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Abstract—Incorporating radar detection and frequency mea-
surement functions within a single system is highly desirable in
modern RF applications. In this article, a microwave photonic
system is proposed and demonstrated to simultaneously realize
broadband radar detection and frequency measurement. By shar-
ing a light with ± 2nd-order linear frequency-modulated (LFM)
sidebands in a polarization-division-multiplexing manner, radar
detection and frequency measurement functions can be realized
simultaneously. In the transmitter, the shared light is used to gen-
erate a radar signal that has a quadrupled bandwidth compared
with the input electrical LFM signal. In the receiver, the shared light
is applied as the reference to perform photonic de-chirping of the
radar echo and to scan the frequency of the signal under test (SUT)
along two orthogonal polarization directions. In the experiment,
a 4.5–6.5 GHz LFM signal is used to generate the shared light
source, based on which radar detection (bandwidth: 18–26 GHz)
with a range resolution as high as 2.06 cm, and frequency measure-
ment (measurement range: 28–36 GHz) with a scanning rate of
0.8 GHz/µs and a resolution of 37.6 MHz are achieved. In addition,
the reconfigurablilty of the frequency measurement range, and its
capability for measuring the multi-tone and wideband signals are
also demonstrated.

Index Terms—Microwave frequency measurement, microwave
photonics, polarization-division multiplexing, radar detection.

I. INTRODUCTION

M ICROWAVE photonics (MWP) uses photonic tech-
niques to generate, distribute, process, and analyze mi-

crowave or radio frequency (RF) signals. MWP has attracted lots
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of attention because of its advantages including high frequency,
large bandwidth, low-loss transmission, and resistance to elec-
tromagnetic interference [1]–[3], etc. In the past few decades,
MWP in communication systems, especially the radio-over-
fiber (ROF) technique [4], has been extensively investigated.
Recently, an increasing number of attentions have been paid
to MWP applications in radar and electronic warfare (EW)
systems [5]–[7], aiming to overcome the bandwidth limitations
of traditional electric systems.

Previously, several MWP radar architectures have been pro-
posed [8]–[18]. In [8], an MWP radar is demonstrated using
a mode-locked-laser (MLL) to generate the transmit signal by
photonic heterodyning, and to sample the radar echo with a
photonic analog-to-digital converter (ADC). In another MWP
radar, optical chirp to electrical chirp conversion is applied
in the transmitter and a time-stretched ADC is used in the
receiver [9]. Besides, MWP radar with de-chirp receiving is
also proposed [10]–[12]. In [12], a broadband linear frequency
modulated (LFM) signal is generated by an MWP frequency
quadrupler, enabling a very high range resolution detection.
The received radar echo is de-chirped by an MWP frequency
mixer, which helps to reduce the sampling rate of the ADC
and ensures a fast signal processing capability. Based on this
principle, a 12 GHz-bandwidth MWP radar with a range res-
olution of 1.3 cm [13] was established and inverse synthetic
aperture radar (ISAR) imaging with a 2D resolution better than
2 cm × 2 cm [14], [15] was achieved. Besides, broadband
phased-array radar and multiple-input-multiple-output (MIMO)
radar were also demonstrated [16], [17]. These results can
soundly verify the great potential of MWP techniques in radar
applications.

In EW systems, fast and broadband frequency measurement
of intercepted microwave signal from a radar or a commu-
nication system is of critical importance for threat warning
and communication interception. Up to now, a number of fre-
quency measurement approaches based on MWP techniques
have been proposed, including frequency-to-power mapping
method, frequency-to-space mapping method, and frequency-
to-time mapping method [19]–[33], etc. The frequency-to-power
mapping method is usually realized by constructing an am-
plitude comparison function (ACF), a relationship between
the frequency of the signal under test (SUT) and the power
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ratio of two optical or microwave channels [19]–[28]. In the
frequency-to-space mapping method, the optical carrier is mod-
ulated by the SUT and then channelized to multiple channels,
through which the frequency of the SUT can be estimated
[29]–[31]. The frequency measurement can also be realized
by frequency-to-time mapping [32], [33], e.g., the frequency
was mapped to a certain time delay after transmission through
an optical dispersive fiber [32]. Besides, the frequency can
be measured through the phase slope recovered by broadband
photonic frequency mixing [34].

