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Abstract— Broadband instantaneous multi-frequency measure-
ment based on frequency-to-time mapping using a Fourier
domain mode-locked (FDML) laser source is proposed and
experimentally demonstrated. An electrically controlled silicon
microdisk resonator (MDR) with an ultra-narrow linewidth
of 60 pm (∼7.5 GHz) functioning as a fast tunable optical filter
is used to implement the FDML to generate a linearly chirped
optical waveform (LCOW) with a wide frequency-sweeping range
of 0.5 nm. The LCOW is then mixed at a modulator with a
microwave signal with its frequency to be measured, detected at
a low-speed photodetector (PD) and sent to a narrow bandpass
filter (BPF). When the difference between the instantaneous
frequency of the LCOW and that of the signal to be measured
is equal to the center frequency of the BPF, a short-duration
temporal signal is produced, and the time location of the temporal
signal represents the frequency of the signal to be measured.
A proof-of-concept experiment is carried out. Both single and
multi-tone microwave frequency measurements are experimen-
tally demonstrated. The measurement range is as large as 20 GHz
with a measurement resolution of 200 MHz and an accuracy
better than ±100 MHz. The proposed method showcases a new
method for instantaneous frequency measurement (IFM) with
high performance in terms of multi-frequency identification,
real-time measurement, and high measurement speed compared
with traditional approaches, which is attractive for applications in
modern radar, electronic warfare, communication, and cognitive
radio systems.

Index Terms— Fourier domain mode locking (FDML), instan-
taneous frequency measurement (IFM), microwave photonics,
silicon photonics, single-sideband (SSB) modulation.
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I. INTRODUCTION

INSTANTANEOUS frequency measurement (IFM) of a
microwave or millimeter-wave signal is one of the most

important measurement tasks in radar, electronic warfare,
communications, and cognitive radio systems [1], [2]. With the
rapid growth of modern electronic applications, requirements
for large measurement range, multi-frequency measurement,
large dynamic range, high resolution, high sensitivity, and low
cost come to the fore. Currently, electronics-based techniques
have widely been employed for IFM which are generally
realized using electrical delay-lines, digital IFM, and electrical
filters [3]. These techniques can achieve very high resolution
but suffer mainly from relatively narrow operation bandwidth,
high power consumption, and vulnerability to electromagnetic
interference (EMI). Recently, photonic-assisted techniques for
IFM to take advantage of ultra-fast measurement speed, broad
bandwidth, low loss, and immunity to EMI have been inves-
tigated [4]–[6]. Generally, photonic-assisted IFM techniques
can be divided into three categories: frequency-to-power map-
ping [7]–[20], frequency-to-space mapping [21]–[24], and
frequency-to-time mapping [25]–[30].

For the techniques based on frequency-to-power map-
ping [7]–[20], a monotonic relationship between the frequency
of a signal under test (SUT) and the ratio of two optical or
microwave powers, defined as amplitude comparison function
(ACF), is established. By measuring the ACF, the frequency
is then measured. The key component in such systems is a
photonic processing module (a dispersive element [7], [11],
an optical mixing unit [9], [16], [17], or an optical fil-
ter [8], [10], [12]–[15], [18]–[20]) which provides two parallel
channels with different, usually opposite, frequency-dependent
power penalty functions. In most of the IFM schemes based on
frequency-to-power mapping, an optical filter with a sinusoidal
spectral response is employed to translate the frequency of
the SUT to an optical power change. This would lead to
an ACF with very poor linearity and the upper bound of
unambiguous frequency measurement range is limited to the
position of the first notch of the ACF. It is important for
an IFM system to have a high and uniform measurement
resolution and accuracy, thus a linear ACF is required to
obtain an identical measurement sensitivity for the entire
frequency measurement range. To achieve a linear ACF, a spe-
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cial fiber Bragg grating (FBG) with two linear and comple-
mentary spectral slopes was employed to create two linear
frequency-dependent power penalty functions [12]. A mea-
surement range of 1-10 GHz with a uniform measurement
accuracy of ±0.2 GHz was demonstrated [12]. An IFM system
based on a silicon photonic integrated Fano Resonator was
also proposed [20]. An R-squared value as large as 0.99 was
obtained and the measurement range was 3-18 GHz with a
resolution better than ±0.5 GHz [20]. Despite all these efforts,
a common problem still severely limits the applications of the
frequency-to-power mapping-based IFM methods: only single
frequency signal can be measured. For many applications,
multi-frequency measurement is needed.

