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Abstract—We proposed a dual-chirp microwave photonic radar
based on compressive sensing for distance and velocity measure-
ment. This radar can generate different chirp linear frequency
modulated (LFM) signals using a dual-parallel Mach-Zehnder
modulator (DPMZM). In the receiving part, a dual-drive Mach-
Zehnder modulator (DDMZM) and a Mach-Zehnder modulator
(MZM) are cascaded for the optical mixing and de-chirp processing
with a pseudo-random bit sequence (PRBS). Then the mixed signal
can be gathered by an analog-to-digital converter (ADC) at a
sampling rate that is well below the Nyquist sampling rate. Using
fewer sampling points, the reconstruction algorithm can recover
the de-chirped signal accurately with a compression ratio of 8. A
proof-of-concept experiment demonstrates that when the target
is stationary, the distance measurement error is about 1.560 cm.
The signal-to-noise ratio (SNR) of the recovery signal is enhanced
to 30.725 dB. When the target is moving, the simulation results
present that the maximum distance error is 1.2 cm, and the velocity
error is below 0.140 m/s. This compressive sensing radar reduces
the pressure of a massive amount of data storage or processing
and guarantees the accuracy of signal recovery. At the same time,
it breaks the limitation of operation bandwidth and increases the
speed of operation.

Index Terms—Compressive sensing, microwave radar, sub-
Nyquist sampling, optical mixing.

1. INTRODUCTION

ADAR is used for collecting location information and
Rreal-time imaging of an object in many scenes [1], [2].
Recently, microwave photonic techniques have been brought
to radar systems because of the advantages such as broad
bandwidth, fast analog signal processing, and electromagnetic
interference (EMI) immunity [3], [4]. The linear frequency
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modulation (LFM) signals have been widely used in radar sys-
tems [5], [6]. However, for a single-chirp signal, the ambiguity
function is knife-edge typed, with large range-Doppler coupling,
which can decrease the range-Doppler resolution. Therefore, the
dual-chirp signal is desired to be generated because it causes
less range-Doppler coupling and can be generated based on
photonics approaches, such as using a dual-polarization quadra-
ture phase-shift keying (DP-QPSK) modulator [7], a dual-drive
Mach-Zehnder modulator (DDMZM) [8], [9], or two cascaded
Mach-Zehnder modulators (MZMs) [10].

In the receiving part of a radar, the de-chirping process of the
echo signal can be realized by DDMZM [11] or phase modulator
(PM) [12]. The de-chirped signal, which carries the distance’s
information, can be collected by analog-to-digital converters
(ADCs). The frequency of the de-chirped signal is proportional
to the transmitted LFM signal’s rate and the distance of the target.
However, with the use of wide bandwidth transmitted signals
and the remote target measurement, the Nyquist sampling rate
can be high and is well beyond the scope of the ADC. At the
same time, the large amount of data that radar systems usually
dispose of would significantly expand the ADCs’ data storage
capacity. In the radar system, the target shows a high degree of
sparsity compared with the background. Compressive sensing
(CS)is apractical approach to sampling sparse signals with alow
sampling rate and few sampling points, reducing unnecessary
data storage. It contains signal mixing, compressive sampling,
and reconstruction process. To realize CS, microwave photonic
techniques have large bandwidth and flexible structures. For
example, two cascaded MZMs and a balanced photodetector
(BPD) are used to recognize radio frequency (RF) signals pre-
cisely [13]. In [14], the IQ modulator is used to recover rectangu-
lar pulse with a 520-MHz ADC. The photonic RF channelization
system decreases the speed of random sequences with parallel
MZMs and photodetectors (PDs) [15]. The reconstruction al-
gorithm has developed in recent years. Orthogonal matching
pursuit (OMP) is widely used for signal recovery [16]. Based
on the OMP algorithm, many optimized schemes appear, such
as r-OMP [17] and regularized OMP (ROMP) algorithm [18],
and compressive sampling matching pursuit (CoSaMP) algo-
rithm [19], [20]. Compared with the OMP algorithm used before,
the ROMP, r-OMP, and CoSaMP algorithms develop the calcu-
lation speed. In addition, the CoSaMP algorithm would throw
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Fig. 1. The schematic of the proposed radar system. CW: continuous wave;
RF: radiofrequency; MZM: Mach-Zehnder modulator; DPMZM: dual-parallel
Mach-Zehnder modulator; PD: photodetector; BPF: band-pass filter; EC: elec-
trical coupler; TA: transmitting antenna; RA: receiving antenna; EA: electrical
amplifier; DDMZM: dual-drive Mach-Zehnder modulator; LPF: low-pass filter;
ADC: analog-to-digital converter; PRBS: pseudo-random bit sequence.