To reduce the cost and volume of the hardware on platforms
such as combat aircrafts, warships, and unmanned aerial ve-
hicles (UAVs), incorporating radar and EW functions within a
single system is highly desirable. For this purpose, the Office
of Naval Research has initiated an Advanced Multifunction RF
System (AMRFS) Program, aiming to realize the incorporation
of shipboard RF functions using a common set of hardware [35].
Recently, we have integrated the radar imaging and frequency
measurement functions within one electro-optical system in an
optical frequency-division multiplexing manner [36]. In this
system, the ± 1st-order and the 3rd-order LFM sidebands are
separated and used for radar detection and frequency measure-
ment, respectively. Thus, the radar transmit signal has a doubled
bandwidth of the input LFM signal, and the frequency measure-
ment range is triple of the bandwidth of the LFM signal. While,
this scheme suffers from possible interference between the radar
and frequency measurement functions, because the 1st-order and
the 3rd-order LFM sidebands are difficult to separate due to the
limited roll-off factor of current optical filters, especially when
they are close or overlapped. This effect also limits the operation
bandwidth of the system.

In this paper, we propose and demonstrate a photonics-based
system for simultaneous radar detection and frequency mea-
surement based on polarization-division multiplexing. The two
functions are implemented by sharing a light with ± 2nd-order
LFM sidebands, which is modulated by the radar echo and
the signal under test (SUT) along two orthogonal polarizations
at a dual-polarization Mach-Zehnder modulator (Dpol-MZM).
Thanks to this polarization-division-multiplexing architecture,
the optical modulation, transmission, amplification, and filtering
can be implemented by a common set of optical devices, which
helps to reduce the cost and the size of the system. Compared
with the previous frequency-division multiplexing method, the
proposed method here can effectively suppress the interference
between the two functions. In addition, the use of ± 2nd-order
LFM sidebands leads to a quadrupled bandwidth of the input
LFM signal for both radar and frequency measurement appli-
cations, which is much enlarged than the operation bandwidth
of the previous scheme. Furthermore, the proposed system has
increased flexibility because its frequency measurement range
can be reconfigured by simply adjusting the bias voltage of the
electro-optical modulator.

This paper is organized as follows. In Section II, the principle
of the proposed MWP system for simultaneous radar detection
and frequency measurement is described. In Section III, experi-
mental demonstration of the proposed system is carried out. Per-
formances of the radar detection and the frequency measurement

functions are investigated. In Section IV, the reconfigurablilty
of the frequency measurement range, and the capability for
measuring the frequency of wideband signal are demonstrated.
Section V gives the conclusion.

II. PRINCIPLE

Fig. 1 shows the schematic diagram of the proposed sys-
tem. A continuous-wave (CW) light with a frequency of fc
is generated by a laser diode (LD). This light is modulated
by a pair of electrical LFM signals when passing through a
dual-parallel MZM (DPMZM). The two electrical LFM signals
have a phase difference of π/2 between each other, and they are
generated by an arbitrary waveform generator (AWG) together
with an electrical 90 degree hybrid. The DPMZM consists of
two sub-MZMs (MZMa and MZMb) in the two arms of a
main MZM (MZMc). The two sub-MZMs are biased at the
maximum transmission point (MATP) to suppress the odd-order
modulation sidebands, and the main MZM (MZMc) is biased at
the minimum transmission point (MITP) to suppress the optical
carrier. Thus, the ± 2nd-order modulation sidebands dominate
in the obtained spectrum (point a). The obtained optical signal
after the DPMZM can be expressed as [12]

E1 (t) ∝ J2 (α)
[
ej2π(fc+2fLFM)t + ej2π(fc−2fLFM)t

]
(1)

where Jn(�) is the n-th order Bessel function of the first kind, α
is the modulation index, and fLFM = f0+kt is the frequency of
the LFM signals in a single period (0<t≤T) with T, f0, k being
the temporal period, the initial frequency, and the chirp rate,
respectively.

The optical signal from the DPMZM is divided into two parts
through an optical coupler (OC). One part is injected into a
photodetector (PD1) to generate the transmit signal expressed as

v1 (t) ∝ ‖E1 (t)‖2 = 2J2
2 (α) cos [2π (4fLFM) t] (2)

It can be seen that both the center frequency and the bandwidth
of the transmit signal are quadrupled compared with those of the
LFM signal from the AWG. This obtained signal is amplified by
an amplifier (Amp1) and then launched to the air by the radar
transmit antenna (Radar Tx).