For the techniques based on frequency-to-space map-
ping [21]–[24], the SUT is first modulated on an optical
carrier, and then split into multiple space channels by an
optical channelizer, to estimate its frequency at the outputs
of the channelizer using a photodetector (PD) array. The
key component in such systems is the optical channelizer
which can be implemented by a Fabry-Perot etalon [21], [22],
an arrayed-waveguide grating [23], or a diffraction grat-
ing [24]. The major problem associated with these techniques
is the poor measurement resolution originated from the limited
spectral resolution of an optical channelizer. In addition, the
system is usually costly and complex due to the use of a large
PD array.

For the techniques based on frequency-to-time map-
ping [25]–[28], the frequency of the SUT is converted into an
electrical time delay using a dispersive time delay device [25]
or a frequency shifting recirculating delay line (FS-RDL) [26],
[27]. IFM with a uniform measurement resolution over the
entire frequency measurement range can be achieved since a
dispersive element has a linear group delay and a FS-RDL has
equal frequency shift per roundtrip time. The key limitation of
this approach is the limited measurement resolution. For exam-
ple, the resolution of a dispersion-based method was as low as
12.5 GHz with a measurement error of about ±1.56 GHz [26].
In addition, the response time of the FS-RDL-based method
is too long, which is not suitable for IFM. To improve
the measurement resolution, an approach based on a Fourier
domain mode-locked optoelectronic oscillator (FDML OEO)
was proposed [28]. The frequency of the SUT is mapped to
the time difference of the output pulses from the FDML OEO.
The frequency measurement of single- and multi-frequency
microwave signals was experimentally demonstrated with a
measurement error of 60 MHz. However, limited by the
bandwidth of the OEO, the frequency measurement range
is only 15 GHz [28]. By using the time-space duality in a
dispersive medium [i.e., a chirped FBG], a real-time Fourier
transformation system for optical spectrum analysis was pro-
posed [29]. Based on the same principle, a temporal pulse
shaping system was reported to realize real-time electrical
spectrum analysis [30]. Two dispersive elements (chirped
FBGs) with complementary dispersion are connected before
and after an MZM which is driven by a microwave SUT.
The frequency information of the SUT is mapped to the time
domain to have two temporal pulses with a time difference
between the pulses corresponding to the frequency of the
SUT [30]. Since the resolution is proportional to the dispersion
amount of the chirped FBG, and a chirped FBG with an ultra-

high dispersion is usually difficult to fabricate, the resolution
of this method is very limited. Moreover, the higher-order
dispersion and miss-match between the two chirped FBGs will
also affect the accuracy of the frequency measurement.

In this article, we propose and experimentally demonstrate
a novel approach to achieve IFM based on frequency-to-time
mapping using an FDML laser. When frequency-domain mode
locking is achieved in the FDML laser, a linearly chirped
optical waveform (LCOW) is generated [31]. Note that it is
different from an LCOW generated by a frequency-tunable
laser diode, in which the frequency is tuned with a longitudinal
mode jumped to another longitudinal mode, but without phase
locking. Thus, the phase noise is high. For an FDML laser,
the longitudinal modes are phase locked, making the LCOW
have low phase noise. The FDML laser is constructed by
a long fiber ring cavity, with an erbium-doped fiber ampli-
fier (EDFA) as a broadband gain medium and a tunable
silicon microdisk resonator (MDR) as a narrow tunable optical
bandpass filter (TOBPF). The SUT is modulated on an optical
carrier at a dual-parallel Mach–Zehnder modulator (DP-MZM)
to generate a single-sideband (SSB) signal with the help of
an electrical 90◦ hybrid coupler. The SSB signal is combined
with the light wave from the FDML laser and beat at a PD
to generate an electrical chirped pulse train. The pulse train is
then sent to a narrow bandpass filter (BPF) with a center fre-
quency of fIF to select the frequency component at fIF. After
envelope detection, a pair of short-duration temporal signals
for each frequency component in the SSB signal is generated.
Take the time delay of the optical carrier in the SSB signal as a
reference, the frequency information of the SUT is mapped to
the time difference between the corresponding short-duration
temporal signals. A proof-of-concept experiment is carried out
and single and multi-tone microwave frequency measurements
are experimentally demonstrated. A frequency measurement
resolution of 200 MHz and a measurement range as large as
20 GHz with an accuracy better than ±100 MHz is achieved.