away redundant elements to develop the convergence speed.
In the iterative process, it can reduce the storage place of the
element library. So, this algorithm offers rigorous bounds on
computational cost and improves reconstruction efficiency.

In this paper, a dual-chirp microwave photonic radar based
on CS technology is proposed for the distance and velocity
measurement. In the transmitted part, a dual-parallel Mach-
Zehnder modulator (DPMZM) is used to generate a dual-chirp
signal. In the receiving part, a DDMZM is cascaded with an
MZM to realize the de-chirping process and signal mixing. The
mixed-signal after the low-pass filter (LPF) is compressively
sampled and digitized at a sub-Nyquist rate. Finally, the CoSaMP
algorithm can reconstruct the de-chirped signal accurately, and
the distance or velocity information can be obtained by the
frequency spectrum of the recovered signal. Compared with our
previous work [21], the generation of a dual-chirp microwave
waveform has a much smaller Doppler coupling which gives a
high range-Doppler resolution. Moreover, the central frequency
and the bandwidth of the transmitted signal can be altered
flexibly by adjusting the two signals injected into the DPMZM.
Then, in the receiver, the use of DDMZM and MZM realizes the
de-chirping and the signal mixing process, avoiding high-speed
electronics. The compressed signal collected by the low-speed
ADC releases the pressure of downlink data storage and im-
proves the performance of the recovered frequency spectrum. In
our experiment and simulation, when the compression ratio is
8, the recovery algorithm can reconstruct the de-chirped signal
accurately. In the experiment for a static target, the maximum
distance error is about 1.560 cm, and the signal-to-noise ratio
(SNR) can be developed to 30.725 dB. When the velocity is
added to the echo signal in the simualtion, the maximum distance
error is 1.2 cm, and the velocity error is less than 0.140 m/s.

II. PRINCIPLES

Fig. 1 demonstrates the block diagram of the dual-chirp radar
system. In the transmitter of the system, a continuous wave (CW)
light wave at wy = 27 f from the laser (CW1) is injected into
a DPMZM. The amplitude of the optical carrier is set as FEj, .
There are two sub-MZMs in the DPMZM (MZM1 and MZM?2).

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 4, AUGUST 2022

An RF signal at w; is generated by a signal source and injected
into the MZM1. A chirp signal cos(wat + kt?/2) is applied to
the MZM2, in which w» and k are the center angular frequency
and the chirp rate, respectively. MZM1 and MZM?2 are biased
at the minimum transmission point (MITP) to achieve a double-
sideband suppressed-carrier modulation. So, the optical output
field of DPMZM can be given as follows [21]:

J1 (1) eflwomen)t
+J; (ﬂl) eJ(wotwi)t

iy () & (otmnt=ire) (D

Iy () (st i )

Ei(t) = E;

where .J,, is the n*"-order of the first kind Bessel function. 3;
and [, are the modulation index of MZM1 and MZM2. ¢ is
the fixed phase caused by the lower arm with a voltage of Vi 1-
After PD1, the electric field can be expressed as:

i1(t) o< 2J7 (By) cos (2wat + kt*) + 2J7 (B2) cos (2w t)

2
+4J1 (B1) J1 (B2) cos (¢1) cos (wlt — wot — k;)

2
+4J1 (B1) J1 (B2) cos (¢1) cos (wlt + wot + k;>’

(2)
when Vi1 1S set properly, ¢1 = 0, and the frequency compo-
nents of 2w; and (2wot + kt?) can be filtered after the band-pass
filter (BPF). So, i(t) can be simplified as:

(JJlt — CUQt — %)

() o4y (B) Ty (B) | (

, (3
—+ cos (wlt + wot + %2)

A dual-chirp LFM signal can be achieved. The carrier frequency
is wy and can be adjusted freely. The bandwidth is related to the

single-chirp signal. The instantaneous frequency of i(¢) can be
formulated as:

fr(t) = { ﬁ :L Zit € [(n—1)T,nT], 4)

where f; and f5 are the initial frequencies of the two bands of the
generated signal; 7" is the duration time. An electrical coupler
(EC) is used to divide the electric signal into two branches. One
is sent to the transmitting antenna after the electrical amplifier
(EA); the other is applied to the DDMZM. The echo signal can
be collected by the receiving antenna and then injected into the
DDMZM. The angular frequency of the light wave generated
from CW2 is wq. The frequency of the echo signal is written as:

o f1 — k’(t — AT) o
fe(t) = {fz k(- A7_)25 elln-01T,nT), (&)
where A7 is the delay time between the transmitting and the
receiving antenna. The optical output field of the DDMZM can
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Fig. 2. Frequency-time diagram of the transmitted and echo signal. (a) static

target. (b) moving target.

be represented as [11]:
Eppazm(t) = EiJ3 (mo) cos () el (Wotte2/2)
o (wot+2mfr()t+3)
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The DDMZM is biased at the MITP. ms and (- represent the
modulation index and the phase difference between the two
arms, respectively. Under the small-signal modulation, only
the first-order sidebands are considered and o = km, (k =
0,41,42,...). The optical power after DDMZM is:

Pou1 < Py [cos (2| fr(t) — fr(t)|?)]. (7

The component of cos(2x|fr(t) — fe(t)|t) is defined as the
de-chirped signal, and the frequency component of |fr(t) —
fE(t)| is defined as Af. As Fig. 2(a) shows, Af = kAT. At
this moment, the distance of the target can be calculated as:

c- At ¢ Af

2 2k
where c is the velocity of the light in the vacuum. If the target is
moving, the echo signal will have a frequency offset compared
to the transmitted signal. The frequency shift is the Doppler
frequency shift (DFS) i andfy(t) = fr(t) + f7. In Fig. 2(b),
for amoving target, the frequency component of | f1(¢) — fr ()]
can be expressed as:

R = ()

_)
Afi1 = kAT — fa, 9)
_)
Afy = kAT + fa. (10)
So, the distance and the velocity of the target can be derived as:

c- AT o C(Afl—FAfg)
2 4k ’

_>
|
2

R =

(11)
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4

Then the optical signal output from DDMZM is emitted to the
MZM3 for the optical mixing process. The PRBS from another
source is injected into MZM3. If the time domain signal of
PRBS is defined as (), respectively, the output optical power

v = : (12)
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of MZM3 is

F out2 —
2T vV,
where V) is the amplitude of the PRBS, V4,4 and Vi is
the bias voltage and the half-wave voltage applied to MZM3,
respectively. By adjusting MZM3 bias at the quadrature point
and under a small signal modulation, Py o is simplified as:

Pout 1 ‘/T(t)
2 Ve |’

Then the optical signal is detected by PD2 and the electrical
signal is written as:

I(t) oc [eos 2 [ fr(t) = fe(@)[ O] [L +r(@B)],  (15)

~ refers to the modulation index of MZM3. So, I(t) consists of
two parts: the de-chirped signal cos(27|fr(t) — fr(t)|t) which
is defined as x(t), and yr(t) cos(2n|fr(t) — fr(t)|t), which is
the multiplication term between x(t) and r(¢). The LPF is used
to filter the part of x(¢). The multiplication term, which carries
the information of the de-chirped signal, is left to downsampled
and digitized by the ADC.