The other part from the OC is injected into a Dpol-MZM,
composed by two sub-MZMs (MZM1 in X-polarization, MZM2
in Y-polarization), a polarization rotator (PR), and a polarization
beam combiner (PBC). Both MZM1 and MZM2 are biased at the
quadrature point (QP). In X-polarization, MZM1 is driven by the
radar echo, received by the radar receive antenna (Radar Rx) and
amplified by an electrical amplifier (Amp2). In Y-polarization,
MZM2 is driven by the SUT collected by another receive antenna
for frequency measurement. Before applied to MZM2, the SUT
is amplified by an amplifier (Amp3) and selected by an electrical
band-pass filter (EBPF1). Here, EBPF1 is used to avoid the inter-
ference from the radar signal and the undesired image-frequency
signal. To this point, the radar echo and the SUT are carried by
the lightwaves along two orthogonal polarizations. The obtained
polarization-division-multiplexed optical signal (point b) can be
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Fig. 1. Schematic diagram of the system for simultaneous radar detection and frequency measurement. AWG: arbitrary waveform generator; LD: laser
diode; DPMZM: dual-parallel Mach–Zehnder modulator; MATP: maximum transmission point; MITP: minimum transmission point; OC: optical coupler; PD:
photodetector; Amp: amplifier; EBPF: electrical band-pass filter; Dpol-MZM: dual-polarization MZM; PR: polarization rotator; PBC: polarization beam combiner;
QP: quadrature point; EDFA: Erbium-doped fiber amplifier; OBPF: optical band-pass filter; PBS: polarization beam splitter; ELPF: electrical low-pass filter; ADC:
analog-to-digital converter; DSP: digital signal processing.

expressed as

E2 (t) ≈ x̂

√
2

2
E1 (t)

[
J0 (α1)

− J1 (α1)
(
ej2πfechot + e−j2πfechot

)]
+ ŷ

√
2

2
E1 (t)

× [
J0 (α2)− J1 (α2)

(
ej2πfxt + e−j2πfxt

)]
(3)

where fecho and fx are the frequencies of the radar echo and the
SUT, respectively, and α1 and α2 are the modulation indexes of
MZM1 and MZM2, respectively. In (3), only the optical carrier
and the ± 1st sidebands are considered, considering the higher
order sidebands have much smaller amplitudes.

After the Dpol-MZM, an Erbium-doped fiber amplifier
(EDFA) is used to boost the optical power, and an optical
band-pass filter (OBPF) is followed to select the three frequency
components at fc-2fLFM, fc + 2fLFM-fecho, and fc + 2fLFM-fx
(point c). The obtained signal can be expressed as

E3 (t) ∝ x̂

√
2

2
J2 (α)

[
J0 (α1) e

j2π(fc−2fLFM)t

−J1 (α1) e
j2π(fc+2fLFM−fecho)t

]

+ ŷ

√
2

2
J2 (α)

[
J0 (α2) e

j2π(fc−2fLFM)t

−J1 (α2) e
j2π(fc+2fLFM−fx)t

]
(4)

Then, the signal in X-polarization and that in Y-polarization
are separated by a polarization beam splitter (PBS) (points d and
e). The obtained two optical signals are

E3X (t) ∝
√
2

2
J2 (α)

[
J0 (α1) e

j2π(fc−2fLFM)t

−J1 (α1) e
j2π(fc+2fLFM−fecho)t

]
(5)

E3Y (t) ∝
√
2

2
J2 (α)

[
J0 (α2) e

j2π(fc−2fLFM)t

−J1 (α2) e
j2π(fc+2fLFM−fx)t

]
(6)

The signal in X-polarization carrying the radar echo informa-
tion is sent to a PD (PD2) for optical-to-electrical conversion.
An electrical low-pass filter (ELPF) is followed to select the
de-chirped low frequency component, which is

v2 (t) ∝ J2
2 (α) J0 (α1) J1 (α1) cos [2π (4fLFM − fecho) t]

