
Optical length-change measurement based on an
incoherent single-bandpass microwave
photonic filter with high resolution

Ye Deng, Ming Li,* Ningbo Huang, Hui Wang, and Ninghua Zhu

State Key Laboratory on Integrated Optoelectronics, Institute of Semiconductors, Chinese Academy of Sciences,
Beijing 100083, China

*Corresponding author: ml@semi.ac.cn

Received April 2, 2014; revised April 29, 2014; accepted May 2, 2014;
posted June 4, 2014 (Doc. ID 209242); published July 9, 2014

An optical length-change measurement technique is proposed based on an incoherent microwave photonic filter
(MPF). The optical length under testing is inserted into an optical link of a single-bandpass MPF based on a
polarization-processed incoherent light source. The key feature of the proposed technique is to transfer the length
measurement in the optical domain to the electrical domain. In the electrical domain, the measurement resolution
is extremely high thanks to the high-resolution measurement of microwave frequency response. In addition, since
the MPF is a single-bandpass MPF, the optical length is uniquely determined by the central frequency of the MPF.
A detailed investigation of the relation between the center frequency of the MPF and the optical length change is
implemented. A measurement experiment is also demonstrated, and the experimental results show that the
proposed technique has a measurement sensitivity of 1 GHz/mm with a high length-measurement resolution
of 1 pm in theory. The proposed approach has the advantages of high sensitivity, high resolution, and immunity
to power variation in electronic and optical links. © 2014 Chinese Laser Press
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Fiber optics sensors; (070.2615) Frequency filtering.
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1. INTRODUCTION
In recent decades, fiber-optic sensing techniques have at-
tracted great interest thanks to the advantages of high sensi-
tivity, fast responsibility, immunity to electromagnetic
interference, and intrinsic compatibility with fiber-optic sys-
tems [1–3]. Optical length change is one essential measurand
that is usually determined by variation in temperature, strain,
displacement, distance, or refractive index. Therefore, a great
number of approaches have been applied to measure the op-
tical length change, such as fiber gratings, Mach–Zehnder or
Sagnac interferometers, optical rings or microrings, and
Fabry–Perot cavities [4]. However, the optical length mea-
surement is mainly implemented in the optical domain, which
in turn means that the measurement resolution is limited due
to the poor interrogation resolution in the optical domain.

Microwave photonic filters (MPFs) have been widely used
in the field of optical signal processing, radar, and radio over
fiber systems [5–7]. MPFs are photonic subsystems aimed to
replace the traditional approach toward radio frequency (RF)
signal processing with many advantages, such as large tuna-
bility, low loss, electromagnetic immunity, and so on. The key
device in an MPF is the optical delay-line module that can be
implemented using optical couplers [8,9], fiber Bragg gratings
(FBGs) [10–12], Mach–Zehnder lattices [13], arrayed wave-
guide [14,15], or a length of dispersive fiber [16,17]. Many ef-
forts have been made to achieve tunable MPFs [18–22]. Their
applications focus mainly on high-speed signal selecting.
However, it is known that MPFs have many other potential
applications. Recently, an optical fiber sensor based on RF

Mach–Zehnder interferometers (MZIs) has been experimen-
tally demonstrated [23]. In [23], the proposed sensor has a lin-
ear response to an applied temperature change, which can be
interrogated using RF instruments. Since the temperature
changes are measured in the RF domain, a high resolution
measurement is achieved.

In this paper, a single-bandpass MPF-based approach is
proposed and experimentally demonstrated to measure opti-
cal length change. The key feature of the proposed technique
is to transfer the length measurement in the optical domain to
the electrical domain. In the electrical domain, the measure-
ment resolution is extremely high thanks to the high resolu-
tion measurement of microwave frequency response. In
addition, since the MPF is a single-bandpass MPF, the optical
length is uniquely determined by the central frequency of the
MPF. A detailed investigation of the relation between the
center frequency of the MPF and the optical length change is
implemented. An experiment is carried out, and the experi-
mental results show that the proposed technique has a
measurement sensitivity of 1 GHz/mm with a high length-
measurement resolution of 1 pm in theory.

2. MEASUREMENT PRINCIPLE
The proposed single-bandpass MPF for the measurement of
the optical length change is shown in Fig. 1. The incoherent
light emitted from a superluminescent LED (SLED) is re-
shaped by a tunable optical filter (TOF) with a flat-top filtering
window and is polarized by a polarizer (Pol1). The linearly
polarized lightwave is sent to a polarization beam splitter

Deng et al. Vol. 2, No. 4 / August 2014 / Photon. Res. B35

2327-9125/14/040B35-05 © 2014 Chinese Laser Press

http://dx.doi.org/10.1364/PRJ.2.000B35


(PBS) via a polarization controller (PC1) and split into two
orthogonally polarized lightwaves. The power of the two
orthogonally polarized lightwaves is balanced by adjusting
the PC1. One of the two orthogonally polarized lightwaves
is directed to the optical length under testing, which is in-
serted into the sensor arm and then combined with the other
one at a polarization beam combiner (PBC). The combined
orthogonal lightwaves are sent to a PC2 and aligned at
�45° to one principle axis of a polarization modulator (PolM).
Since the PolM is a special phase modulator with opposite
modulation indices along two principle axes (x and y axes),
the two orthogonal lightwaves (angled at �45° to the y axis)
will be phase modulated inversely by the modulation signal
that is generated from a vector network analyzer (VNA).

