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Compact Phase Detector for Optical-Microwave
Synchronization Using Polarization Modulation
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Abstract—We propose and demonstrate a compact optical-
microwave phase detector taking advantage of polarization modu-
lation. The proposed polarization modulator-based phase detector
(PolM-PD) shows 460-attosecond residual timing jitter integrated
from 1 Hz to 100 kHz when synchronizing an 8-GHz dielectric
resonator oscillator to a free-running 250-MHz mode-locked Er-
fiber laser. The absolute single-sideband phase noise of the locked
8-GHz DRO is –138 dBc/Hz (–165 dBc/Hz) at an offset frequency of
10 kHz (10 MHz). The proposed PolM-PD has a compact structure
implemented by all commercially available components. Because
no fiber loop and delay line are used, the proposed PolM-PD can
be potentially integrated on a chip.

Index Terms—Microwave generation, optical polarization, opti-
cal pulses, phase detection, phase locked loops.

I. INTRODUCTION

W ITH the advances of femtosecond mode-locked lasers
(MLLs), a variety of applications have been enabled

in areas such as spectroscopy [1]–[3], arbitrary waveform gen-
eration [4], analog-to-digital conversion (ADC) [5], [6], and
optical measurement [7]–[9]. Among them, microwave signal
generation based on MLLs shows high phase stability and large
tunability [10]–[13], which attracts great interests for radars [14]
and satellite communications [15]. Although direct photodetec-
tion of optical pulses using high-speed photodetector (PD) is a
simple and efficient method to extract microwave frequencies
from a MLL [16]–[24], the amplitude noise of the optical pulses
would convert to the phase noise of the generated microwave
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signal during photodetection. Besides, in the directly-detected
signal, there are a huge number of frequency tones spanning
from DC to the bandwidth of the PD with an interval of the
repetition rate of the MLL, so narrow-band electrical filters are
required to select the desired frequency component. As an alter-
native, optical-microwave phase detectors that detect the phase
difference between the optical pulses and the microwave sig-
nal can be applied to achieve ultralow noise synchronization of
microwave oscillators and MLLs for microwave generation. In
addition, optical-microwave phase detectors also play an im-
portant role to synchronize RF subsystems and optical pulses in
linear accelerator-based x-ray light sources (x-ray free-electron
lasers, XFELs) [25]–[27], especially when the XFELs are used
to observe ultrafast phenomena with pump-probe techniques.

As early as 2004, an optical-microwave phase detector based
on a free-space Sagnac loop was implemented to achieve syn-
chronization of MLLs and microwave references, as well as
microwave frequency extraction from MLLs [28]. The Sagnac
loop contains a phase modulator driven by the microwave signal
to be detected. The location of the phase modulator is carefully
selected, so that the counter-propagating pulses experience op-
posite phase modulation and thus the phase error between the
microwave signal and the optical pulses manifests itself as the
amplitude imbalance of the Sagnac interferometer’s two outputs,
which could be detected by a balanced photodetector (BPD).
Later, an improved implementation with a much lower phase
noise floor, referred to fiber-loop optical-microwave phase de-
tector (FLOM-PD), was achieved using a fiber Sagnac loop
[29]–[31]. A nonreciprocal quarter-wave bias unit is inserted
to induce a constant π/2 phase difference between the counter-
propagating pulses in the Sagnac loop, which however causes
slow phase drift because of the temperature-dependent birefrin-
gence change in the quarter-wave plate and therefore limits the
long-term stability of the entire system. As an alternative, bal-
anced optical-microwave phase detector (BOM-PD) was pro-
posed, in which the phase error between the optical pulses and
microwave signal is mapped to the amplitude modulation depth
of the optical pulse train. Then, the amplitude modulation depth
is converted into the baseband by utilizing an auxiliary signal
generated from the optical pulses [32]–[34]. BOM-PD shows
distinct performance in term of long-term stability, but the use
of the auxiliary signal necessitates a series of RF components
such as band-pass filters, phase shifters and a frequency divider
with operating frequencies specified for the MLL’s repetition
rate. Recently, an optical-microwave phase detector based on
a dual-output Mach-Zehnder modulator (MZM) was demon-
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strated [35]. Optical pulses from an MLL are interleaved with
their replica that are delayed by a quarter of the pulse period,
and then sent to the MZM driven by the microwave signal to be
detected. In the MZM, the optical pulse train is amplitude mod-
ulated with a modulation depth that is proportional to the phase
error between the optical pulses and the microwave signal. A
synchronous detection method similar to that in the BOM-PD is
adopted in order to obtain the phase error signal in the baseband.
This scheme showed very good long-term stability by carefully
controlling the environmental humidity and temperature, and
was working very well in the XFEL [36]. However, accurate
optical delays and bias stabilization are required, dramatically
increasing the complexity of the system.