(7)
In (7), the de-chirped signal has a frequency of fRa =

4fLFM-fecho. Assuming the received echo signal is delayed by
τ compared with the transmitted signal, the de-chirped signal
frequency would be fRa = 4kτ [12]. In the digital signal pro-
cessing (DSP) unit, the frequency of the de-chirped signal can
be acquired by simple spectral analysis of the signal sampled by
a low-speed ADC, and the distance between the radar and target
can be derived by

d =
cτ

2
=

cfRa

8k
(8)

where c is the speed of electromagnetic propagation.
At the same time, the optical signal in Y-polarization is sent

to another PD (PD3), from which the output electrical signal is

v3 (t) ∝ J2
2 (α) J0 (α2) J1 (α2) cos [2π (4fLFM − fx) t]

+
1

2
J2
2 (α)

[
J2
0 (α2) + J2

1 (α2)
]

(9)

The signal in (9) contains a dc component and a frequency
component at |4fLFM-fx|. Following PD3, a narrow-band elec-
trical band-pass filter (EBPF2) centered at fIF is connected. The
spectrum of the output signal can be denoted by

SE (f) ∝ [δ (f) + δ (f − |4fLFM−fx|)] δ (f − fIF)

= δ (|4fLFM−fx| − fIF) δ (f − fIF) (10)
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where δ(f) + δ(f-|4fLFM-fx|) is the spectrum of v3(t), δ(f-fIF)
is the transfer function of EBPF2. Eq. (10) indicates that the
obtained signal is an amplitude-modulated signal with a carrier
frequency of fIF. When a microwave envelope detector is applied
after EBPF2, the obtained signal can be derived as

e (t) = δ (|4fLFM − fx| − fIF) = δ (|4f0 + 4kt− fx| − fIF)

=

{
1 t = fx+fIF−4f0

4k or t = fx−fIF−4f0
4k

0 else
(11)

As can be seen, the frequency under test (fx) is determined by
the time when the output is nonzero, i.e., e(t)�0. Based on (11),
the frequency fx can be estimated by

fx = 4ktI + 4f0 − fIF or fx = 4ktI + 4f0 + fIF (12)

where tI is the time when e(tI)�0. Since tI changes from 0 to
T, the frequency measurement range is from 4f0-fIF to 4f0-fIF +
4kT, or from 4f0 + fIF to 4f0 + fIF + 4kT. To avoid frequency
overlapping between the two measurement ranges, 4f0-fIF+ 4kT
< 4f0 + fIF should be satisfied, requiring that the measurement
bandwidth (4kT) should be less than 2fIF. Besides, to solve
the frequency measurement ambiguity problem, i.e., two image
frequencies exists for a given time position in (12), an EBPF
(EBPF1) with a specific pass band should be applied to confine
the frequency measurement in the range of 4f0-fIF to 4f0-fIF +
4kT, or 4f0 + fIF to 4f0 + fIF + 4kT.

In the previous deduction, the optical devices are assumed to
have ideal performance. In practical applications, polarization
cross talk may occur due to the non-ideal separation of the
optical signals in two polarizations after the PBS. Besides,
the limited roll-off factor of the OBPF may induce spectral
interference because the undesired modulation sidebands close
to the required optical frequency components cannot be totally
removed. These factors would degrade the signal to interference
plus noise ratio (SINR), and thus reduce the dynamic range and
deteriorate the sensitivity of the system. Therefore, an OBPF
with large edge roll-off as well as PBS with high extinction ratio
is preferred in the proposed system.

III. EXPERIMENTAL DEMONSTRATION

To test the performance of the proposed system, an experiment
is conducted based on the setup in Fig. 1. In the experiment, an
LD (TeraXion PS-NLL) is used to generate the CW light source
at 1550.126 nm with a power of 16 dBm. The light is modulated
at a DPMZM (Fujitsu FTM7962EP) by a pair of LFM signals
having a phase difference of π/2, of which the initial frequency,
the bandwidth, and the temporal period are 4.5 GHz, 2 GHz,
and 10 μs, respectively. The optical spectrum of the signal at
the output of the DPMZM is measured by an optical spectrum
analyzer (Yokogawa AQ6370C, Resolution: 0.02 nm) and shown
in Fig. 2. As can be seen, the ± 2nd-order optical sidebands are
generated with the optical carrier and other undesired sidebands
well suppressed.

Following the DPMZM, a 3-dB OC is applied to split the
optical signal into two branches. In one branch, the optical signal
is injected into a PD (Optilab PD-30, Bandwidth: 30 GHz) to

Fig. 2. Spectrum of the optical signal at the output of DPMZM.

