
points and quasi-distributed monitoring in a large range is highly
demanded, a single point optical fiber sensor cannot meet the
demand and a sensor that can provide a multipoint or quasi-
distributed monitoring ability is highly required. To achieve
multipoint or quasi-distributed sensing, a series of sensors are
placed at different locations to monitor the change of sensing
information. Recently, a quasi-distributed RI sensor based on
cascaded microfiber Fabry-Perot interferometers using wave-
length division multiplexing (WDM) method has been reported
[13]. For WDM technique, the most outstanding advantage is
its simplicity. However, to prevent crosstalk between different
sensor elements, the operating bandwidth of each sensor ele-
ment should be narrow to avoid spectrum overlap. Thus, for a
given overall bandwidth, the number of the sensor elements is
limited. Moreover, using an optical spectrum analyzer (OSA) to
scan the whole spectral range of the sensor array, the sensing
system always has a low sensing accuracy and a slow sensing
speed. On the other hand, a multipoint refractometer based on
frequency division multiplexing (FDM) has been reported [14].
Although the multiplexing capacity is significantly improved,
the complexity of the sensing system is increased since an
unbalanced interferometer is used to generate a random intensity
modulated reference signal. If the sensing information can be
converted from the optical spectral domain to the time domain,
the demodulation of the sensing information will become much
easier and the complexity of the sensing system will be highly
reduced.

Microwave photonics (MWP) [15], [16], a technique to gener-
ate and process microwave signals directly in the optical domain,
has been widely studied which can find applications such as
radars [17], communications [18] and modern instrumentation
[19], [20]. On the other hand, MWP techniques can also be
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employed to implement high-speed and high-resolution sensing,
to translate the sensing information from the spectral domain to
the time domain, which is particularly important for multipoint
or quasi-distributed optical fiber sensing. Instead of measuring
the spectra of a multipoint sensor array, the spectra of the sensor
array are converted to the time domain based on spectral shaping
and wavelength-to-time (SS-WTT) mapping [21]. By introduc-
ing different time delays between the sensor array elements, the
spectral information, which may overlap in the spectral domain,
are separated in the time domain. By using a digital signal
processor (DSP) to process the time-domain signals, the sensing
information can be demodulated.

In this paper, we propose and experimentally demonstrate
a multipoint fiber-optic RI sensor based on an Au-TFBG array,
which is interrogated based on an MWP technique, to translate
the spectra of the array elements to the time domain. The sensor
array consists of multiple distributed Au-TFBGs, in which the
spectra of the array elements are overlapped, and the use of
an optical spectral analyzer cannot demodulate the wavelength
shifting information. Based on SS-WTT mapping, the spectra
are mapped to the time domain. More importantly, the physical
distance between adjacent sensor elements is also mapped to
the time domain as a time delay difference, thus the mapped
temporal waveforms are temporally separated, which makes it
possible to interrogate the sensor elements even the spectra are
overlapped in the frequency domain. A detailed discussion on
the mapping of the physical distance between adjacent sensor
elements to a time delay difference is performed. An exper-
iment is then performed to evaluate the effectiveness of the
proposed interrogation approach. Experimental results show that
the proposed sensor can be effectively interrogated. For a sensor
array consisting of three Au-TFBGs, the sensing accuracies
are measured to be 3.1×10−5, 2.5×10−5 and 2.6×10−5 RIU
refractive index unit (RIU), and the sensing speed is as high as
11.75 kHz.

II. PRINCIPLE AND EXPERIMENTAL SETUP

The optical spectrum of an Au-TFBG has a comb like shape
resulted from multiple cladding modes. If an Au-TFBG is im-
mersed into a solution, due to the SPR effect, the Au-TFBG
spectrum will have an envelope with a dip in the envelope. When
the RI of the solution changes, the wavelength location of the dip
in the envelope will shift, reflecting the change of the ambient
RI. Due to the limited resolution of an OSA, the envelope cannot
be accurately extracted and the wavelength location of the dip
cannot be precisely measured in the optical domain. An effective
solution is to convert the Au-TFBG spectrum to the time domain.
Through envelop detection, the envelope with a dip is obtained,
and the locations of the dips in the envelopes of the time domain
waveforms indicate the sensing information of the Au-TFBG
array.