The CS can be expressed as reconstructing the unknown signal
u from the less observed signal y. u contains [N points and
u = W8, where W is an N x N orthonormal basis matrix, ¢
isan N x 1 vector which is the sparse demonstration of u. The
process of CS can be expressed as:

y=Pu=DHRWS,

Vr Vias
Pou1 . [1+COS (7r ) T Wb 4>} ’ (13)

Pout2 ~

{1 + (14)

(16)

where y is the observed signal which contains M points (M <
N). Disthe M x N matrix which is related to the compression
ratio. If the compression ratio is defined as 6, § = N/M. H is
an N x N matrix that corresponds to the LPF. Ris the N x N
diagonal matrix representing the PRBS. According to solve the
minimum ¢; norm reconstruction:

0 = argmin ||0]|s,, subjectto ®WO = y. (17)

We can acquire an optimal estimation of #. Next, the estima-
tion result u can be calculated. For signal reconstruction, the
CoSaMP algorithm is applied to realize the reconstruction pro-
cess. It requires only matrix-vector multiplies with the sampling
matrix so it decreases the complexity of calculation and increases
the calculating speed. In a radar system, the observed signal
can be regarded as y and acquired by the low-speed ADC; the
de-chirp signal z(t) can be regarded as u and can be recovered
through the recovery algorithm.

III. RESULTS AND DISCUSSIONS

To evaluate the performance of the proposed radar scheme,
an experiment based on Fig. 1 is established. The wavelength
of CW1 (Santac TLS-510) is 1550 nm and sent to the DPMZM,
with a power of 20 mW. The RF signal from a signal generator
(Keysight E8257D) at 9 GHz is applied to MZM1; an arbitrary
waveform generator (AWG) (Keysight M8196 A) provides the
chirp signal and sends it to MZM2. MZM1 and MZM?2 are
working at MITP. The frequency range and the amplitude of the
LFM signal are from 0.2 GHz to 1.2 GHz and 1 V, respectively.
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The time duration is 100 ns. The V;;,4 1 s set properly, and the
DPMZM is working to realize the double-sideband suppressed-
carrier modulation. The responsivity of PD1 (KG-PD-50G-A-
FC) is 0.55 A/W, and the 3-dB bandwidth is 50 GHz. After
the PD1 and the BPF, the low-frequency term cos(2wst + kt?))
and the high-frequency term cos(2w;t) are removed, after that
the dual-chirp LFM signal is generated. The time-domain of
the dual-chirp signal collected by the oscilloscope (Keysight
MSOV254 A) and the frequency spectrum are shown in Fig. 3(a)
and (b). The maximum sampling rate of the oscilloscope is
80 GSa/s. As Fig. 3(b) shown, the two bands of the LFM signal
are 7.8 GHz-8.8 GHz and 9.2 GHz-10.2 GHz, respectively.
Moreover, the bandwidth and central frequency of the dual-chirp
signal can be adjusted freely according to w1, ws and B.

The dual-chirp signal is used widely to decrease the range-
Doppler coupling. For a single-chirp LFM signal, the ambiguity
function is formulated as:

7] sin (%T(Zﬂ'kT +Q4) (1 - %)) ’
T) T 21kt £ Q4) (1— %)

(a1 1
2

(18)
where |7| < T. For a dual-chirp LFM signal, the ambiguity
function is written as:

2

( - M) sin( 3T (2nkr+94)(1-'F))
T %(T(27rk'r+(2d)(1(f%)‘))

B m sin %T(Q‘n’kﬂ'fﬂd) 1*%

+ (1 T) 1T (2mkr—Qq) (1- )

Ixa (73 Q4)> =

19)
where |7| < T, 7 is the time delay related to the distance and Q4
is the frequency shift corresponding to the velocity. Fig. 4 shows
the comparison of the single-chirp signal and the dual-chirp
signal. Fig. 4(a) is the time-frequency analysis of the signal-chirp
signal from 9.2 GHz to 10.2 GHz, which is generated by the
AWG. The ambiguity function in Fig. 4(b) shows a knife edge.
In Fig. 4(c), the time-frequency analysis of the dual-chirp signal
generated by the DPMZM shows that in the duration time, the
bandwidth of the up and down-chirp signal is 1 GHz. In Fig. 4(d),
the sidelobe of the ambiguity function is suppressed, and the
peak of the function is the original point. So, the range-Doppler
resolution can be developed using the dual-chirp signal.