Mathematically, the output optical field along the x and y
principle axes of the PolM can be described as
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where Eout1�t� denotes the output optical field of the Pol1.
Δt � ΔL∕c represents the time delay between the sensor
arm and the reference arm, and ΔL is the optical length dif-
ference between the two arms that is defined as the product
of its physical length and its refractive index. c is the light
velocity in vacuum. β is the phase modulation index of the
PolM, and ωm is the angle frequency of the modulation
signal.

The polarization-modulated signal is then sent to a Pol2
that is oriented with the same polarization state of the
light in the sensor arm. Therefore, the optical component
with a polarization direction parallel with the transmission
axis of the Pol2 will pass through, while the other one with a
polarization direction vertical to the transmission axis
of the Pol2 will be blocked. The output optical field
from the Pol2 under a small-signal modulation can be
expressed as
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where Jn�·� is the nth-order Bessel function of the first kind
(n � 0; 1). The Fourier transform of Eq. (2) can be written as

Eout2�Ω� ∝ J0�β�Eout1�Ω� exp�−jΩΔt�
− jJ1�β��Eout1�Ω − ωm� � Eout1�Ω� ωm��: (3)

From Eq. (3), it can be seen that the phases of the optical
carriers [Eout1�Ω�] change continuously, which is determined
by the time delay of Δt, while the phases of the sidebands
[Eout1�Ω� ωm�] stay the same. Thus, a sinusoidal electrical
slicing effect will be induced after detection by a photo-
detector (PD). When the optical length difference ΔL is
changed, the electrical slicing response will be changed
correspondingly.

Afterward, the output optical signal from the Pol2 propa-
gates through a dispersive compensating fiber (DCF) and is
detected by a PD. The phase delay Φ�Ω� resulting from the
DCF can be approximately written in a Taylor expansion at
the center angular frequency (Ω0) of the filtered incoherent
light output from the TOF like [24]

Φ�Ω� � Φ�Ω0� � τ�Ω0� · �Ω −Ω0� � D · L�Ω −Ω0�2∕2
� χ · L�Ω −Ω0�3∕3; (4)

where τ�Ω0� is the group delay time, D is the dispersion, and L
is the length of the DCF. Ignoring the baseband response and
the third-order dispersion χ, the frequency response of the
proposed MPF can be approximately described as [25]

H�ω� ∝ Hb�ω − Δt∕DL� exp�j�Ω0Δt − DLω2∕2��
�Hb�ω� Δt∕DL� exp�j�−Ω0Δt� DLω2∕2��; (5)

where Hb�ω� is defined as
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1
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Fig. 1. Schematic showings of the proposed optical length measure-
ment technique based on a single-bandpassMPF. SLED, superlumines-
cent LED; TOF, tunable optical filter; Pol, polarizer; PC, polarization
controller; PBS, polarization beam splitter; PBC, polarization beam
combiner; PolM, polarization modulator; DCF, dispersion compensa-
tion fiber; PD, photodetector; VNA, vector network analyzer.
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where S�ω� is the optical power spectrum density of the fil-
tered incoherent light source. From Eq. (5), we can see that
the H�ω� represents a transfer function of a single-bandpass
filter and the bandpass center of the proposed MPF can be
expressed by

f c � Δt∕�2πDL� � ΔL∕�2πcDL�: (7)

It can be seen from Eq. (7) that a linear relationship is es-
tablished between the optical length difference and the center
frequency of the MPF. The central microwave frequency is
uniquely determined by the optical length change, as shown
in Fig. 2. Therefore, by interrogating the central microwave
frequency, the optical length change could be measured.
The measurement resolution of the central microwave fre-
quency determines the measurement resolution of the optical
length change.

In addition, the MPF has only one bandpass response, and
the measurement range is only limited by the bandwidth of the
components in the system, such as the modulator and PD. The
change of the optical length difference between the sensor
arm and the reference arm reveals the shift of the center fre-
quency of the MPF. Therefore, by tuning the optical length in
the reference arm, the measurement range of the optical
length in the sensor arm can be extended correspondingly.
However, this approach is limited by the tuning precision
of the optical length in the reference arm if continual tunabil-
ity is required. Furthermore, the proposed approach is sensi-
tive to the instability of the reference arm. The environmental
fluctuations due to temperature or strain variation in the refer-
ence arm may result in unpredictable optical length change.
A length-extended reference arm may induce large instability,
and thus it may restrict the measurement accuracy.

