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Abstract—Microwave photonics is a field that studies the inter-
action between microwave and optical waves for the generation,
transmission, processing, and measurements of microwave signals
by means of photonics, to take advantage of the high speed and
broad bandwidth offered by modern photonics. Microwave pho-
tonic sensors are one of the active sub-fields that uses microwave
photonic techniques to achieve high-speed and high-resolution
measurements. In this article, microwave photonic techniques for
optical sensing demonstrated in the past few years will be reviewed
including high-speed and high-resolution sensing based on hetero-
dyne beating of two optical wavelengths, the use of an optoelectronic
oscillator to translate the optical wavelength shift to a microwave
frequency change, and the use of wavelength-to-time mapping
to translate the sensing information from the optical wavelength
domain to the microwave frequency domain, to increase the in-
terrogation speed and resolution. The use of photonic integrated
circuits to achieve high-speed and high-resolution microwave pho-
tonic sensing will also be discussed.

Index Terms—Fiber Bragg grating, fiber optic sensors,
microwave photonics, optical heterodyne, optoelectronic oscillator,
wavelength-to-time mapping.

I. INTRODUCTION

IBER optic sensors have been heavily investigated for
F the last few decades and numerous techniques have been
proposed and demonstrated [1]. It is one of the few fields that
has been successfully employed for practical applications such
as civil structure health monitoring, biomedical sensing, and
quality and process control. In general, an optical sensor is
implemented to monitor the wavelength shift due to the change in
the environmental conditions, such as the temperature, strain, or
vibration. Fiber Bragg gratings (FBGs) have been widely used
as optical sensors thanks to the simplicity in implementation
due to the fiber nature of the devices which can be inherently
incorporated in a fiber-optic link for remote and distributed
sensing [2]-[4]. To monitor the wavelength shift, interrogation
techniques have been proposed, including directly monitoring
the optical spectrum from a sensor using an optical spectrum
analyzer (OSA) [2]. It is simple, but it is costly, and the speed
is limited, especially for high resolution sensing. The use of an
edge filter such as a fiber-optic interferometer [5], [6], to convert
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the wavelength or phase change to optical intensity change is
another approach that can provide fast interrogation, but the
power drifts of the light source or the poor stability of the edge
filter will affect the accuracy of the measurements [7], [8]. The
use of a fast-scanning optical filter can also realize high-speed
and high-resolution interrogation, but the wavelength scanning
range is usually limited, or the resolution is compromised if
a wider wavelength scanning range is needed [9]. To achieve
fast-speed and high-resolution interrogation, one solution is to
translate the optical wavelength shift from the optical domain
to a microwave frequency shift in the microwave domain, a
technique that is called microwave photonic interrogation [10],
[11]. In this article, optical sensing and interrogation techniques
developed in the last few years based on microwave photonics
will be reviewed, including heterodyne beating of two wave-
lengths to generate a microwave signal with its frequency being
a function of the sensing information, the use of an optoelec-
tronic oscillator to generate a microwave signal, to translate the
optical wavelength shift to the microwave frequency change,
and the use of wavelength-to-time (WTT) mapping to translate
the sensing information from the optical wavelength domain to
the microwave frequency domain, to increase the interrogation
speed and resolution. The use of photonic integrated circuits
to achieve high-speed and high-resolution microwave photonic
sensing will also be discussed.

II. OPTICAL SENSORS BASED ON A DUAL WAVELENGTH
LASER SOURCE

A dual wavelength laser source can be used to implement an
optical sensor that has high speed and high resolution. The fun-
damental concept is to use one wavelength to carry the sensing
information while the other wavelength as a reference that is kept
unchanged. By beating the two wavelengths at a photodetector
(PD), a microwave signal with its frequency change reflecting
the wavelength change of the sensing wavelength is generated
[11]. By measuring the frequency of the beat signal, the sensing
information is obtained at a high speed with high resolution.

Assume that the two wavelengths generated by a dual wave-
length laser are given by

El(t) = E01 COS (w1t+¢1) (1)

and

E2 (t) = E02 COS ((.L)Qt + gf)g) (2)

where Fy1, Fo are the amplitude terms and ¢1, ¢4 are the phase
terms of the two wavelengths. When the two wavelengths are
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Fig. 1. (a) dual-wavelength DBR laser for high-speed and high-resolution
sensing. (b) Beat signal generation and its measurement [12].

applied to a PD, considering the limited bandwidth of the PD, a
beat signal with the frequency corresponding to the wavelength
difference between the two wavelengths is generated,

irp = Acos (w1 —wa)t+ (1 — ¢2)] 3

where A is a constant which is determined by E;, Ey2 and the
responsivity of the PD. As can be seen, a shift in one wavelength
would lead to the change in the beat frequency. For example, at
the 1550 nm window, if the wavelength shift is 0.1 pm, the beat
frequency will have a change of 12.5 MHz, which can be easily
and precisely measured by a digital signal processor (DSP).