In this paper, we propose and demonstrate a compact
optical-microwave phase detector based on polarization mod-
ulation (referred to PolM-PD hereafter), which could achieve
femtosecond-level synchronization between MLLs and mi-
crowave signals. The PolM-PD consists of a polarization mod-
ulator (PolM), a polarization controller, a polarization beam
splitter (PBS) and a balanced photodetector (BPD), which are
all commercially available. When the PolM-PD is applied to
detect the phase error between a MLL and a voltage-controlled
oscillator (VCO), we can (1) directly generate a high-power and
ultralow-noise microwave signal without any electrical filter or
electrical amplifier, by establishing a feedback loop to control
the VCO based on the phase error, or (2) stabilize the repetition
rate of a MLL with a reference microwave standard by establish-
ing a feedback loop to control the MLL based on the detected
phase error. In [37], we reported some preliminary measurement
result of the proposed PolM-PD, i.e., the residual phase noise
at an offset frequency of 1 Hz to 100 kHz. Here, we perform a
comprehensive study of the PolM-PD, and demonstrate its capa-
bility in extracting an 8-GHz low-noise microwave signal from
a MLL. The factors that limit the performance of the PolM-PD
are discussed.

II. PRINCIPLES

Fig. 1(a) shows the schematic diagram of the proposed
PolM-PD, which consists of a polarization modulator (PolM),
a polarization controller, a polarization beam splitter (PBS) and
a balanced photodetector (BPD). Mathematically, an ultrashort
optical pulse train from a MLL can be written as

Pi (t) = Ppulseτp

∞∑

n=0
δ (t − nTR ) (1)

where Ppulse is the peak power of the pulse, τp is the duration
of the pulse and TR represents the pulse period. The optical
pulse train is directed to the PolM, which is an integrated device
with the equivalent scheme shown in Fig. 1(b) [38]. The PBS in
the PolM divides the incident optical pulse train into two paths
(denoted as Ex and Ey), which are orthogonally polarized. The
two signals are phase modulated in the two paths with opposite
phase modulation indices by the microwave signal. Meanwhile,
the static phase difference ϕ between Ex and Ey can be tuned
by a direct current (DC) voltage applied on the PolM. Then, the
two modulated optical pulse trains are combined by a PBC.

Fig. 1. (a) Schematic diagram of the proposed PolM-PD. (b) Equivalent
scheme of a polarization modulator [38]. PBS: polarization beam splitter; PM:
phase modulator; PBC: polarization beam combiner; DC: direct current volt-
age; PolM: polarization modulator; PC: polarization controller; BPD: balanced
photodetector.