Fig. 3. (a) Time-domain waveform and (b) instantaneous frequency of the
radar transmit signal.

generate the radar transmit signal. Fig. 3(a) shows the time-
domain waveform of the radar transmit signal, which is observed
by an 80-GHz real-time oscillator (Keysight DSO-X 92504A).
Figure 3(b) illustrates the corresponding instantaneous fre-
quency of the time-domain waveform. It can be seen that the fre-
quency of the radar transmit signal increases from 18 to 26 GHz
linearly in a period of 10 μs, indicating the transmit signal has
a quadrupled bandwidth of the original LFM signal. This signal
is amplified by an amplifier (A-INFOMW, bandwidth: 18–26.5
GHz, gain: 40 dB) and then is launched to the air through a
K-band antenna. In the other branch of the OC, the optical
signal is modulated at a Dpol-MZM (Fujitsu FTM7980EDA),
where the sub-MZM in X-Polarization is driven by the radar
echo signal and that in Y-Polarization is driven by the SUT. The
SUT is generated by a commercial microwave signal generator
(Keysight E8257D). As an example, the frequency of the SUT
is set to 32 GHz. The blue line in Fig. 4(a) shows the spectrum
of the optical signal at the output of the Dpol-MZM. An EDFA
(Amonics AEDFA-35-B-FA) and an OBPF (Yenista XTM-50/S)
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Fig. 4. Spectra of the optical signals (a) at the outputs of the Dpol-MZM and
the OBPF, (b) at X-polarization port of the PBS, and (c) at Y-polarization port
of the PBS.

are followed to amplify the optical signal and suppress the
undesired sidebands, respectively. The response of the OBPF
and the spectrum of the optical signal after the OBPF are also
plotted in Fig. 4(a). Then, the signal in X-Polarization and that
in Y-Polarization are separated by a PBS. The spectra of the
signal in X-Polarization and that in Y-Polarization are shown in
Fig. 4(b) and Fig. 4(c), respectively, through which the interfer-
ences caused by the unideal performance of the OBPF and PBS
can be observed. In Fig. 4(b), the spectral interference caused
by the modulation sideband at fc-2fLFM-fecho still exists, but
has a power of 14 dB lower than the desired optical frequency
components. The polarization cross talk can also be observed in
Fig. 4(b). While, the optical components carrying the radar echo
information has a power of 20-dB higher than that of the cross
talk component.

Then, the signal in X-Polarization is sent to a PD (CETC44
GD45216S) with a 3-dB bandwidth of 18 GHz followed by an
ELPF (Bandwidth: 20 MHz) to de-chirp the radar echo signal.
The de-chirped signal is digitalized by a real-time oscillator
(Keysight DSO-X 92504A) operating at a sampling rate of

Fig. 5. (a) Frequency spectrum of the de-chirped signal and (b) zoom-in view
of the spectrum around the peak.

100 MSa/s. The sampled data are sent to the DSP unit. In order to
test the radar function, a metallic trihedral corner reflector (size:
2 cm× 2 cm× 2 cm) is used as the target, which is located about
1.65 m away from the antenna pair. Fig. 5(a) shows the spectrum
of the de-chirped signal, of which the spectral peak appears at
8.90 MHz. According to (8), the distance between the target and
the antenna pair is 1.67 m, which is very close to the real value.
The range resolution of the radar function is also tested. Fig. 5(b)
shows the zoom-in view of the spectral peak, in which the 3-dB
bandwidth is 0.11 MHz, corresponding to a range resolution of
2.06 cm. Here, the measured range resolution is larger than the
theoretical value of 1.875 cm for an 8 GHz-bandwidth radar
[14]. This slight deviation is mainly caused by the fact that the
target used in our experiment is not an ideal point target as its
size is comparable with the radar resolution.