The EC can divide the dual-chirp signal into two parts. One
is sent to the free space through the TA, and the other is applied
to the DDMZM (Fujitsu LU-MZM-DPSK-X). The echo signal,
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Fig. 4. The single-chirp LFM signal with a 1-GHz bandwidth from 9.2 GHz
to 10.2 GHz (a) time-frequency analysis; (b) the ambiguity function. The dual-
chirp LFM signal with two bands 7.8 GHz-8.8 GHz and 9.2 GHz-10.2 GHz (c)
time-frequency analysis; (d) the ambiguity function.

which carries the distance information, is then collected by the
RA and injected into the DDMZM after the EA (AV80212) to
realize the de-chirping process. In the experiment, the gain of
EA is 25 dB, and the bandwidth is 1 to 26.5 GHz. The bit rate
and the amplitude of the PRBS are 2 Gb/s and 1 V, respectively.
It is applied to the MZM3 for signal mixing.

In the experiment, the delay time caused by the experiment
devices should be considered and measured. First, a reference
distance is fixed and a series of distance measurements are based
on it. The PD2 (Finisar XPDV2120RA) which has a 3-dB band-
width of 40 GHz with a responsivity of 0.65 A W, transformed
optical signal after the DDMZM into the electric signal and send
it to the oscilloscope. The low-frequency interference can be
filtered by electric filters. The sampling rate of the oscilloscope
is set as 400 MSa/s, and the de-chirped frequency is measured
to be 95.465 MHz. In the follow-up experiment, this value is
described as the reference frequency. When the distance of the
target is set as 51.0 cm, based on (8), the de-chirped frequency
is 119.465 MHz. Fig. 5(a) shows the frequency domain of the
de-chirped signal (black line), and the peak frequency value
is 120.503 MHz. The distance of the target is measured as
52.557 cm. Based on the power spectrum of the de-chirped
signal in Fig. 5(b) (black line). The signal power is calculated as
—1.131 dBm and the noise power is calculated as —25.196 dBm,
so the SNR is 24.065 dB. At this moment, the sampling point
N = 4096.

To realize the compressive sampling process, the de-chirped
signal and the PRBS which are both collected by the oscilloscope
can be mixed and down-sampled by the computing platform. Af-
ter the signal mixing, when the sampling rate of the oscilloscope
is 200 MSa/s, in other words, the compressive sampling point
M=2048 (M=N/2), the reconstruction process can be finished
by using the CoSaMP algorithm, and the recovered de-chirped
signal of the frequency domain is shown in Fig. 5(a) (red line).
The peak frequency value of the recovered de-chirped signals is
120.503 MHz. According to the recovered peak frequency, the
distances of the target can be calculated as 52.557 cm. The error



DING et al.: DUAL-CHIRP PHOTONICS-BASED RADAR FOR DISTANCE AND VELOCITY MEASUREMENT BASED ON COMPRESSIVE SENSING

(a) —=ow 1 | (b) )
08 o J
% 061 5
o Z T
2 04 6 -30 ,,\'r\‘\,\" \"'U
= PR TUUL 1
g o2/ ng. -40 o
< "
0.0 Y -50
0 40 80 120 160 200 0 40 80 120 160 200
Frequency(MHz) Frequency(MHz)
1.0 0
() (d) o
0.8 { -10
S —_
T 06 E 20 \
° % ! ‘u"«
2 041 = -30 KA ¥
£ o2 z -40 i
.27 [e]
< | o
0.0 el T : -50 : ‘ : :
0 40 80 120 160 200 0 40 80 120 160 200
Frequency(MHz) Frequency(MHz)
1.0 - 0
© (0
0.8 { -10
S —
T 06+ ,_.% 20
8 S
2 04 3 30
=% S ot
£ 02 S 40 L
< A o
0.0 et DL -50
0 40 80 120 160 200 0 40 80 120 160 200
Frequency(MHz) Frequency(MHz)
Fig. 5. Static target. Columns (a)—(e): the frequency spectra of the original

signal (black line) and the recovery signal (red line) when the sampling rate of
the oscilloscope is (a) 200 MSa/s, (¢)100 MSa/s, and (e) 50 MSa/s. Columns
(b)—(f): the power spectra of the original signal (black line) and the recovery
signal (red line) when the compressive bandwidth of the oscilloscope is (b) 200
MSa/s, (d) 100 MSa/s, and (f) 50 MSa/s.