The experimental setup of the proposed multipoint RI sensor
is shown in Fig. 1(a). It consists of a Fourier domain mode-
locked (FDML) laser source [22], an SOA, an Au-TFBG array
consisting of three Au-TFBGs, a PD, a real-time oscilloscope,
and a DSP. The FDML laser source is used to provide a high-
speed and broadband frequency chirped optical pulse train. The
SOA is used to block some of the optical pulses in the pulse
train to reduce the repetition rate, as shown in Fig. 1(b). The
repetition-rate-reduced pulse train is directed to the Au-TFBG
sensor array. When the frequency chirped optical pulses are
launched to the three Au-TFBGs, the spectra of the pulses
are spectrally shaped and the sensing information is encoded.
To separate the three spectrally shaped optical pulses in the
time domain, three optical delay lines with different lengths are
inserted into the sensor array. A PD is then used to detect the
spectrally shaped optical pulses where wavelength-to-time map-
ping is implemented, and three temporal microwave waveforms
are generated. A real-time oscilloscope is employed to sample
the time domain signals and a DSP is used to demodulate the
sensing information at high speed and high resolution.

One important device in the sensing system is the FDML laser
source. It is a fiber ring laser with a tunable optical filter (TOF)
incorporated in the ring cavity to achieve Fourier-domain mode
locking. Since the TOF is driven by a sinusoidal function, a
chirped pulse with a positive chirp rate for the first half of the
pulse and a negative chirp rate for the last part of the pulse, each
having a time duration of T/2 is generated. Mathematically, the
relationship between the instantaneous wavelength and time of
a pulse from a FDML laser source can be expressed by

λ (t) =
Δλ

2
sin

(
2πft− π

2

)
+ λc (1)

where �λ, f, and λc are, respectively, the wavelength scanning
bandwidth, the repetition rate, and the central wavelength of a
pulse generated by the FDML laser source. T = 1/f is the period
of the pulse train.

The repetition rate of the generated pulse train is reduced
by the SOA which is modulated by a periodic gate signal. The
relationship between the instantaneous wavelength and time of
the frequency-chirped optical pulse at the output of the SOA can
be expressed by as in (2) shown at the bottom of the page, where
M is an integer representing the repetition rate reduction factor.

Then, the repetition-rate-reduced pulse train is split into three
paths and applied to the Au-TFBG sensor array, where the spec-
tra in the three paths are shaped by the Au-TFBGs. Normally, the
transmission spectrum of an Au-TFBG has a comb like shape
resulted from cladding modes due to the tilted nature of the
grating with a relatively flat intensity distribution. When the
Au-TFBG is immersed into a solution, due to the SPR effect, a
dip will be introduced to the envelope with the location of the
dip reflecting the sensing information. Mathematically,

λ (t) =

{
Δλ
2 sin

(
2πft− π

2

)
+ λc, nMT ≤ t ≤ nMT + T

2

none, nMT + T
2 < t < (n+ 1)MT

(2)
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Fig. 1. (a) Experimental setup of the proposed multipoint RI sensor. (b) The waveforms at different locations of the sensor.

the transmission spectrum of an Au-TFBG sensor with SPR
effect can be approximately expressed by

T (λ) ≈ SPR (λ) ·
[
1

2
+

1

2
cos

(
2πC

λ

)]
(3)

where the first term is the SPR envelope and the second term
describes the cladding mode distribution of the Au-TFBG spec-
trum with C a constant which is related to the wavelength spacing
of the cladding modes.

The instantaneous output power of the frequency chirped
optical pulse from the FDML laser can be considered constant,
which is denoted as P0. The instantaneous optical power at the
output of the Au-TFBG can be given

P (t) = P0 · SPR [λ (t)] ·
[
1

2
+

1

2
cos

(
2πC

λ (t)

)]
(4)

Three fiber delay lines incorporated in the sensor array are
used to separate the shaped pulses with different time delays.
The spectrally shaped, and time-delayed optical pulses are then
launched to a PD. Note that instead of using a dispersive element
to achieve wavelength-to-time mapping, since the optical pulse

generated by the FDML laser source is frequency chirped,
wavelength-to-time mapping is performed as the optical pulse is
detected at the PD. After SS-WTT mapping, the optical spectra
of the Au-TFBGs are mapped to the time domain and three
temporal microwave waveforms separated by different time
delays are generated at the output of the PD. The photocurrent
can be expressed by

in (t) = �P0 · SPRn [λ (t)] ·
[
1

2
+

1

2
cos

(
2πC

λ (t)