II. PRINCIPLE

A. Fourier Domain Mode-Locked Laser

The key novelty of the proposed IFM approach is to use
a Fourier domain mode-locked (FDML) laser as a broad-
band and linearly frequency-swept laser source, as shown
in Fig. 1, for accurate frequency measurement. An FDML
laser is different from a conventional frequency-swept laser
which is usually implemented using a frequency-tunable BPF
in the laser cavity, to sweep the lasing frequency. Since a
laser needs a build-up time to stabilize the operation at a
new frequency when the frequency-tunable BPF is tuned,
the light generated by a conventional frequency-swept laser
source has no fixed phase relationship for the frequencies
within the pulse spectrum. For an FDML laser, however, the
frequency-swept pulse is generated based on FDML, in which
all longitudinal modes co-exist in the laser cavity with a
fixed phase relationship. By tuning the TOBPF in the FDML
laser cavity to select the longitudinal modes sequentially,
a frequency swept optical pulse with fixed phase relationship
for the frequencies within the pulse spectrum is generated.
The TOBPF is driven by an electrical signal with its repetition
period equal to the fundamental or 1/m of the cavity round-trip
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Fig. 1. Schematic of the proposed IFM method based on frequency-
to-time mapping using a FDML laser. SSB: single-sideband; SUT: signal
under test; TLS: tunable laser source; PC: polarization controller; MZM:
Mach-Zehnder modulator; EDFA: erbium-doped fiber amplifier; Processor:
Finisar Waveshaper 4000S; OC: optical coupler; PD: photodetector; BPF:
bandpass filter; DSO: digital storage oscilloscope; TOBPF: tunable optical
bandpass filter.

time Tcavity, where m is an integer [31]. Note that the dispersion
in the long fiber ring cavity is controlled to be zero to enable
identical round-trip time for all longitudinal modes generated
in the broadband gain medium. The dispersion management
is achieved by the processor in Fig. 1. When these longitudi-
nal modes pass sequentially through the TOBPF, frequency
domain mode locking is achieved and a frequency-chirped
pulse is generated. It should be noticed that the frequency
distribution of an FDML pulse is determined by the driving
function to the TOBPF. Applying a driving signal with a
parabolic profile to the TOBPF, a LCOW is obtained [32].
Mathematically, the instantaneous frequency of a LCOW can
be expressed as

f (t) = f0 + B

τ
t, −τ/2 ≤ t ≤ τ/2 (1)

where f0, B, and τ are the center frequency, the bandwidth,
and the duration of the pulse, respectively.

B. Single-Sideband With Carrier (SSB + C) Modulation

The SUT is modulated on an optical carrier at a DP-MZM
to generate an SSB + C signal. The DP-MZM consists of two
sub-MZMs embedded in a parent MZM, as shown in Fig. 1.
To achieve SSB + C modulation, a continuous-wave (CW)
optical carrier from a tunable laser source (TLS) is sent to
the DP-MZM, to which the SUT is applied via an electrical
90◦ hybrid. By biasing the DP-MZM via tuning the three
bias voltages, VDC1, VDC2, and VDC3, an SSB + C signal is
generated. A polarization controller (PC) is used before the
DP-MZM to align the polarization direction of the optical
carrier with the principal axis of the DP-MZM so that the
polarization-dependent loss can be minimized.

The electrical field of the optical carrier from the TLS is
given by

Ein(t) = E0e jωct (2)

where E0 is the electrical field amplitude and ωc is the angular
frequency of the optical carrier. Assuming the electrical 90◦

Fig. 2. Principle of the proposed IFM system. (a) LCOW generated by the
FDML laser and the generated SSB + C signal. (b) Instantaneous frequency of
the beat signals between the LCOW and the SSB + C signal. (c) Two pairs of
pulses after bandpass filtering. When the difference between the instantaneous
frequency of the LCOW and that of the signal to be measured is equal to the
center frequency of the BPF, a pair of short-duration temporal signals for
each frequency component is generated and the time location represents the
frequency of the signal to be measured.