between the actual and measured distances is 1.557 cm. The
power spectrum of the recovered signal, as shown in Fig. 5(b)
(red line), demonstrates that the signal power is —1.371 dBm,
and the noise power is calculated as —32.096 dBm, so the SNR
is 30.725 dB. When the sampling rate of the oscilloscope is
100 MSa/s, that is, M=1024 (M=N/4), the de-chirped signal
in the frequency domain is depicted in Fig. 5(c) (red line).
Compared with the frequency spectrum of the original signal
(Fig. 5(c), black line), the de-chirped frequency of the recovered
de-chirped signal using the CoSaMP algorithm is 120.503 MHz.
The distance of the target can be calculated as 52.557 cm, and
the error of the distance is 1.557 cm. In Fig. 5(d), the power
spectrum (red line) shows that the signal power is —1.810 dBm
and the noise power is calculated to be —31.644 dBm. So, the
SNR is 29.834 dB. When the bandwidth of the oscilloscope is
50 MSa/s (M=N/8), the peak frequency value in Fig. 5(e) is
120.505 MHz (red line). The distance of the target is measured
as 52.560 cm, and the error of the distance detection is 1.560 cm.
In Fig. 5(f), compared with the original signal (black line), the
signal power is —1.809 dBm and the noise power is calculated
to be —31.641 dBm. So, the SNR is 29.832 dB (red line).
Based on the comparison of recovery error and frequency
value, it is clear that if the sparsity is appropriately set, the algo-
rithm can recover the de-chirped signal faithfully and suppress
the noise. Therefore, the SNR is improved. The reconstruction
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distance.

The relationship and the error of the true distance and the measured

result can be credible, and the distance of the target can be
measured accurately under the sub-Nyquist sampling rate under
a compressive factor of 8.

Fig. 6 shows the time domain signal comparison between the
direct sampling and compressive sampling. It is seen that the
time-domain performances of the original signal (black line)
and the recovery signal (red line) show some differences. It is
because the recovery of the noise signal is suppressed using CS
technology, and the frequency of the de-chirped signal can not
be influenced by the de-chirping process.

In the second experiment, the distance of the target changes
from 30.0 cm, 35.0 cm, 45.0 cm, 51.0 cm, to 60.0 cm. The
bandwidth of the oscilloscope is set as 50 MHz, corresponding
to a compression ratio of 8. The measured distance is calculated
according to the recovered frequency. The measured distance
and the error related to the true distance are presented in Fig. 7.
The measured distance is close to the true distance (black line).
The maximum measured error is 1.560 cm (blue line).

When the target is moving, a series of simulations are per-
formed. For the convenience of calculation, the distance and the
velocity of the target are set as 15 m and 6 m/s, respectively.
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Fig.8. Moving targets. (a) the frequency spectrum and (b) the power spectrum

without CS technology. (c) the frequency spectrum and (d) the power spectrum
with a compressive factor of 2. (e) the frequency spectrum and (f) the power
spectrum with a compressive factor of 4.

The frequency range of the LFM signal generated from AWG is
changed to 0—4 GHz, and the time duration of the LFM signal
is 2.8 ms. The frequency of the RF signal is 15 GHz. After the
DPMZM, the dual-chirped signal can be generated and the two
bandsare 11-15 GHz and 15-19 GHz. According to (9) and (10),
the de-chirped frequency is influenced by the DFS. According to
(11) and (12), the de-chirped frequencies are 142.257 kHz and
143.457 kHz, respectively. When the bandwidth of the ADC is
400kHz (N=4096), as Fig. 8(a) shows, the de-chirped frequency
values are 143.236 kHz and 143.357 kHz. Fig. 8(b) shows the
power spectrum of the de-chirped signal. The signal power is
—8.114 dBm and the noise power is calculated as —25.294 dBm.
So, the SNR is calculated to be 17.180 dB.