A dual-wavelength laser can be implemented using fiber op-
tics. Figure 1(a) shows a dual-wavelength DBR fiber laser with
two matched FBGs inscribed in a rare-earth-doped polarization-
maintaining (PM) fiber [12]. By controlling the spacing between
the two FBGs to make the free spectral range (FSR) greater
than the bandwidth of the FBGs, a single longitudinal mode
will be supported in the laser cavity, thus mode hoping that is
detrimental to the stability of the lasing operation is eliminated.
Thanks to the use of a PM fiber, two orthogonal polarization
modes are supported with the wavelength spacing determined
by the birefringence of the PM fiber. The use of the birefringence
of an optical fiber in a laser cavity to generate two orthogonally
polarized wavelengths with a wavelength spacing depending on
the birefringence has been employed for optical sensing and the
approach is known as polarimetric sensing [13], [14]. Compared
with the mode hoping between longitudinal modes, the competi-
tion between the two polarization modes is much weaker due to
polarization-burning-hole effect [15]. As a result, a beat signal
with its frequency corresponding to the two polarization modes
is generated, which is used to measure the external perturbations.

Assume that the DBR laser operates in single-longitudinal
mode with two orthogonally polarized modes, the two lasing
wavelengths can be expressed by
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Fig. 2. The beat-frequency change as a function of the applied lateral force
for three different DBR lasers [12].

where n; , is the effective refractive indices of the two polar-
ization modes corresponding to the two orthogonal polarization
directions, L. is the effective cavity length, and M is the order
of the longitudinal mode.

By using a polarizer to project the two orthogonally polarized
modes to a same polarization direction and applying the two
assigned modes to a PD, as shown in Fig. 1(b), a beat signal is
generated. The beat frequency is given by

C

fb:fszy: B (5)

nokio

where ny is the average refractive index of the fiber X is the
Bragg wavelength of the FBGs, and B = |n, — n,| is the fiber
birefringence.

The use of the DBR laser for lateral force sensing was per-
formed. The lateral force and the beat frequency change has
a linear relationship. Fig. 2 shows the beat-frequency change
as a function of the applied lateral force for three different
DBR lasers. As can be seen that the highest sensitivity is 2.28
MHz/MPa. The resolution is determined by the spectral width
of the generated microwave signal. In the experiment [12], the
3-dB bandwidth of the generated microwave signal is 2 kHz,
corresponding a very high sensing resolution of 9 kPa.

Similar approach using a dual wavelength DBR laser for
temperature and strain sensing was also reported [16]. A strain
sensitivity of 0.15 pm/ue over a range of 0-2400 e and a
temperature sensitivity of 14.3 pm/ °C over a range of 2 -230 °C
were demonstrated.

An integrated intra-laser-cavity microparticle sensor based
on a dual-wavelength distributed-feedback channel waveguide
laser in a ytterbium-doped amorphous aluminum oxide on a
silicon substrate was also demonstrated [17]. Fig. 3 shows the ex-
perimental setup for microparticle sensing. The laser has a Bragg
grating in the cavity with two localized quarter wavelength phase
shifts, to introduce two resonances that form two longitudinal
lasing modes. The wavelength spacing between the two lasing
modes is changed due to the particle-induced scattering of laser
power, making the population inversion increase, which makes
the temperature and refractive index of the waveguide decrease,
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Fig. 4. (a) linearly chirped optical waveform generated by a DFB laser is sent
two LCFBGs, to generate two time-delayed linearly chirped optical waveforms.
A beat signal between the two time-delayed linearly chirped optical waveforms
is generated at the output of the PD. (b) Frequency relationship between the two
time-delayed linearly chirped optical waveforms and the corresponding beat
frequency [18].

thereby altering the thermal chirp of the Bragg grating in the laser
cavity, leading to the change in the frequency spacing between
the two lasing modes. The results showed that real-time detection
and accurate size measurement of single micro-particles with
diameters ranging between 1 and 20 um were achieved.
Instead of using two single-frequency optical wavelengths
to beat to generate a microwave signal, high-speed and high-
resolution sensing can also be realized by beating two time-
delayed linearly frequency-modulated (or chirped) optical wave-
forms (LFMOW) [18]. As shown in Fig. 4(a), a linearly chirped
optical waveform generated by a frequency-modulated laser
diode (D) is launched into a linearly chirped FBG (LCFBG)
pair consisting of two identical LCFBGs with one serving as
a sensing LCFBG and the other as a reference LCFBG. The
reflection from the two LCFBGs would lead to two time-
delayed linearly chirped optical waveforms. By beating the
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time-delayed chirped waveforms at a PD, a microwave signal
with its beat frequency that is proportional to the time delay
difference between the two time-delayed chirped waveforms
is generated. By measuring the frequency change of the beat
signal, the sensing information is measured [18]. This technique,
also called dechirping, has been employed in radar systems for
target detection [19]. Fig. 4(b) shows the relationship between
two time-delayed linearly chirped optical waveforms. As can be
seen the frequency difference between the two waveforms is a
function of the time delay. By measuring the beat frequency, the
time delay is measured.

For areference waveform, the instantaneous optical frequency
w1 (t) is given by

wi1(t) = wo + at 6)

where wy is the angular frequency at the start of a period of the
waveform, and « is the chirp rate.