A polarization controller (PC) following the PolM is used to
adjust the polarization direction of Ex (or Ey) to have an angle
of 45 degrees with one of the principal axes of the PBS. Note
that the outputs of PBS are insensitive to this angle in a small
range around 45 degrees since the gradient here is zero. Besides,
the PC can also introduce a static phase difference between Ex

and Ey. When Ex and Ey interfere with each other in the PBS,
the phase modulation of the optical pulse trains is converted into
amplitude modulation, so we can get the amplitude modulated
optical pulse trains at the outputs of the PBS, given by
⎧
⎪⎨

⎪⎩

P1 (t)=Ppulseτp

∞∑

n=0
cos2

(
β
2 sin (ω0t+θe) + ϕ

2

)
δ (t − nTR )

P2 (t)=Ppulseτp

∞∑

n=0
sin2

(
β
2 sin (ω0t+θe) + ϕ

2

)
δ (t − nTR )

(2)
where β and ω0 are the phase modulation index and the angular
frequency of the microwave signal to be measured, respectively,
θe indicates the phase error (i.e., relative temporal position in-
formation) between the optical pulses and the microwave signal
zero crossings. Since the angular frequency of the microwave
signal ω0 is an integer multiple of the repetition rate of the opti-
cal pulse train (i.e., ω0 = 2πM/TR , M is an integer) and optical
pulses are output only when t = nTR , then the average optical
power at the outputs of the PBS can be simplified into

⎧
⎨

⎩

P1,avg = Pavgcos2
(

β
2 sinθe + ϕ

2

)

P2,avg = Pavgsin2
(

β
2 sinθe + ϕ

2

) (3)

where Pavg represents the average optical power input to the
PBS (Pavg = Ppulseτp/TR ). As can be seen, the phase error
between the optical pulses and the microwave signal θe causes
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Fig. 2. Additional single-sideband (SSB) phase noise in the output of the
optical-microwave phase detector originated from the relative intensity noise of
the optical pulses when the optical power difference of the two inputs of the
balanced photodetector are 0.1 mW [curve (ii), dark cyan], 0.05 mW [curve
(iii), blue] and 0.05 mW with 20 dB feedback gain [curve (iv), red]. Curve (i)
[black]: typical spectrum of a mode-locked laser’s relative intensity noise.

amplitude imbalance between the optical pulse trains, which is
detected by the BPD subsequently. When ϕ is adjusted to be
π/2 by the PC, the output voltage of the BPD is

Vd = GRPavgsin (β sinθe) (4)

where G and R are the trans-impedance gain and responsivity of
the BPD, respectively. When the optical pulses are at the zero-
crossings of the microwave signal, their phase error θe equals to
0 and the output of the BPD Vd = 0. Otherwise, θe �= 0, Vd is
approximately linearly proportional to θe

Vd ≈ βGRPavgθe (5)

The voltage in (5) could be fed back to control the microwave
oscillator or the MLL for synchronization. The sensitivity of
the proposed PolM-PD is proportional to the phase modulation
index β and the incident average optical power Pavg . Therefore,
higher incident optical and microwave power can lead to more
sensitive optical-microwave phase error detection. In theory,
the sensitivity is independent of the frequency of the microwave
signal. However, the sensitivity generally would decrease when
the frequency increases since the half-wave voltage of the mod-
ulator increases with frequency and the power of microwave
sources decreases with frequency.

Note that, to achieve low noise floor of the PolM-PD, it is
of great importance to keep the optical power input to the BPD
balanced, because the unbalanced optical power would result in
additional phase noise due to the relative intensity noise (RIN)
of the optical pulses. To show the influence of the unbalanced
optical power, we calculated the phase noise induced by the RIN
when the optical power difference between the two inputs of the
BPD is 0.1 mW, 0.05 mW, and 0.05 mW with 20 dB feedback
gain (in case the error signal detected by the BPD is fed back to
control a VCO or a MLL with 20 dB feedback gain). The results
are depicted in Fig. 2. Curve (i) [black] represents the typical
spectrum of a MLL’s RIN. We suppose the trans-impedance
gain and the responsivity of the BPD are 1000 V/A and 1 A/W,