The signal in Y-Polarization is sent to another PD (CETC44
GD45216S) with a 3-dB bandwidth of 18 GHz followed by
an EBPF (EBPF2) centered at 10 GHz with a 3-dB bandwidth
of 15 MHz. An envelope detector (Agilent 8474C, Bandwidth:
0–33 GHz) is applied after the EBPF. The obtained signal is then
recorded by the real-time oscillator working at a sampling rate
of 100 MSa/s. According to (12), the frequency measurement
range can be 28–36 GHz, or 8–16 GHz. The frequency mea-
surement bandwidth is 8 GHz, which can be further improved
by increasing the bandwidth of the input electrical LFM signal
and the center frequency of EBPF2. To avoid the frequency mea-
surement ambiguity, an EBPF is applied to enable a frequency
measurement range of 28–36 GHz. Fig. 6 shows the waveform
recorded by the oscillator when the frequency of the SUT is set
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Fig. 6. Measured waveform when a 32-GHz signal is tested, and zoom-in view
of the waveform around the pulse.

Fig. 7. Measured waveform when a two-tone signal with frequencies of 31
and 32 GHz is tested.

to 32 GHz. As we can see, a pulse appears at the time of 5.02 μs.
According to (12), the frequency is estimated to be 32.016 GHz,
corresponding to a measurement error of 16 MHz. From the
zoom-in view of the pulse in Fig. 6, we can see the full width
at half maximum (FWHM) of the pulse is 0.047 μs. Based on
(12), a temporal interval of 0.047-μs corresponds to a frequency
spacing of 37.6 MHz, thus, the frequency measurement res-
olution is 37.6 MHz. Ideally, the measurement resolution is
determined by the 3-dB bandwidth of EBPF2 (15 MHz). How-
ever, in our experiment, the frequency scanning rate reaches
as high as 0.8 GHz/μs. In this case, the temporal FWHM
of the pulse is mainly determined by the rise-and-fall time
(2∗0.35/BIF) of EBPF2, where BIF is the 3-dB bandwidth of
EBPF2 [37].

In order to demonstrate the applicability of the frequency
measurement function to multi-tone signals, a two-tone signal
at 31 GHz and 32 GHz is acted as the SUT. Fig. 7 shows the cor-
responding waveform recorded by the oscillator. The two pulses
appear at 3.77 and 5.01 μs, and the frequencies are estimated to
be 31.016 and 32.008 GHz, respectively, which are very close to
the real values. To test the measurement resolution, a two-tone
signal with a 37.6-MHz frequency spacing (at 31.9624 GHz and
32 GHz) is measured with the results shown in Fig. 8. As can be
seen, the two pulse peaks at 4.94 μs and 4.99 μs can be easily
distinguished, indicating a frequency measurement resolution
no more than 37.6 MHz is achieved.

Fig. 8. Measured waveform when a two-tone signal with a frequency spacing
of 37.6 MHz is tested.

Fig. 9. (a) Measurement results when the frequency of the SUT is tuned from
28 to 36 GHz with a step of 1 GHz, and (b) measurement errors versus the input
frequencies.

The frequency measurement errors are also investigated when
measuring different frequencies. Fig. 9(a) shows the measure-
ment results when the frequency of the SUT is tuned from
28 GHz to 36 GHz with a step of 1 GHz, and Fig. 9(b) shows the
measurement errors. We can see that the errors are kept within
±16 MHz in the whole frequency measurement range.

IV. DISCUSSION

In the proposed system, the frequency measurement range is
changeable by simply tuning the bias voltage of MZM2 in the
Dpol-MZM from the quadrature point (QP) to the minimum
transmission point (MITP). When MZM2 is operated at the
MITP, the illustrative spectra at point b, c and e in Fig. 1 are
changed to the spectra in Fig. 10. Specifically, the optical signal
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Fig. 10. Illustrative spectra at the output of Dpol-MZM (a) and OBPF (b), and
at Y-polarization port of the PBS (c) when MZM2 is biased at the MITP.

at the output of the Dpol-MZM (point b) is

E
′
2 (t) ≈ x̂

√
2

2
E1 (t)

× [
J0 (α1)− J1 (α1)

(
ej2πfechot + e−j2πfechot

)]

− ŷE1 (t) J1 (α2)
(
ej2πfxt + e−j2πfxt

)
(13)

Then, OBPF2 is applied to select four frequency components
at fc-2fLFM, fc + 2fLFM-fecho, fc-2fLFM + fx, and fc + 2fLFM-fx.
The obtained optical signal (point c) is

E
′
3 (t) ∝ x̂

√
2

2
J2 (α)

[
J0 (α1) e

j2π(fc−2fLFM)t

−J1 (α1) e
j2π(fc+2fLFM−fecho)t

]