hybrid has no insertion loss, and the microwave signals at the
outputs of the 0◦ and 90◦ ports are Se1 = Vecos(ωet) and Se2 =
Vesin(ωet), where Ve and ωe are the amplitude and angular
frequency of the microwave signals. Thus, the electrical field
at the output of the DP-MZM can be expressed as

Eout(t) ∝ e jωct
[
EMZM1(t) + EMZM2(t)e

jϕ3
]

∝ e jωct
[
e jβ cos(ωet)+ jϕ1 + e jβ sin(ωe t)+ jϕ2+ jϕ3

]
(3)

where EMZM1(t) and EMZM2(t) are the electrical fields at
the outputs of the upper and lower sub-MZMs, respectively,
ϕ3 = πVDC3/Vπ ’ is the phase shift between the sub-MZMs,
Vπ ’ is the microwave half-wave voltage of the parent MZM,
β = πVe/Vπ is the modulation index, Vπ is the microwave
half-wave voltage of the sub-MZMs, and ϕi = πVDCi /Vπ (i =
1, 2) are the bias angles of the upper and lower sub-MZMs,
respectively. Using Jacobi–anger expansion, (3) can be further
expressed as

Eout(t) ∝ e jωct

[
e jϕ1

∞∑
n=−∞

j n Jn(β)e jnωet

+e jϕ2+ jϕ3

∞∑
n=−∞

j n Jn(β)e jn(ωe t−π/2)

]
(4)

where Jn(β) is the nth-order Bessel functions of the first kind.
Ignoring the higher-order sidebands and the intermodulation
terms (≥2) and adjusting the bias voltages to make ϕ1 = ϕ2 =
ϕ3 = π/2, the optical field at the output of the DP-MZM is
given by

Eout(t) ∝ e jωct
[
( j − 1)J0(β) − 2J1(β)e jωet

]
. (5)

As can be seen from (5), only the optical carrier and
one first-order optical sideband (+1st order) exist, thus an
SSB + C modulation is achieved.
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C. Photonic IFM Based on Frequency-to-Time Mapping

The generated SSB + C signal is combined with the light
wave from the FDML laser and sent to a PD where a beat
signal is generated. Note that the chirped pulse generated by
the FDML laser has a locked phase, as shown in Fig. 2(a).
The IFM is realized based on frequency-to-time mapping,
to translate the frequency information to a time delay, with
the principle shown in Fig. 2. As can be seen, after beating
between an LCOW from the FDML laser with a CW optical
signal, the frequency of the FDML pulse is down-converted
to the microwave band. As shown in Fig. 2(b), when the
instantaneous frequency of the FDML pulse is lower (or
higher) than the frequency of the SSB + C signal, after beating
at the PD two linearly frequency modulated (LFM) signals
with a chirp rate of −B/τ (or B/τ ) is generated. If a BPF
with a center frequency at fIF and a 3-dB bandwidth of BW
is connected to the PD, two pairs of short pulses with a time
difference between the two pulses in a pair being 2 fIFτ /B is
generated, as shown in Fig. 2(c). The center point between a
pulse pair corresponds to the zero instantaneous frequency of
a beat signal, which indicates that the frequency of the SSB or
the carrier signal is equal to the instantaneous frequency of the
FDML pulse at that particular time. If a narrowband lowpass
filter (LPF) is applied, fIF = 0, only a single pulse (instead
of a pair of pulses) is generated and its temporal location
corresponds to the zero instantaneous frequency of a beat
signal. In comparison, the use of a BPF can slightly reduce the
measurement error since the center point is the average of the
two time measurements rather than a single time measurement.
In addition, a BPF can usually have a narrower bandwidth,
which would make the frequency measurement more accurate.
In our implementation, a BPF rather than an LPF is used.

At the output of the BPF, for a single-frequency input, a pair
of pulses with a time delay difference between the two pulses
being 2 fIFτ /B is then obtained. For an SSB + C signal, two
pairs of pulses representing the beating between the optical
carrier and the sideband with the LCOW, as shown in Fig. 2(c).
By monitoring the time delays at the pulses, the frequency of
the SUT can be estimated, which is given by

fe = f2 − f1 = B

τ
(τ1 − τ0) = B

τ

(
τ ′

1 − τ ′
0

)
(6)

where f1, f2 are the frequency of the optical carrier and the
first-order sideband, respectively; τ0, τ1, are the time delays
of the pulses resulting from the optical carrier, and τ ′

0 and τ ′
1

are the time delays of the pulses resulting from the first-order
sideband. The theoretical 3-dB temporal width of the short
pulses is determined by the rise-and-fall time (2 × 0.35/BW)
of the filter [33]. Thus, the theoretical frequency measurement
resolution can be calculated based on the frequency-to-time
mapping relationship, given by

r = 0.7B

τ · BW
(7)

where B/τ is the chirp rate of the LCOW.