respectively, and the sensitivity of the optical-microwave phase
detector is 3 V/rad. Then, based on curve (i), we get curve (ii)
[dark cyan], curve (iii) [blue] and curve (iv) [red] that represent
the projected phase noise when the optical power difference are
0.1 mW, 0.05 mW and 0.05 mW with 20 dB feedback gain, re-
spectively. As can be seen, even very small optical power differ-
ence between the two inputs of the BPD causes non-negligible
additional phase noise especially in a PLL with high feedback
gain. Actually, as early as 2013, the residual phase noise of the
FLOM-PD originated from the RIN of the optical pulses was
suppressed by fine tuning of the optical power using two optical
tunable attenuators in front of the BPD [31]. In our scheme, fine
tuning of optical power could be achieved simply by rotating
the PC for adjusting the polarization direction of Ex and Ey.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The proposed PolM-PD is implemented according to the
schematic diagram displayed in Fig. 1(a). The polarization mod-
ulator (Versawave Technologies, PL-40G-3-1550-V-FCU-FCU)
supports a modulation frequency up to 40 GHz. The PC has
three-paddle structure, which takes use of stress-induced bire-
fringence produced by wrapping the single-mode fiber (SMF)
around three spools to create independent wave plates. The
broadband PBS cube (Thorlabs, PBS104) has a polarization ex-
tinction ratio (PER) of 30 dB for the transmitted beam, and
the 150-MHz BPD (Thorlabs, PDB450C) provides a trans-
impedance gain of 1000 V/A.

To measure the residual phase noise of the proposed
PolM-PD, a FLOM-PD [29] is first employed to achieve syn-
chronization of a MLL and a microwave oscillator. Then, the
optical pulse train from the MLL and the microwave signal
from the oscillator is led to the optical and RF input port of the
PolM-PD, respectively. Ideally, the phase error output from the
PolM-PD should be zero since the microwave oscillator and
the MLL are phase locked, but in practice the PolM-PD would
generate additional phase noise, so we still get some signal at
the output of the PolM-PD, i.e., the residual phase noise.

Fig. 3 shows the setup for measuring the residual phase noise.
We use a free-running MLL with a repetition rate of 250 MHz
(MenloSystems GmbH, FC1500-250-ULN) as the laser source.
The optical pulse train is divided into two portions. Each has
around 30-mW average optical power. One is led to the PolM-PD
and the other is directed to the FLOM-PD. A microwave signal
from a dielectric resonator oscillator (DRO, Hittite HMC-C200)
oscillating at 8 GHz is amplified to about 19 dBm, split into two
paths and applied to the PolM-PD and the FLOM-PD. The phase
error detected by the FLOM-PD is regulated by a proportional
integral controller (PI) and a lead-compensator, and fed back
to control the DRO. When the phase-locked loop is closed,
the zero-crossings of the 8-GHz microwave signal is locked to
the 250-MHz optical pulse train and ∼2.5 mW optical power
is detected at each photodiode in the BPD. The output of the
proposed PolM-PD is measured by an FFT analyzer (for the
offset frequency range of 1 Hz to 100 kHz) and an electrical
spectrum analyzer (for the offset frequency range of 100 kHz to
10 MHz).
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Fig. 3. Experimental setup for residual phase noise measurement of the
proposed PolM-PD. ESA: electrical spectrum analyzer; MLL: mode-locked
laser; DRO: dielectric resonator oscillator; EPS: electrical power splitter; AMP:
electrical amplifier; PI: proportional integral controller; FLOM-PD: the fiber
loop-based optical-microwave phase detector [29]; PolM-PD: the proposed
optical-microwave phase detector based on polarization modulator.

Fig. 4. (a) Measured single-sideband (SSB) phase noise at 8 GHz: (i) the
residual out-of-loop phase noise of the PolM-PD when the 8-GHz DRO is
locked to the 250-MHz MLL by the FLOM-PD; (ii) the in-loop phase noise of
the PolM-PD when its output is used to control the 8-GHz DRO. (b) Timing
jitter integrated from 100 kHz (10 MHz) down to 1 Hz using the measured
residual out-of-loop phase noise.