The optical field of the reference waveform E;(f) can be
written as

Ey(t) = Ajexp {j (wot + %atz + <po>} (7

where A; is the amplitude and ¢, is the initial phase of the
reference waveform.

Similarly, the optical frequency and the optical field of the
time-delayed sensing waveform can be written as

we (t,7) =wo+a(t—7) ®)

By (t) = Agexp {j [wo (t—7) + %a(t —7)+ @0} } 9)

where A, is the amplitude of the sensing waveform, and 7 is
the time delay difference between the two waveforms, given by,
T=2NcfsL /¢, where Lis the distance between the two LCFBGs,
ney s is the refractive index of the fiber, ¢ is the velocity of light in
vacuum. When these two waveforms are applied to a high-speed
PD, a beat signal is generated, given by

i(t,7) = R|Ey (t) + B2 (t,7)|?

1
=R |I; + 15+ 2+/1115 cos (om't + woT — 20(72)}
(10)

where /; and /- are the intensities of the reference and sensing
signals, respectively, and R is the responsivity of the PD. As can
be seen the beat frequency is a7, which is proportional to the
time delay. By measuring the beat frequency, the time delay is
measured.

This technique is classified in the category of heterodyne beat-
ing since the sensing information is obtained by measuring the
beat frequency between two time-delayed chirped waveforms.
The advantage of this approach compared with the use of a dual
wavelength laser source is its high stability. The stability of a
dual wavelength laser is usually poor due to mode competition.
This problem is fully solved by beating two time delayed linearly
chirped optical waveforms.
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III. OPTICAL SENSORS BASED ON AN
OPTOELECTRONIC OSCILLATOR

The wavelength change of an optical sensor can also be trans-
lated to microwave frequency change using an optoelectronic
oscillator (OEO) [20]. An OEO is a hybrid optical and electronic
system that consists of a hybrid amplified feedback loop. Thanks
to the use of a long fiber delay line in the loop, the Q factor
can be controlled large, which would lead to the generation
of a microwave signal with an ultra-low phase noise. An OEO
with an ultra-low phase noise can find important applications in
communications, radar and instrumentation. This was the orig-
inal motivation of proposing and implementing of an oscillator
using a high Q factor hybrid optoelectronic loop for low phase
noise microwave generation. For sensing applications, however,
the high Q factor is not a major concern, instead, the stability
of microwave generation and the sensitivity of the oscillation
frequency to environmental change are the primary concerns.

In general, the oscillation frequency is determined by the
center frequency of an optical filter in the hybrid loop. If the
wavelength of the optical filter is changing due to the change
in the environmental conditions, then the microwave frequency
is also changing. By monitoring the microwave frequency, the
sensing information is measured. Thus, an optical filter that
is sensitive to environmental changes is a critically important
device in a sensing OEO. For example, a phase-shifted FBG
(PS-FBG) can be used as an optical filter, which can be used for
distributed sensing. An integrated ring resonator can also be used
as an optical filter, which is particularly useful for microparticle
sensing due to the ultra-small size in nature. In the last few years,
the use of an OEO for high speed and high-resolution sensing has
been well studied and numerous techniques have been reported.
In the following, two OEO based sensors that were implemented
for strain sensing and for temperature-insensitive lateral force
sensing will be discussed.

A high-speed and high-resolution strain sensor based on a
tunable OEO employing a phase-shifted FBG (PS-FBG) is
shown in Fig. 5(a) [21]. The system consists of a laser diode
(LD), a polarization controller (PC), a phase modulator (PM), a
PS-FBG, and a PD. A light wave generated by the LD is sent to
the PM via the PC. The PC is used to minimize the polarization
dependent loss. The phase-modulated light wave is sent to the
PS-FBG through an optical circulator (OC) and the reflected
optical signal is sent to the PD where a microwave signal is gen-
erated. After electronic amplification by an electronic amplifier
(EA), the microwave signal at the output of the PD is split into
two paths, with one sent to the PM to close the OEO loop and
the other sent to a DSP for frequency measurement. Once the
loop gain is greater than the loop loss, microwave oscillation
will start and a microwave signal with the frequency determined
by the center frequency of an equivalent microwave bandpass
filter (MBPF) is generated.

The MBPF is implemented by the joint operation of the PM,
the PS-FBG, and the PD. As can be seen from Fig. 5(b), one
first-order sideband of the phase-modulated optical signal is
filtered out by the notch of the PS-FBG. Thus, the phase modu-
lated optical signal is converted to an intensity-modulated optical
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Fig. 5. (a) strain sensor based on an OEO employing a PS-FBG. (b) An
equivalent microwave bandpass filter in the OEO [21].

signal, and a MBPF is implemented based on phase-modulation
to intensity-modulation (PM-IM). The bandwidth of the MBPF
is determined by the notch width of the PS-FBG, which is usually
a few tens of MHz. As shown in Fig. 5(b), when the PS-FBG is
stretched, the notch wavelength is shifted due to the variation of
the grating pitch. As a result, the central frequency of the MBPF
is correspondingly shifted. The OEO system would translate the
optical wavelength change to a microwave frequency change,
and the optical-domain measurement is translated to an electri-
cal spectrum measurement, ensuring a significantly increased
measurement speed and resolution. In addition, the use of an
oscillatory scheme has also a positive impact on the signal-to-
noise ratio (SNR) performance, making the measurement more
accurate.