3. EXPERIMENT RESULTS
An experiment based on the single-bandpass MPF is imple-
mented to measure the optical length, as shown in Fig. 1. A
SLED (Thorlabs s5fc1005s) cascaded with a TOF (Yenista
XTA-50) is employed as the incoherent light source. As shown
in Fig. 3, a linearly polarized lightwave with a span of 5 nm that
is measured by an optical spectrum analyzer (Advantest
Q8384A) is sent to the PBS via the PC1 to split into two
orthogonally polarized lightwaves. The power ratio between
the two orthogonally polarized lightwaves is set to be 1 by ad-
justing the PC1. An optical variable delay line (OVDL) is in-
serted into the sensor arm to emulate the optical length
change. The two orthogonally polarized lightwaves are com-
bined at the PBC and then are sent to the PolM with a 3 dB
bandwidth of 40 GHz. A sinusoidal microwave signal from the

VNA (Agilent 8720D) is applied to the PolM with a frequency
sweeping from 50 MHz to 20 GHz. The power of the signal is
fixed at 10 dBm. The PC2 and PC3 are used to adjust the angle
of the orthogonally polarized optical fields. A DCF with a
dispersion value of 425 ps/nm is used to map the modulated
optical spectrum into the time domain. Through optical-to-
electrical conversion at the PD with a 3 dB bandwidth of
18 GHz, the output RF signal is fed back to the VNA for fre-
quency response measurement.

According to Eq. (7), when the optical length difference ΔL
is tuned by the OVDL, the center frequency of the MPF will
vary linearly with ΔL. The experimental results are shown
in Fig. 4(a). By tuning the optical length difference from 0
to 12 mm between the two arms, it can be seen that the center
frequency of the passband shifts from 2 to 14 GHz. Figure 4(b)
shows the frequency responses as the center frequency is
tuned around 10 GHz, and its zoom-in view is shown in the
inset. It is worth noting that the 3 dB bandwidth of the pass-
band increases as the center frequency becomes higher. This
effect results from the third-order dispersion of the DCF. To

Fig. 2. Basic implementation principle of the proposed MPF-based
approach for measuring optical length change.

Fig. 3. Measured optical spectrum of the lightwave output from a
SLED cascaded with a TOF.

Fig. 4. Measured frequency response of the MPF along with the
change of optical length. (a) Center frequency is tuned ranging from
2 to 14 GHz. (b) Center frequency is tuned around 10 GHz.
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overcome the undesirable effect, a low third-order dispersion
medium such as a linear chirped FBG could be used. It also
can be observed that the sidelobe suppression ratio is not
identical when the passband moves to a higher frequency.
This problem could be fixed by adjusting the PC accordingly.

The experimental result shown in Fig. 5 verifies the linear
relationship between the center frequency of the MPF and the
optical length change. A slope of 1 GHz/mm is obtained, which
agrees well with the theoretical results. Here, the sensing sen-
sitivity corresponds to the slope with a value of 1 GHz/mm.
More details are shown in the top inset of Fig. 5. A zoom-in
view for the range from 7.65 to 7.95 mm is presented, and
the local linear relationship agrees well with the total linear
relationship. In our experiment, a VNA with a frequency reso-
lution of 1 Hz is used, and thus a resolution to optical length
measurement is estimated theoretically to be 1 pm. In an actual
measurement, the measurement resolution is largely influ-
enced by the center frequency fluctuation, the noise of the
MPF, and the undesired third-order dispersion. For relieving
the effect of the center frequency fluctuation, a stable refer-
ence arm should be employed. For reducing the influence of
the noise in the passband to measure the center frequency ac-
curately, some mathematical calculating methods may be used
to smooth the frequency-response curve. The undesired third-
order dispersion may broaden the passband as the center
frequency became higher, and it also would affect the measure-
ment accuracy of the center frequency. By employing a low
third-order dispersion medium such as a linear chirped FBG,
this undesirable effect could be suppressed. It should be noted
that the OVDL is employed as the emulator for the optical
length change by adjusting the physical length, so the mea-
sured optical length change above is actually the displacement
in air (the refractive index is assumed to be 1). We recall that
the optical length change is defined as the product of the physi-
cal length change of optical links and the change in refractive
index. Therefore, other parameters resulting in optical length
change such as temperature, strain, and refractive index can be
measured using the proposed MPF. In addition, because the
approach extracts the information on optical length change
by way of frequency coding and decoding, not intensity infor-
mation, the measurement result is immune to time-variable or
spatial-variable loss of the links.

4. CONCLUSION
An optical length-change measurement technique was pro-
posed based on an incoherent MPF. The optical length under

testing was inserted into an optical link of a single-bandpass
MPF based on a polarization-processed incoherent light
source. The key feature of the proposed technique is to trans-
fer the length measurement in the optical domain to the elec-
trical domain. In the electrical domain, the measurement
resolution is extremely high thanks to the high measurement
of the microwave frequency response. In addition, since the
MPF is a single-bandpass MPF, the optical length is uniquely
determined by the central frequency of the MPF. A detailed
investigation of the relation between the center frequency
of the MPF and the optical length change was implemented.
A measurement experiment was also demonstrated with a
measurement sensitivity of 1 GHz/mm and a high length mea-
surement resolution of 1 pm in theory.
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