Fig. 4(a) shows the measured single-sideband (SSB) phase
noise at 8 GHz. Curve (i) shows the out-of-loop residual phase
noise of the PolM-PD when the 8-GHz DRO is synchronized
to the 250-MHz MLL, which is −120 dBc/Hz (−150 dBc/Hz)
at 1 Hz (100 kHz) offset frequency. According to [29], the
FLOM-PD has a much lower residual phase noise, so it will not
introduce significant errors to the residual phase noise measure-
ment of the PolM-PD. The residual timing jitter of the PolM-
PD can be obtained from curve (i), which is 460 attoseconds
(2.22 femtoseconds) when integrated from 100 kHz (10 MHz)

Fig. 5. Single-sideband (SSB) phase noise of the 8-GHz carrier. Curve (i):
absolute phase noise of the 8-GHz DRO measured by a signal source analyzer
when locked to the 250-MHz MLL. Curve (ii) is residual phase noise of the
proposed PolM-PD. Curve (iii) is the absolute phase noise of free-running
8-GHz DRO. Curve (iv) is phase noise of the MLL’s repetition rate measured
by the fiber interferometer-based repetition-rate stabilization technique (FIRST)
[39] and projected to 8 GHz.

down to 1 Hz as shown in Fig. 3(b). Note that the resonance
peak around 600 kHz takes up a majority of the integrated tim-
ing jitter. Carefully tuning the parameters of the PI and the lead
compensator might further reduce the resonance peak and the
integrated timing jitter.

Curve (ii) indicates the in-loop phase noise of the PolM-PD
measured when the PolM-PD is used to achieve synchronization
of the 8-GHz DRO and the 250-MHz MLL with a locking
bandwidth of ∼600 kHz. In contrast to curve (i), curve (ii) is
much lower in the PLL’s locking range because the PolM-PD is
in the PLL and its residual phase noise will be compensated by
the PLL.

The absolute phase noise of the 8-GHz DRO is also mea-
sured by a signal source analyzer (Keysight, E5052B) when the
PolM-PD is employed to synchronize the 8-GHz DRO to the
250-MHz MLL. The measured results are shown in Fig. 5. As
can be seen from curve (i), the absolute phase noise of the
8-GHz DRO at 1 kHz, 10 kHz and 10 MHz offset frequency is
−108 dBc/Hz, −138 dBc/Hz and −165 dBc/Hz, respectively.
Curve (ii) represents the residual phase noise of the PolM-PD
(the same as curve (i) in Fig. 4), curve (iii) denotes the abso-
lute phase noise of the free-running DRO measured by the signal
source analyzer, and curve (iv) shows the phase noise of the free-
running MLL, which is obtained by using a fiber interferometer-
based repetition-rate stabilization technique (FIRST) [39] to
measure the frequency noise of the MLL’s repetition rate (i.e.,
250 MHz) and scaling the result to that of 8 GHz. As can be seen,
the absolute phase noise of the locked 8-GHz DRO beyond the
locking bandwidth is determined by the DRO, indicating that a
high quality DRO with low phase noise at high offset frequency
is necessary for low-phase-noise microwave signal extraction
from MLLs. The close-to-carrier phase noise (<10 kHz) is de-
termined by the frequency noise of the free-running MLL. By
utilizing an MLL with stabilized repetition rate, much lower
phase noise at low offset frequencies can be achieved [12]. At
offset frequencies between 10 kHz and 1 MHz, the absolute
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TABLE I
POLARIZATION EXTINCTION RATIOS OF THE PBSS

Fig. 6. Residual phase noise of the proposed PolM-PD using four polarization
beam splitters with different polarization extinction ratios shown in Table I.

phase noise of the locked 8-GHz DRO is restricted by the resid-
ual phase noise of the PolM-PD.