Fig. 6(a) shows the frequency response of the MBPF, which
was implemented based on PM-IM in a PS-FBG. The PS-FBG
has a bandwidth (full-width at half-maximum or FWHM) of
about 30 MHz. Thus, the bandwidth of the MBPF is about 30
MHz. The PS-FBG was fabricated by introducing a phase shift to
auniform FBG during the fabrication process. The PS-FBG was
incorporated in the OEO and it was mounted on a piezo-actuated
stage for strain measurement. When the OEO loop was closed
and the gain is greater than the loss, a microwave signal with a
frequency of 10 GHz and a 70-dB sidemode suppression ratio
was generated, as shown in Fig. 6(b). The 70-dB sidemode
suppression ratio is related to the SNR of the wavelength in-
terrogation scheme, well beyond the achievable values by any
other techniques. The phase noise performance of the generated
10-GHz microwave signals is shown in Fig. 6(c). At 10 kHz
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Fig. 6. (a) Frequency response of the microwave bandpass filter. The 3-dB
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from the OEO. (c) Phase noise measurement of the microwave signal [21].

offset, the phase noise is -105 dBc/Hz, confirming the high phase
noise performance of an OEO. Note that multiple peaks are
observed at offset frequencies equal or greater than 450 kHz.
This value corresponds to the longitudinal mode spacing of
the OEO. A shorter OEO loop would make the mode spacing
greater, but with poorer phase noise performance. When the
notch wavelength of the PS-FBG is shifted, the frequency of the
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generated microwave signal is then shifted accordingly and can
be easily measured using a DSP. Fig. 7(a) shows the measured
frequency response of the MBPF for different applied axial
strains. The spectra of the generated microwave signals at the
OEO output corresponding to the different applied strains are
shown in Fig. 7(b). The frequency of the generated microwave
signal is shifted from about 7 to 17 GHz. The frequency range
can be wider if wider bandwidth components are used. The
measurements confirm the expected linear relationship between
the applied strain and the frequency of the generated microwave
signal, as shown in Fig. 7(c).
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To make the sensor for lateral force sensing that is insensitive
to temperature changes, a transverse load is applied to the PS-
FBG to introduce a birefringence, to create two orthogonally
polarized notches, which would lead to the generation of two
microwave signals at two different frequencies. By beating two
microwave frequencies, a third frequency is generated. Since the
two microwave frequencies are experiencing the same frequency
shift due to temperature change, the third frequency is insensitive
to temperature change.

The configuration of an OEO sensor for lateral force sensing
that is insensitive to temperature changes is shown in Fig. 8(a)
[22]. As can be seen a light wave generated by a laser source
is sent to a polarization modulator (PolM) via a polarization
controller (PC1). The PolM is a special phase modulator that
supports phase modulation along the orthogonal principal axes
with complementary phase modulation indices. For simplicity,
here we assume that the incident light is aligned with one of
the principal axes and thus the PolM is operating as a regular
PM. The phase-modulated signal is then sent to the PS-FBG
through an OC. One sideband of the phase-modulated signal is
removed by the notch of the polarization-maintaining PS-FBG,
and the phase-modulated signal is converted to a single-sideband
intensity-modulated signal and is detected at a PD. The detected
electrical signal is sent back to the PM after amplification by an
EA, to close the OEO loop.

When the loop gain is greater than the loop loss, the OEO
will start to oscillate, and two microwave signals at different fre-
quencies are generated. The beating between the two microwave
signals would generate a third microwave signal (a beat signal)
with its frequency being a function of the birefringence. Thus,
by measuring the beat frequency, the transverse load applied to
the PS-FBG can be measured. Since the two frequencies are
experiencing the same temperature change, the third frequency
is temperature insensitive.

As shown in Fig. 8(a), when a linearly polarized incident
light with an angle of 45° relative to one principal axis of the
PolM is sent to the PolM, the light is equally projected to the
two orthogonal polarization axes, thus a microwave photonic
filter having dual passbands with a band separation of 6 GHz is
generated. Fig. 8(b) shows the passband of the microwave pho-
tonic filter along the horizontal or vertical polarization direction,
measured by aligning the incident light having an angle of 0° or
90° relative to one principal axis of the PolM. Fig. 8(c) shows
the filter frequency response when the incident light having an
angle of 45° relative to one principal axis of the PoIM. A dual
pass band filter is realized. When the OEO loop is closed, two
microwave signals at two frequencies determined by the two
passbands are generated.

Note that due to the nonlinearity of the PolM, a third signal
that is the beat note between the two microwave signals is
generated, as shown in Fig. 9(a). The frequency of the beat
note is directly associated with the birefringence introduced
by the transverse load to the PS-FBG. Thus, by measuring
the beat frequency, the transverse load is measured. By using
the typical values of a silica fiber, we have the relationship
between the transverse load the beat frequency, which is given
by dv/dF ~ —9.9GHz/(N/mm).