Then the compressive factor is set as 2. Fig. 8(c) shows the
frequency spectrum after the reconstruction process using the
CoSaMP algorithm. In Fig. 8(c), the de-chirped frequencies are
142.285 kHz and 143.506 kHz, respectively. The distance is
calculated to be 15.004 m, which indicates that the distance error
is 0.4 cm. The velocity is calculated to be 6.105 m/s and the error
is 0.105 m/s. In Fig. 8(d), the signal power is calculated to be
—1.916 dBm and the noise power is calculated as —46.673 dBm.
So, the SNR is 44.757 dB. Then, the compressive factor is set as
4. The de-chirped frequencies in Fig. 8(e) are 142.383 kHz and
143.555 kHz, respectively. As a result, the distance is calculated
as 15.012 m, and the distance error is 1.2 cm. The target’s veloc-
ity is 5.860 m/s and the error is 0.140 m/s. In Fig. 8(f), the signal
power is —1.955 dBm and the noise power can be calculated
as —46.580 dBm. The SNR is increased to 44.625 dB. For the
comparison of frequency spectrums, compressive sampling and
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reconstruction can accurately recover the de-chirped signal with
the DFS. In addition, the recovery of clutter can be suppressed.
The power of the noise signal can be suppressed and the SNR is
developed after the reconstruction.

A compressive sensing radar can be used in the car safety
system. The compressive sensing radar can be combined with
digital cameras and sensor systems to realize a full-angle target
detection and environment sensing. The range resolution can be
developed by adjusting the bandwidth of the transmitted signal.
Moreover, an advanced vehicle driver assistance system can
be set up. When the distance of the target is long, the power
of the echo signal can be low to collect or submersed in the
background noises. So, the SNR of the echo signal should be
developed in a long-distance measurement. To develop the SNR
of the echo signal, we can use a low noise amplifier after the
receiving antenna. In addition, the filters can be used after the
receiving antenna. The threshold value of the power detection
can be appropriately set to filter the noise. If the SNR of the
echo signal is developed and the compressive ratio is suitable,
this system is fit for a long-distance measurement.

IV. CONCLUSION

In summary, we have proposed a dual-chirp microwave pho-
tonic radar based on CS technology to measure the distance and
velocity of a target. The use of a dual-chirp signal is immune
to the range-Doppler coupling. The central frequency and the
bandwidth of the dual-chirp signal can be adjusted freely. In
the receiving part, the system realizes the all-optical process for
de-chirping and signal mixing, using the cascaded DDMZM and
MZM. The results show that the de-chirped signal can be recov-
ered accurately with a compressive factor of 8. In our experiment
test, for a static target, the results of distance measurement can
be measured accurately. The distance error is less than 1.560 cm.
For a moving target, the simulation performance evaluates that
the maximum distance error is 1.2 cm, and the velocity error is
less than 0.140 m/s. If the sparsity is appropriately set, the noise
signal can be suppressed, and the SNR can be developed to
30.725 dB. The CS microwave photonic radar shows excellent
performance in distance and velocity measurement and great
potential in 2-D image reconstruction, reducing the pressure of
data storage and improving the speed of real-time imaging.

REFERENCES

[1] R. Fitzgerald, “Effects of range-Doppler coupling on chirp radar track-
ing accuracy,” IEEE Trans. Aerosp. Electron. Syst., vol. AES-10, no. 4,
pp. 528-532, Jul. 1974.

[2] L. Wang et al., “Photonic generation and transmission of dual-band dual-
chirp microwave waveforms at C-band and X-band with elimination of
power fading,” IEEE Photon. J.,vol. 13, no. 1, Feb. 2021, Art. no. 5500209.

[3] P. Ghelfi et al., “Photonics for radars operating on multiple coherent
bands,” J. Lightw. Technol., vol. 34, no. 2, pp. 500-507, Jan. 2016.

[4] S. Pan and Y. Zhang, “Microwave photonic radars,” J. Lightw. Technol.,
vol. 38, no. 19, pp. 5450-5484, Oct. 2020.

[5] F.Zhang et al., “Photonics-based broadband radar for high-resolution and
real-time inverse synthetic aperture imaging,” Opt. Exp., vol. 25, no. 14,
pp. 16274-16281, 2017.