III. EXPERIMENTAL DEMONSTRATION

A proof-of-concept experiment based on the setup in Fig. 1
is carried out. The key device in the system is the FDML laser,

Fig. 3. Transmission response of the MDR.

which is implemented with a fiber ring geometry incorporating
an EDFA (Nortel) as a broadband gain medium. A PC is
inserted between the EDFA and the TOBPF to minimize the
polarization-dependent cavity loss. The TOBPF is a tunable
silicon MDR which has a relatively narrow passband and can
be fast tunable. The spectral responses of the MDR at the
drop and through ports are measured by an optical vector
analyzer (LUNA OVA CTe) and shown in Fig. 3. As can be
seen from the zoomed-in view in Fig. 3, a 3-dB bandwidth
of 60 pm (∼7.5 GHz @ 1550 nm) is obtained. The MDR is
driven by a periodic parabolic signal generated by an arbitrary
waveform generator (AWG, Agilent 33250A) with a repetition
rate of 23.39 kHz, corresponding to the round-trip time of
the ring cavity. An isolator is used to form a unidirectional
anticlockwise propagation of the longitudinal modes. Since
the gain bandwidth of the EDFA covers two times the free
spectral range (FSR) of the MDR, an optical processor (Finisar
Waveshaper 4000S) is used to select the resonance around
1550 nm. The optical processor is also used as a device
for dispersion compensation to manage the dispersion in the
cavity. An optical coupler (OC1) is used to split the optical
signal into two parts, with 10% of the optical power fed back
via a 9 km non-zero dispersion-shifted fiber (NZDSF) to close
the FDML laser loop while 90% of the optical power being
combined with the SSB + C signal and applied to the PD.
The spectrum of the light generated by the FDML is shown
in Fig. 4(a) and the instantaneous frequency of the beat signal
with a CW light is shown in Fig. 4(b). The chirp rate of the
LCOW in our experiment is 2.74 GHz/μs. The bandwidth of
the FDML laser is about 0.5 nm (∼62.5 GHz @ 1550 nm),
which is wide enough for IFM application. The spectrogram of
the beat signal shows that the FDML laser has good frequency
linearity, which is required to keep a uniform measurement
resolution and accuracy within the measurement range.

An optical carrier from a TLS (Anritsu MG9638A) emit-
ting at 1548.5 nm with a power of 8 dBm is generated,
which is sent to the DP-MZM via the electrical 90◦ hybrid
coupler where it is modulated by a microwave signal from
a microwave source (Agilent E8254A). The DP-MZM (JDS
Uniphase, Model 470661H) has a bandwidth of 20 GHz. The
bias voltages applied to the upper sub-MZM, lower sub-MZM,
and parent MZM are 5.06 V (VDC1), 4.79 V (VDC2), and
7.59 V (VDC3), respectively. Fig. 5 shows the spectrum of the
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Fig. 4. (a) Optical spectrum of the LCOW generated by the FDML laser.
(b) Instantaneous frequency of the beat signal with a CW laser.

Fig. 5. Spectrum of the SSB + C signal.

SSB + C signal when the microwave signal at 20 GHz is
applied. A sideband suppression ratio as high as 28.8 dB is
achieved. The SSB + C signal is amplified and combined
with the light from the FDML laser to beat at a 10 GHz PD
(Lucent Model 2623CSA). The beat signal is then sent to a
BPF centered at 6.19 GHz before envelope detection (Detector,
0.1-20 GHz, Model 201S). The frequency response of the BPF
is shown in Fig. 6. As can be seen, the 3-dB bandwidth of
the BPF is 30 MHz and the rise-and-fall time of the BPF
is 0.023 μs. Thus, the theoretical frequency measurement
resolution is calculated to be 63 MHz. A BPF with a narrower
bandwidth would lead to a better accuracy. The temporal
waveform recorded by the digital storage oscilloscope (DSO)
(sampling rate 1 GSa/s, Agilent DSO-X 93204A) when the
input microwave signal is 20 GHz is shown in Fig. 7. The 3-dB
temporal width of the short pulses is about 0.08 μs, thus the

Fig. 6. Frequency response of the electrical bandpass filter.