3631

loader v
steel block ‘ LX (a)
supporting
grating fiber
: r PM-PS-FBG
glass pIateV
O+ Polm
Laser/\[O o
PC1
ESA [e---------
20
o)
S
c
'S ot
O
o
o
(@)
—-20
c
o
o
O
-40 ‘ ‘ ‘
8 12 16
Frequency (GHz)
20
g ()
=
O
Q.
o
o
—1 o0t
c
[0
[oR
@)
-40 ‘ ‘ ‘
8 12 16
Frequency (GHz)
Fig. 8. (a) Schematic of the temperature-insensitive transverse load sensor

based on a dual-frequency OEO employing a polarization-maintaining PS-FBG.
PoIM: polarization modulator; PC: polarization controller; PD: photodetector;
EA: electrical amplifier; ESA: electrical spectrum analyzer. (b) Single passband
photonic microwave filter when the incident light is alighted with an angle of 0°
or 90° relative to one principal axis (horizontal or vertical) of the PolM. (c) Dual
passband photonic microwave filter when the incident light is alighted with an
angle of 45° relative to one principal axis of the PoIM [22].

Then, a transverse load is applied to the polarization-
maintaining PS-FBG. To ensure the system reaches to its highest
sensitivity and to have a good linearity between the transverse
load and the beat frequency, in the experiment the transverse load
is applied to the PS-FBG along the fast axis. A supporting fiber
with an identical radius is placed in parallel with the polarization-
maintaining PS-FBG to make the load being applied to the
PS-FBG transversely, while sharing half of the applied load. By
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increasing the load applied to the polarization-maintaining PS-
FBG, the beating frequency is shifted linearly towards a smaller
frequency, as shown in Fig. 9(b). The spectrum of the beat signal
is measured by an electrical spectrum analyzer (ESA) (Agilent
E4448A), with the spectrum shown in the inset of Fig. 9(b). The
slope through linear fitting is -9.73 GHz/(N/mm) which agrees
well with the theoretical value of 9.9 GHz/ (N/mm).

By using two independent PS-FBGs, with one as a sensor and
the other as a reference, temperature insensitive sensing can also
be implemented [23].

The concept was then extended with the light source imple-
mented by a dual wavelength fiber ring laser with improved
lasing stability through the use of an injection coupled OEO [24].
The application to transverse load sensing was evaluated. The
OEO-coupled dual-wavelength laser has two mutually coupled
loops, the fiber ring loop and the OEO loop. In the fiber ring
loop, a polarization-maintaining PS-FBG was incorporated to
generate two optical wavelengths with the wavelength spacing
determined by the birefringence of the PM fiber. In the OEO
loop, a microwave signal with its frequency also determined by
the birefringence of the PM fiber is generated, which is fed into
the fiber ring loop to injection lock the dual wavelengths. Due to
the injection locking, a very stable dual-wavelength operation is
established. The use of the dual wavelengths for high-resolution
and high-speed transverse load sensing was implemented. The
sensitivity of the transverse load sensor is measured as high
as -9.735 GHz/ (N/mm) and +9.754 GHz/ (N/mm), along the
fast and slow axes, respectively. The high frequency purity and
stability of the generated microwave signal permits very reliable
and high accuracy measurement and the microwave frequency
interrogation allows the system to operate at an ultra-high speed.
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MZM: Mach—Zehnder modulator. DCF: dispersion compensating fiber. EDFA:
erbium-doped fiber amplifier. PD: photodetector. EA: electrical amplifier. ESA:
electrical spectrum analyzer [25].

Instead of using an ultra-narrowband optical filter to imple-
ment a MBPF, an OEO-based sensor can also be implemented
using a sliced broadband light source [25]. The joint operation
of a sliced broadband light source, a Mach-Zehnder interfer-
ometer (MZI), a dispersion compensating fiber (DCF), and a
PD corresponds to a single passband MBPF [26], as shown in
Fig. 10(a) with the spectrum of the sliced light source in (b) and
the spectral response of the single passband MBPF in (c). If one
arm of the MZI is used as a sensing arm which is exposed to the
temperature variations and the other arm is used as a reference
arm, when the temperature is changed, the length difference
between the two arms is changed, which leads to the change
in the free spectral range (FSR) of the MZI. Since the central
frequency of the MBPF is a function of the FSR, the oscillation
frequency of the OEO is affected by the temperature variations.
By measuring the frequency change, the temperature change
to the sensing arm is estimated. High sensitivity temperature
sensing with a sensitivity of 3.7 MHz/°C was experimentally
demonstrated [25].

IV. OPTICAL SENSORS BASED ON SPECTRUM SHAPING AND
WAVELENGTH-TO-TIME MAPPING

An optical sensor with increased speed and resolution can
also be implemented based on optical spectral-shaping and
frequency-to-time (SS-WTT) mapping [27], to translate the opti-
cal spectrum measurement to the microwave frequency measure-
ment [28], [29]. In addition, through pulse compression, the SNR
can also be significantly improved [30], which would increase
the measurement accuracy, especially the sensing information
is embedded in strong noise.