[6] H. Zhang et al., “Photonic generation of linearly chirped microwave
waveforms with tunable parameters,” IEEE Photon. Technol. Lett., vol. 32,
no. 17, pp. 1037-1040, Sep. 2020.



DING et al.: DUAL-CHIRP PHOTONICS-BASED RADAR FOR DISTANCE AND VELOCITY MEASUREMENT BASED ON COMPRESSIVE SENSING

[7]

[8]

[9]

[10]

(11]

(12]

[13]

[14]

[15]

X. Li et al., “Photonic generation of frequency and bandwidth multiplying
dual-chirp microwave waveform,” IEEE Photon. J., vol.9,no. 3, Jun. 2017,
Art. no. 7104014.

S. Zhu et al., “Dual-chirp microwave waveform transmitter with elimina-
tion of power fading for one-to-multibase station fiber transmission,” Opt.
Lett., vol. 45, no. 5, pp. 1285-1288, 2020.

R. Cheng et al., “Photonic generation of programmable coherent linear
frequency modulated signal and its application in X-band radar system,”
Opt. Exp., vol. 27, no. 26, pp. 37469-37480, 2019.

Y. Xu et al., “Photonic generation of dual-chirp waveforms with improved
time-bandwidth product,” IEEE Photon. Technol. Lett., vol. 29, no. 15,
pp. 1253-1256, Aug. 2017.

J. Zhang et al., “Photonics-based simultaneous measurement of distance
and velocity using multi-band LFM microwave signals with opposite
chirps,” Opt. Exp., vol. 27, no. 20, pp. 27580-27591, 2019.

Y. Bae et al., “X-band photonic-based pulsed radar architecture with a
high range resolution,” Appl. Sci.-Basel, vol. 10, no. 18, pp. 1-14, 2020.
F. Yin et al., “Multifrequency radio frequency sensing with photonics-
assisted spectrum compression,” Opt. Lett., vol. 38, no. 21, pp. 4386-4388,
2013.

Q. Guo et al., “Compressive spectrum sensing of radar pulses based on
photonic techniques,” Opt. Exp., vol. 23, no. 4, pp. 45174522, 2015.

B. Yang et al., “Broadband microwave spectrum sensing based on photonic
RF channelization and compressive sampling,” IEEE Photon. J., vol. 12,
no. 1, Feb. 2020, Art. no. 5500109.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

5541807

S. K. Sahoo and A. Makur, “Signal recovery from random measurements
via extended orthogonal matching pursuit,” IEEE Trans. Signal Process.,
vol. 63, no. 10, pp. 2572-2581, May 2015.

A. Chatterjee and P. W. T. Yuen, “Rapid estimation of orthogonal matching
pursuit representation,” in Proc. IEEE Int. Geosci. Remote Sens. Symp.,
2020, pp. 1315-1318.

M. A. Davenport and M. B. Wakin, “Analysis of orthogonal matching
pursuit using the restricted isometry property,” IEEE Trans. Inf. Theory,
vol. 56, no. 9, pp. 4395-4401, Sep. 2010.

D. Needell and J. A. Tropp, “CoSaMP: Iterative signal recovery from in-
complete and inaccurate samples,” Appl. Comput. Harmon. Anal., vol. 26,
no. 3, pp. 301-321, 2009.

D. Wu et al,, “The theory of compressive sensing matching pursuit
considering time-domain noise with application to speech enhancement,”
IEEE-ACM Trans. Audio Speech Lang., vol. 22, no. 3, pp. 682—696,
Mar. 2014.

Y. Ding et al., “Microwave photonic radar for distance and velocity
measurement based on optical mixing and compressive sensing,” Appl.
Opt., vol. 60, no. 27, pp. 8534-8539, 2021.

D. Zhu and J. Yao, “Dual-chirp microwave waveform generation using
a dual-parallel Mach—Zehnder modulator,” IEEE Photon. Technol. Lett.,
vol. 27, no. 13, pp. 1410-1413, Jul. 2015.




<<
  /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 true
  /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