)]
(5)

where�denotes the responsivity of the PD, and n=1, 2, 3 stands
for the waveforms resulted from Au-TFBG1, Au-TFBG2 and
Au-TFBG3, respectively. A real-time oscilloscope is employed
to sample the temporal microwave waveforms and an envelope
detector consisting of a digital low-pass filter is used to extract
the envelopes from the three time-domain signals with different
time delays at a high-speed and high-resolution. The extracted
envelopes can be expressed by

i′n (t) =
1

2
�P0 · SPRn [λ (t)] (6)
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Fig. 2. The optical spectrum of the pulse generated by the FDML laser source.
The center wavelength is 1555 nm and the bandwidth is 45 nm.

By monitoring the time shifts of the dips in the extracted
envelopes, the sensing information is demodulated.

III. EXPERIMENTAL RESULTS

An experiment based on the experimental setup shown in
Fig. 1(a) is implemented. A broadband frequency chirped op-
tical pulse train with a repetition rate of 23.5 kHz, a spectral
bandwidth of 45 nm and a central wavelength of 1555 nm
generated by an FDML laser source is applied to an SOA via an
optical isolator. Fig. 2 shows the optical spectrum of the optical
pulse generated by the FDML laser source. A gate signal with
a repetition rate of 11.75 kHz (half of the repetition rate of the
FDML laser source) and a duty cycle of 25 percent generated
by a signal generator (SG) which is synchronized by the FDML
laser source is used to modulate the SOA. Thus, the repetition
rate of the optical pulse train is reduced by two times, which is
11.75 kHz.

The repetition-rate-reduced optical pulse train is split into
three paths and applied to the Au-TFBG array. As the optical
pulse is launched to an Au-TFBG, the spectrum is shaped and
the sensing information is encoded. To separate the spectrally
shaped pulses by different time delays, optical delay lines are
implemented. In the first path, the shaped pulse is applied to
the PD through a short pigtail with an approximately 0 μs time
delay. Meanwhile, a fiber delay line with a length of 4.5 km long
is inserted into the second path to introduce a 22.5μs delay, and a
second fiber delay line with a length of 9 km long is inserted into
the third path to introduce a 45 μs delay. At the output of the Au-
TFBG array, the spectrally shaped optical pulses are combined
and launched to a PD. Note that since the optical pulse of the
FDML laser source is frequency chirped, wavelength-to-time
(WTT) mapping is performed as the optical pulse is detected at
the PD. By detecting the spectrally shaped optical pulses, three
temporal microwave waveforms separated by two different time
delays of 22.5 μs and 45 μs are generated.

Fig. 3 shows the temporal microwave waveforms generated at
the output of a PD. As can be seen, through SS-WTT mapping,
the optical spectra of the Au-TFBG sensor array are mapped
to the time domain with different time delays and an SPR dip
can be found in each of the three envelopes of the microwave
waveforms.

Fig. 3. Temporal microwave waveforms generated at the output of the PD.

Fig. 4. The three temporal microwave waveforms resulted from (a) Au-
TFBG1, (b) Au-TFBG2, and (c) Au-TFBG3, after shaped by a Gaussian window.

The microwave waveforms are sampled by a real-time oscillo-
scope and then sent to a DSP, to extract the location information
of the dips. A Gaussian window is used to shape the sampled
microwave waveforms to highlight the dips in the envelopes.
Fig. 4(a), (b) and (c) shows the microwave waveforms after
Gaussian windowing.

Fast Fourier transforms (FFTs) are then applied to the shaped
microwave waveforms and three electrical spectra are acquired.
To extract the envelopes from the microwave waveforms, the
high frequency component of the microwave waveforms should
be filtered out. A digital low-pass filter with a Gaussian func-
tion is implemented. Through properly adjusting the central
frequency and the bandwidth of the low-pass filter, the high
frequency component is filtered out. After filtering out the high
frequency component, the microwave waveforms are recovered
by performing an inverse fast Fourier transform (IFFT) to three
filtered electrical spectra.
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Fig. 5. The three envelopes extracted from the shaped waveforms resulted
from (a) Au-TFBG1, (b) Au-TFBG2, and (c) Au-TFBG3.