Optical wavelength-to-time mapping can be performed by
using a dispersive element, as shown in Fig. 11. If a dispersive
element is a length of fiber with a value of dispersion of ®, for an
input pulse g(t) with a temporal width of At, the signal at the
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Fig. 11. Wavelength-to-time mapping in a dispersive element.

output of the dispersive element without considering the fiber
loss is given [26]

g (t) * exp (,7;21)) = /ZQ(T) X exp

—e (i) < [atmxew (i)
o3 (4] i

~ exp (jzt;) X /Zg(T) X exp [—j (;) 7':| dr

t2
exp (a2 ) % Gl

o]

_(t—T)2
1798

y(t) dr

(1)

where G (w) is the Fourier transform of g(t).

As can be seen the envelope of the output signal is proportional
to the Fourier transform of the input signal envelope. Note that
(11) is obtained if the duration of the input ultrashort pulse,
Atg, and the dispersion P of the dispersive element satisfy the
condition given by

<<1 (12)

‘ Aty?
29

which means that the phase term 27—; in (11) satisfies % <

A;—g << 1, thus we have exp(j%) ~ 1,and y(t) ~ G(é)
Since the pulse compression ratio is determined by the time
bandwidth product (TBWP) of a microwave waveform, the mi-
crowave waveform should have a large TBWP. A linearly chirp
microwave waveform [31] or a random microwave waveform
[32] can have a large TBWP. A linearly chirped microwave
waveform can be generated optically based SS-WTT mapping
in which a spectral shaper with a wavelength dependent FSR
that is increasing or decreasing with wavelength is needed.
Fig. 12 shows an optical sensor implemented based on SS-
WTT mapping [28]. An LCFBG is incorporated in one arm of
a Mach-Zehnder interferometer (MZI). Due to the wavelength
dependent nature of the length of the arm with the incorporated
LCFBG, the MZI would have a spectral response with an in-
creasing or decreasing FSR. An ultra-short optical pulse with
a wide spectrum from a mode-locked laser source is spectrally
shaped by the MZI to generate a spectrum with the shape iden-
tical to the spectral response of the MZI. The spectrally shaped
spectrum is then mapped to the temporal domain by a dispersive
element, such as a dispersion compensating fiber (DCF) or an
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Fig. 12.  An optical sensor system based on SS-WTT mapping. MLL: Mode-
locked laser; LCFBG: linearly chirped fiber Bragg grating; DL: delay line; DCF:
dispersion compensating fiber; PD: photodetector; OTF: optical tunable filter
[28].

LCFBG. Due to the linear frequency-to-time mapping, a linearly
chirped microwave waveform with a temporal shape identical to
the shape of the spectrally shaped spectrum is generated. The
chirped waveform is detected by a PD and then sent to a DSP to
perform pulse compression.

It is known that a chirped waveform can be compressed if
it is sent to a correlator or matched filter in which a reference
waveform identical to the chirped waveform is used. The key sig-
nificance of performing pulse compression is that the wavelength
shift is estimated by measuring the location of the correlation
peak, with both improved resolution and SNR. The correlation
is implemented in the DSP by building a reference microwave
waveform, which is linearly chirped with a chirp rate identical
to that of the generated chirped microwave waveform, but with
an instantaneous frequency extending from the smallest to the
largest possible values corresponding to the generated chirped
microwave waveform when the LCFBG is experiencing the
largest and the smallest wavelength shift. Therefore, the location
of the correlation peak would precisely indicate the wavelength
shift.

The concept was evaluated by an experiment with the results
shown in Fig. 13. A microwave waveform with a chirp rate of
-0.068 GHz/ps for t+ < 0 and 0.068 GHz/ps for ¢ > 0 is built
as a reference microwave waveform, as shown in Fig. 13(a).
Fig. 13(b), (c) and (d) shows three linearly chirped microwave
waveforms corresponding to three strains of 71.5 pe, 406.9
e, and 484.2 pe applied to the LCFBG, respectively. The
correlation of the three linearly chirped microwave waveforms
with the reference microwave waveform is shown in Fig. 13(e).
The waveforms are highly compressed. The locations of the three
peaks indicate the wavelength shifts of the LCFBG are 0.087 nm,
0.495 nm, and 0.589 nm, corresponding to three different strains
of 71.5 pe, 406.9 pe, and 484.2 e, respectively.

The system could also be modified to have the ability to
simultaneously measure the temperature and strain by replacing
the single-mode LCFBG to a high-birefringence LCFBG (Hi-Bi
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Fig.13.  (a) Reference microwave waveform. (b) Measured chirped microwave
waveform when a strain of 71.5 pe is applied to the LCFBG. (c) Measured
chirped microwave waveform when a strain of 406.9 p.¢ is applied to the LCFBG.
(d) Measured chirped microwave waveform when a strain of 484.2 pie is applied
to the LCFBG. (e) Correlation results for the detected microwave waveforms as
show in (b), (c) and (d). (f) The measured strain vs the peak position. The circles
are the experimental data, and the solid curve is linear fitting of the experimental
data [28].
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Fig. 14.  Schematic of a Hi-Fi LCFBG sensor interrogation system for simulta-

neous interrogation of temperature and strain. DL: delay line; PBS: polarization
beam splitter; DCF: dispersion compensating fiber; IMG: index matching gel;
OTF: optical tunable filter; PC: polarization controller [29].