Next, the influence of the degree of polarization (DOP) of
the optical pulse train is investigated. Typically, the output of a
passive MLL is not fully polarized, for instance, the DOP of
the 250-MHz MLL used in the experiment is ∼95%, measured
by a polarization analyzer (General Photonics, PSY-201), and
the PolM has a PER of 23.2 dB for ±π/2 modulation. To study
whether the DOP of the optical pulse train affects the phase
noise floor of the PolM-PD, the residual out-of-loop phase noise
of the PolM-PD is measured by using four PBSs with different
PERs, including two fiber-based PBSs and two free-space PBSs.
Among them, one of the free-space PBS is made of two PBS
cubes in a way that one PBS cube’s transmission port cascades
with the reflection port of the other PBS cube. Because the PBS
cubes are designed to fit with the transmission beam, they have
a PER of 30 dB for the transmission beam and 13–20 dB for the
reflection beam. The exact PERs for the four PBSs used in the
experiment are listed in Table I. The residual phase noise of
the PolM-PD with different PBSs is measured by the setup in
Fig. 3. As can be seen from Fig. 6, the measured results show
no obvious difference. Therefore, the DOP of optical pulse train
is not the factor that limits the phase noise floor of the proposed
phase detector.

Except for the DOP of the pulse train, the state of polariza-
tion (SOP) of the polarized light in a single-mode fiber would
fluctuate even when the length is shorter than 1 m [40]. The
fluctuation of the SOP would lead to amplitude fluctuation at
the PBS’s outputs, which results in unbalanced optical power
and excess phase noise. Since the PolM has a SMF pigtail with

a length of ∼1 m, the SOP fluctuation originated from the SMF
pigtail may account for the limited residual phase noise. If the
single-mode fiber can be removed by, for example, photonic
integration technologies, lower residual phase noise and more
robust implementation would be possible.

IV. CONCLUSION

We have proposed and experimentally demonstrated a com-
pact optical-microwave phase detector based on a polarization
modulator, of which the out-of-loop residual phase noise is
−120 dBc/Hz (−150 dBc/Hz) at 1 Hz (100 kHz) offset fre-
quency when an 8-GHz DRO is synchronized to a 250-MHz
MLL. A PLL is successfully established based on the pro-
posed PolM-PD to extract an 8-GHz microwave signal from the
250-MHz MLL. The absolute SSB phase noise is −138 dBc/Hz
(−165 dBc/Hz) at an offset frequency of 10 kHz (10 MHz). The
proposed PolM-PD has very few optical and electrical com-
ponents, which could significantly simplify the schemes for
optical-microwave synchronization as well as microwave signal
generation from MLLs.
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ber, T. Lamb, C. Sydlo. K. Flöttmann, U. Mavric, J. Müller, S. Epp, and
E. Janas, “Present and future optical-to-microwave synchronization sys-
tems at REGAE facility for electron diffraction and plasma acceleration
experiments,” in Proc. 2015 Int. Part Accel. Conf., 2015, pp. 833–836.

[37] J. Wei, S. Zhang, S. Pan, and J. Kim, “A compact optical-microwave phase
detector based on a polarization modulator,” in Proc. 2017 IEEE Int. Topic
Meeting Microw. Photon., 2017, pp. 1–3.

[38] S. L. Pan, P. Zhou, Z. Z. Tang, Y. M. Zhang, F. Z. Zhang, and D. Zhu,
“Optoelectronic oscillator based on polarization modulation,” Fiber Integr.
Opt., vol. 34, no. 4, pp. 211–229, Jul. 2015.

[39] D. Kwon, C. G. Jeon, J. Shin, M. S. Heo, S. E. Park, Y. Song, and
J. Kim, “Reference-free, high-resolution measurement method of timing
jitter spectra of optical frequency combs,” Sci. Rep., vol. 7, Jan. 2017,
Paper 40917.