+ ŷ

√
2

2
J2 (α)

[
J1 (α2) e

j2π(fc−2fLFM+fx)t

−J1 (α2) e
j2π(fc+2fLFM−fx)t

]

(14)

Comparing Eq. (14) with Eq. (4), it can be seen that the signal
in X-polarization for radar detection remains unchanged. Thus,
changing the bias voltage of MZM2 does not affect the radar
function. When the signal in Y-polarization (point e) is sent to
PD3, the obtained electrical signal is

v′3 (t) ∝ J2
2 (α) J

2
1 (α2) cos [2π (4fLFM − 2fx) t]

+J2
2 (α) J

2
1 (α2) (15)

This signal is filtered by EBPF2, of which the output is

S ′
E (f) ∝ [δ (f) + δ (f − |4fLFM−2fx|)] δ (f − fIF)

= δ (|4fLFM−2fx| − fIF) δ (f − fIF) (16)

After envelope detection, the obtained signal is

e′ (t) = δ (|4fLFM − 2fx| − fIF)

= δ (|4f0 + 4kt− 2fx| − fIF)

=

{
1 t = 2fx+fIF−4f0

4k or t = 2fx−fIF−4f0
4k

0 else
(17)

Fig. 11. Spectra of the optical signals (a) at the outputs of the Dpol-MZM and
the OBPF, and (b) at Y-polarization port of the PBS.

Similar with the previous deduction, the frequency under test
(fx) becomes

fX = 2ktI + 2f0 − fIF
2

or fX = 2ktI + 2f0 +
fIF
2

(18)
According to (18), the frequency measurement range is from

2f0-fIF/2 to 2f0-fIF/2 + 2kT, or from 2f0 + 2fIF to 2f0 + 2fIF +
2kT, which is different from the range when MZM2 is biased at
the QP.

The feasibility of this method is tested with the previous exper-
imental setup, in which the bias voltage of MZM2 is changed
to the MITP. According to (18), the frequency measurement
range is from 4 to 8 GHz, or from 14 to 18 GHz. In our exper-
iment, frequency measurement in the range from 4 to 8 GHz is
demonstrated. Fig. 11(a) shows the spectrum at the output of the
Dpol-MZM, the response of the OBPF, and the spectrum of the
signal after the OBPF when the SUT has a frequency of 6 GHz.
The spectrum of the optical signal in Y-polarization is plotted in
Fig. 11(b). Fig. 12 shows the waveforms after envelope detection
when the frequency of the SUT is tuned from 4 to 8 GHz with a
step of 1 GHz. According to the temporal positions of the pulses,
the frequencies are measured to be 4.002, 5.018, 6.018, 6.986,
7.986 GHz, respectively, with the measurement errors less than
18 MHz.

Finally, measurement of the spectrum of a communication
signal (carrier frequency: 6 GHz, quadrature phase shift keying
modulation, symbol rate: 250 MBaud) is demonstrated by the
established system with a frequency measurement range of
4–8 GHz. Fig. 13 shows the measured spectrum. It is shown
that, the signal has a 3-dB bandwidth of 240 MHz, which is
very close to the symbol rate. The result verifies the capability
of the proposed system for measuring wideband signals.
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Fig. 12. Measured waveforms when the frequency of the SUT is tuned from
4 to 8 GHz with a step of 1 GHz.

Fig. 13. Frequency measurement result of a communication signal with a
carrier frequency of 6 GHz and a symbol rate of 250 MBaud.

V. CONCLUSION

In this paper, we propose and demonstrate a microwave pho-
tonic system that can simultaneously realize broadband radar
detection and frequency measurement. Thanks to the photonics-
assisted frequency quadrupler, using a LFM signal with a band-
width of 2 GHz and a temporal period of 10 μs, a transmit signal
with a bandwidth of 8 GHz (from 18 to 26 GHz) is generated,
which enables a range resolution as high as 2.06 cm, and an
8-GHz frequency measurement range from 28 to 36 GHz with a
fast scanning rate of 0.8 GHz/μs is realized. By tuning the bias
voltage of the Dpol-MZM, the frequency measurement range
is reconfigurable. In addition, the applicability of the frequency
measurement function to multi-tone and wideband signals is
also demonstrated. The proposed system can find applications
in the future electric systems, where broadband radar detection
and frequency measurement are required.
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