LCFBG), as shownin Fig. 14 [29]. The strain and temperature in-
formation are encoded in the Hi-Bi LCFBG as Bragg wavelength
shifts along the two orthogonal axes. Due to the birefringence
in the Hi-Bi LCFBG, the MZI has two spectral responses along
the fast and slow axes with each having an increasing FSR. The
spectrum of an ultra-short optical pulse is spectrally shaped by
the MZI. Two spectrum-shaped signals are obtained at the output
of the MZI which are mapped to two chirped microwave wave-
forms by a DCF. Again, by pulse compression, two correlation
peaks with the locations containing the strain and temperature
information are obtained.

The concept was evaluated in which simultaneous tempera-
ture and strain measurements were made. Fig. 15(a) shows the
reference microwave waveform, and Fig. 15(b) and (c) shows
two linearly chirped microwave waveforms corresponding to
the two polarization directions of the ultrashort pulses aligned
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Fig. 15. Experimental results. (a) The reference microwave waveform. A lin-
early chirped microwave waveform corresponding to the polarization directions
of the ultrashort pulse aligned with (b) the fast axis and (c) the slow axis, when
a strain of 50 pe is applied to the LCFBG at 25 °C. (d) Correlation of the
waveforms in (b) and (c) with the reference waveform. (e) Correlation peak
position vs temperature for a given strain of 50 pe. (f) Correlation peak position
vs applied strain for a temperature of 60°C. The triangles and circles indicate the
experimental data corresponding to the polarization directions of the ultrashort
pulse aligned with the fast axis and slow axis, respectively [29].
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based on phase modulation to intensity modulation conversion. LD: laser diode;
PC: polarization controller; PM: phase modulator; PD: photo detector; AWG:
arbitrary waveform generator; DSP: digital signal processor [42].



YAO: MICROWAVE PHOTONIC SENSORS

with the fast and slow axes of the Hi-Bi LCFBG, respectively,
when the strain is 50 pe and the temperature is 25°C. The
correlation of the two linearly chirped microwave waveforms
with the reference microwave waveform given in Fig. 15(a) is
shown in Fig. 15(d). It can be seen the microwave waveforms are
significantly compressed. The locations of the two correlation
peaks indicate the wavelength shifts of the Hi-Bi LCFBG and the
phase difference due to the birefringence of the Hi-Bi fiber. In
the experiment, the relationship between the strain, temperature
and the correlation peak positions was evaluated, which is shown
in Fig. 15(e) and (f).

Note that if a dispersive element has higher order dispersion,
the use of the linear wavelength-to-time mapping relationship
in (11) would lead to errors and has to be modified. In [33],
wavelength-to-time mapping incorporating higher order disper-
sion for high-speed and high-resolution sensing was proposed
and studied.

The use of the concept of optical WTT mapping to convert the
spectrum of an FBG filtered by two Gaussian filters to perform
high-speed and high-resolution sensing was also reported and
demonstrated [34]. The spectrums of the FBG after being filtered
by the two Gaussian filters were converted to the time domain
via WTT mapping. By comparing the temporal waveforms
corresponding to the outputs from the two Gaussian filters, the
wavelength shifting information of the FBG was retrieved.

Instead of using a linearly chirped microwave waveform to
achieve pulse compression, the use of a random microwave
waveform can also achieve effective pulse compression. Re-
cently, a technique to use a random grating serving as a spectral
shaper to generate a random microwave waveform based on
SS-WTT mapping for high-speed and high-resolution sensing
was reported [35]. The experimental results showed that the
sensing resolutions for temperature and strain were 0.23°C and
2.5 pe, respectively, and the accuracies for temperature and
strain are 0.11°C and 1.2 pe, respectively. One added advantage
of this approach is that multiple random gratings can be cascaded
for remote and distributed sensing. Since each random grating
has its unique random spectrum, through pulse compression,
a correlation peak representing a specific random grating at a
specific location is generated [36].

V. INTEGRATED MICROWAVE PHOTONIC SENSORS

Silicon photonic devices implemented on a silicon-on-
insulator (SOI) platform have a high potential for optical sensing
owing to their high sensitivity to refractive index (RI) changes,
which is very useful for chemical diagnostics and label-free
biosensing since the presence of micro or nano particles on
the devices can be detected through measuring the resonant
wavelength changes [37]. Numerous SOI-based sensors, such
as nanocavity sensors [38], microring resonator sensors [39],
microdisk resonator sensors [40], and waveguide Bragg grating
sensors [41], have been reported. However, the sensing informa-
tion encoded in these sensors is obtained through direct wave-
length shift measurement by an OSA. Due low interrogation
speed and the poor resolution of an OSA, the performance
including sensing speed and resolution is limited. A solution
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Fig.17.  (a) SEM micrographs of an MDR (with the left picture taken vertically,
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view of the gap); (b) normalized transmission spectrum of the fabricated MDR
with air cladding; (c) zoom-in view of the TEg mode resonance of the MDR
with air cladding [42].

is to use microwave photonics techniques to convert the optical
spectrum information to the electrical domain, to measure the
microwave spectrum using a DSP.