[40] G. Garlichs, “Polarization behavior fluctuations of a single-mode fiber,”
Electron. Lett., vol. 17, no. 23, pp. 894–896, Nov. 1981.

Juan Wei received the B.S. degree in electronic information science and tech-
nology from the Nanjing University of Aeronautics and Astronautics, Nanjing,
China, in 2012, where she is currently working toward the Ph.D. degree in com-
munication and information system. Her research interest includes stable RF
transmission over optical fiber and ultra-stable microwave signal generation.

Shuangyou Zhang received the B.S. degree from Jilin University, and the Ph.D.
degree from Peking University in 2016, both in electronics. After completing
Ph.D. degree, he was with the Korea Advanced Institute of Science and Technol-
ogy, South Korea, for one year. He is currently a Higher Research Scientist with
the UK’s National Physical Laboratory. His research interest includes optical
frequency combs and their applications, microresonator-based Kerr frequency
comb, chip-scale atomic clock and integrated photonics.

Jungwon Kim (S’98–M’08–SM’12) received the B.S. degree in electrical en-
gineering from Seoul National University, Seoul, South Korea, in 1999, and the
S.M. and Ph.D. degrees in electrical engineering and computer science from the
Massachusetts Institute of Technology (MIT), Cambridge, MA, USA, in 2004
and 2007, respectively. From 1999 to 2002, he was a Development Engineer
with FiberPro, Inc. From 2007 to 2009, he was a Postdoctoral Associate with the
Research Laboratory of Electronics, MIT. In 2009, he joined the faculty of the
Korea Advanced Institute of Science and Technology, Daejeon, South Korea,
where he is currently an Associate Professor of mechanical and aerospace engi-
neering. He has 50 journal publications, more than 100 conference proceeding
papers, 24 issued/pending patents, and has given more than 80 invited talks.
His research interests include ultralow-noise, integrated femtosecond lasers and
their applications in photonic signal processing, ultrafast X-ray and electron
sources, long-distance transfer and communication, industrial metrology, and
remote sensing.

Dr. Kim is currently an Editorial Board Member of Scientific Reports. He is
a Senior Member of OSA.

Shilong Pan (S’06–M’09–SM’13) received the B.S. and Ph.D. degrees in elec-
tronics engineering from Tsinghua University, Beijing, China, in 2004 and 2008,
respectively.

From 2008 to 2010, he was a “Vision 2010” Postdoctoral Research Fel-
low with the Microwave Photonics Research Laboratory, University of Ottawa,
Ottawa, ON, Canada. In 2010, he joined the College of Electronic and Informa-
tion Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing,
China, where he is currently a Full Professor and an Executive Director of the
Key Laboratory of Radar Imaging and Microwave Photonics, the Ministry of
Education. He has authored or coauthored more than 350 research papers, in-
cluding more than 180 papers in peer-reviewed journals and 170 papers in
conference proceedings. His research has focused on microwave photonics,
which includes optical generation and processing of microwave signals, analog
photonic links, photonic microwave measurement, and integrated microwave
photonics.

Dr. Pan is currently a Topical Editor for the Chinese Optics Letters. He
is a Chair of numerous international conferences and workshops, including the
TPC Chair of the International Conference on Optical Communications and Net-
works in 2015, the TPC Co-Chair for the IEEE International Topical Meeting on
Microwave Photonics in 2017, the TPC Chair of the high-speed and broadband
wireless technologies subcommittee of the IEEE Radio Wireless Symposium
in 2013, 2014, and 2016, the TPC Chair of the Optical fiber sensors and mi-
crowave photonics subcommittee of the OptoElectronics and Communication
Conference in 2015, and a Chair of the microwave photonics for broadband
measurement workshop of International Microwave Symposium in 2015. He
was the recipient of an OSA Outstanding Reviewer Award in 2015 and a Top
Reviewer for the Journal of Lightwave Technology in 2016.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