Fig. 7. Temporal waveform recorded by the DSO when the frequency of an
input microwave signal is 20 GHz.

Fig. 8. Measured frequency versus the input frequency when the electrical
power level of the input signal is at 19 dBm.

frequency measurement resolution of the proposed system is
about 200 MHz. The resolution deterioration mainly originates
from the poor wavelength stability of the TLS and the LCOW,
and the interpolation error of the DSO.

Two pairs of notches are observed. Note that the enve-
lope detector gives an inverted output, making two notches
corresponding to the two shown in Fig. 2(c). Fig. 8 shows
the measured frequency versus the input frequency when
the power level of the input electrical signal is at 19 dBm.
An R-square value as high as 0.9999 is achieved. Without
electrical power amplification or attenuation to the SUT,
a dynamic range of 29 dB is achieved. The measurement
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Fig. 9. Measurement errors when the electrical power levels of the input
signals are 19, 0, and −10 dBm, respectively.

Fig. 10. Frequency measurement resolution.

errors are also measured, which are shown in Fig. 9 when the
power levels of the input signals are at 19, 0, and −10 dBm.
For a measurement range of 20 GHz, an accuracy better
than ±100 MHz is achieved. Then measurement resolution
of 200 MHz is shown in Fig. 10 when the SUT is a two-tone
microwave signal (18 and 18.2 GHz). To verify the feasibility
of multi-frequency measurement, a 3-tone microwave signal is
generated by another AWG (Keysight M8195A) as the SUT.
The electrical spectrum of the 3-tone microwave signal is
shown in Fig. 11(a) and temporal waveform recorded by the
DSO is shown in Fig. 11(b). Then the measurement error for
each tone is calculated and shown in Fig. 11(c).

It should be noted that the measurement updating rate is at
the order of the driving frequency of the MDR (23.39 kHz),
indicating that a very fast frequency measurement is achieved.
In addition, as compared with the method based on an FDML
OEO [28], the proposed IFM system has a much wider
frequency measurement range. The DP-MZM is the only
high-speed device needed in this system and the bandwidth
of which limits the upper bound of the measurement range.
If an optical modulator with a wider modulation bandwidth
(for instance a plasmonic-based modulator) is employed,
the measurement range of the proposed IFM system could
be expanded to even sub-THz while maintaining the same
measurement accuracy and speed. Moreover, the measurement
accuracy of the proposed method is mainly affected by the

Fig. 11. (a) Electrical spectrum of the 3-tone RF signal. (b) Temporal
waveform of the 3-tone RF signal input. (c) Frequency measurement errors.

wavelength stability of the TLS and the 3-dB bandwidth of the
BPF. If a more stable TLS and a narrower bandwidth BPF are
employed, the measurement resolution could be comparable
or even better than that reported in [28].

IV. CONCLUSION

A novel approach to broadband instantaneous multi-
frequency measurement using an FDML laser was proposed
and experimentally demonstrated. The key device in the mea-
surement system is an electrically controlled silicon MDR
with a linewidth of 60 pm (∼7.5 GHz) inserted in the FDML
loop to realize a high-speed and ultra-narrow optical filtering,
leading to effective frequency-domain mode locking. By using
the output from the FDML laser which was a broadband
frequency-swept chirped pulse and beating it with an SSB + C
signal at a low-speed PD, the frequency information of the
SUT was mapped to the time domain. By monitoring the
time delays using a low-speed oscilloscope, the frequency
of the SUT could be measured. One key advantage of the
approach is that it can measure multiple frequencies at a high
speed. The approach was experimentally evaluated. In our
proof-of-concept experiment, a measurement range as large
as 20 GHz with a measurement resolution of 200 MHz
and an accuracy better than ±100 MHz was achieved. The
measurement range can be extended if a wider bandwidth
DP-MZM is used. The approach has potential applications in
the radar, electronic warfare, communications, and cognitive
radio systems.
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