In [42], a high-speed and high-resolution silicon photonic
microdisk resonator (MDR) sensor based on microwave pho-
tonic filtering and advanced signal processing was proposed.
Fig. 16(a) shows the system configuration. The system consists
of a laser diode (LD), a PM, an MDR, and a PD. The integrated
MDR with a high Q factor is used as an optical notch filter
to filter out one of the sidebands, as shown in Fig. 16(b). The
SEM micrographs of the MDR and its transmission spectrum are
shown in Fig. 17(a) and (b), respectively. Thanks to the PM-IM
conversion in the MDR, a phase-modulated optical signal is
converted to an intensity-modulated optical signal, and the entire
system is equivalent to a microwave photonic filter with the
center frequency of its passband determined by the wavelength
of the LD and the notch wavelength of the MDR. Since the
center frequency of the microwave photonic filter is a function
of the resonant wavelength of the MDR, when the temperature
or the RI of the microparticles on the MDR is changed, the
center wavelength is shifted, leading to the change of the cen-
ter frequency of the microwave photonic filter. To effectively
measure the spectrum change of the microwave photonic filter,
a broadband linearly chirped microwave waveform (LCMW) is
applied to the input to generate a filtered microwave waveform.
By measuring the temporal location of the filtered microwave
waveform, the sensing information is revealed.

The resonant wavelength of an MDR can be expressed as [43]

27T R

Ares = ——TNeff 13
ey (13)

where R is the disk radius, m is the mode order and n.ss
is the effective index of the guided mode in the waveguide.
When the environmental temperature changes, the effective RI
will change due to the thermo-optic effect, and the radius will
also change due to the thermal expansion effect. Therefore, the
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overall wavelength shift is given by [44]
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where n4 is the group index of the guided mode, AT is the
temperature change, a;is the thermal expansion coefficient and
Oneyr/0Tis the thermo-optic coefficient.

When the RI of the cladding (n.;.q) changes, the effective
index of the guided mode will also change, which would lead to
a resonant wavelength shift, which is given by [45]

A 0
A)"RI = ( 7‘68) X Anclad X ( neff)
Ng 8nclad

where An,jqq is the cladding RI change.
Assuming the wavelength of the optical carrier is A., the
central frequency of the microwave photonic filter is given by

& ) )"(: - )\res
X
na'ug

A
where c is the velocity of light in vacuum, n,.4 is the average
refractive index for the optical path consisting of fibers and the
silicon waveguides. When the resonate wavelength of the MDR
shifts, the central frequency of the microwave photonic filter will
change. The frequency change can be expressed as

AfMPF = KA)W‘es

as)

fupr = < (16)

a7

where K = ¢/(nA?) and AX,.s is the wavelength shift due to
A)\'Temp and A)»R].

Mathematically, for a linearly chirped microwave waveform,
the instantaneous frequency of the waveform is given by

f@)=fo+at

where « is again the chirp rate, fj is the initial frequency, and
t is the time. When the linearly chirped microwave waveform
is fed to an microwave photonic filter, the temporal location of
the output waveform is calculated by t = (farpr — fo)/C. The
relationship between the wavelength shift of the MDR and the
temporal location is given by

K
At= (=) Ahres
()

When the temporal location is measured, using (19) with (14)
or (15), the temperature or the RI change can be obtained.

The concept in [42] was extended to enable simultaneous
temperature and RI sensing based on a dual-passband microwave
photonic filter implemented using two whispering gallery modes
of an MDR [46]. Since the two whispering gallery modes are
experiencing different wavelength shifts, by measuring the spec-
tral response of the dual-passband microwave photonic filter, to
locate the central frequencies of the two passbands, simultaneous
temperature and RI sensing was implemented.

(18)

19)

VI. CONCLUSION

Conventionally, an optical sensor is interrogated in the op-
tical domain to monitor the wavelength shift by either using
an OSA to measure the optical spectrum or measuring the
wavelength-dependent intensity change. The speed is slow, and
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the resolution is poor. The use of microwave photonics tech-
niques to translate the optical wavelength change in the optical
domain to the microwave frequency change in the electrical
domain is a solution to improve both the sensing speed and
the resolution. Since a DSP can resolve a microwave frequency
with subHz resolution, the sensing resolution is extremely high.
On the other hand, a high resolution is achieved at the cost of
limited measurement range. For example, if the wavelength of an
optical sensor is shifted by 10 nm, the corresponding microwave
frequency shiftis 1.25 THz, which is too wide to be measured by
alow-cost DSP. A solution s to use an optical comb [47] to divide
the large frequency range into multiple spectral segments. Via
parallel processing, low cost DSPs can handle high-speed and
high-resolution measurements over a wide measurement range.
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