Fig. 5(a), (b) and (c) shows the recovered microwave wave-
forms. As can be seen, the high frequency component of the
three microwaves is filtered out and the envelopes are extracted.
On the other hand, the recovered microwave waveforms agree
well to the envelopes of the shaped microwave waveforms that
shown in Fig. 4.

To evaluate the sensing performance of the proposed sensor,
an experiment is performed. We immerse the Au-TFBG sensor
array into a NaCl solution. By increasing the concentration of
NaCl solution, the RI value of the NaCl solution is increased
correspondingly and the changes of the envelopes extracted from
the shaped microwave waveforms are monitored.

Fig. 6(a), (b) and (c) shows the changes of the extracted
envelopes as the RI of the NaCl solutions is changed from 1.3325
to 1.3478. As can be seen that, when the RI of NaCl solutions
increases, the dips in the extracted envelopes are shifted to a
smaller time location. Then, the time shifts of the dip in the
envelopes are measured and the sensing information is demod-
ulated.

Fig. 7(a), (b) and (c) show the measured time shifts of the
dip in the extracted envelopes as the RI of the NaCl solutions is
changed from 1.3325 to 1.3478. As shown in the figures, the time
locations of the dips are shifted from 13.59 to 11.72 μs, 36.17
to 34.26 μs, and 61.25 to 57.83 μs. Considering the real-time
oscilloscope has a sampling rate of 6.25 GS/s, the RI resolutions
of the proposed sensor elements are calculated to be 1.34×10−6

RIU, 1.25×10−6 RIU and 7.50×10−7 RIU. These calculated RI
resolutions are very high for the most of practical applications.
Thus, the sampling rate can be reduced appropriately, and the
parallel processing technique can be adopted to achieve an
optimal sensing performance.

The stability of the proposed sensor is evaluated. In the ex-
periment, the Au-TFBG array is immersed into a NaCl solution

Fig. 6. The extracted envelopes when the ambient RI is changed from 1.3325
to 1.3478, (a) Au-TFBG1, (b) Au-TFBG2, and (c) Au-TFBG3.

Fig. 7. The time shifts of the dips in the extracted envelopes as the ambient
RI is changed from 1.3325 to 1.3478, (a) Au-TFBG1, (b) Au-TFBG2, and (c)
Au-TFBG3.

with an RI value of 1.3325 within 15 minutes and the time
shifts of the dips in the extracted envelopes are measured. The
number of the time shift measurement is 200. Fig. 8(a), (b) and
(c) show the measurement results. The maximum time shifts
within 15 minutes of the three sensor elements are 10.3 ns, 9.2
ns and 15.2 ns. The sensing accuracy is also evaluated. The
standard deviations of the three sensor elements are calculated
to be 3.7 ns, 3.2 ns and 5.7 ns, corresponding to a measurement
accuracy of 3.1×10−5 RIU, 2.5×10−5 RIU and 2.6×10−5 RIU.
The accuracy measurements are poorer than those calculated
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Fig. 8. The stability measurements of the sensor array with a measurement
number of 200 within 15 minutes when the ambient RI is 1.3325, (a) Au-TFBG1,
(b) Au-TFBG2, and (c) Au-TFBG3.

theoretically. The poorer sensing performance is mainly caused
by the small drifting of the center wavelength of the TOF in the
FDML laser source, which can be eliminated by performing a
real-time calibration to the laser source.

IV. CONCLUSION

We proposed and experimentally demonstrated a high-speed
and high-resolution multipoint RI sensing system based on
an Au-TFBG sensor array using MWP interrogation method.
The sensor array consists of three identical Au-TFBG sensors.
Since the optical spectra of the Au-TFBGs are overlapped,
the sensing information cannot be directly monitored in the
optical domain. In the experiment, we converted the optical
spectra of the Au-TFBG sensor array to the time domain based
on SS-WTT mapping and separated the time domain signals
with different time delays. A real-time oscilloscope was used to
sample the temporal microwave waveforms in the time domain
and a DSP was used to extract the envelopes at a high-speed and
high-resolution. The sensing performance and stability of the
proposed sensor were evaluated in the experiments by measuring
the time shifts of the dip in the extracted envelopes. The accuracy
measurements of the three sensor elements were 3.1×10−5 RIU,
2.5×10−5 RIU and 2.6×10−5 RIU and the sensing speed was as
high as 11.75 kHz.
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