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Abstract: To explore lidar, which can simultaneously measure the distance and velocity of
long-distance targets at high resolution, a coherent lidar system based on chirp pulse compression has
been studied. Instead of a conventional acousto-optic modulator (AOM), we used an electro-optic
modulator (EOM) to modulate a continuous 1550 nm laser. Using EOM, the resolution of the lidar is
higher and the system simpler. The electrical waveform used to modulate the laser is a chirp pulse,
which has a sweeping bandwidth of 98 MHz, a duration of 10 us, and a pulse repetition rate of
20 kHz. The result of 100 measurements shows that the system may yield accurate information in
range, +22 cm, and radial velocity, +1.066 cm/s.
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1. Introduction

Compared with microwave radar, lidar uses near-infrared or visible light as a carrier, which provide
higher transverse resolution and better directivity because of the shorter wavelength. Traditional lidar
uses the time-of-flight (TOF) of unmodulated narrow light pulse echoes that are reflected from a target to
measure distance, and uses the time difference between pulses to measure velocity. In order to achieve
high precision and sensitivity when making long-distance measurements, many TOF lidar systems use
short-pulse lasers with a low pulse repetition rate and extremely high peak power [1,2]. This results in
the problem of photon damage, since laser pulses of megawatt-level peak power will gradually damage
optical devices and shorten system life, and high-power lasers are both expensive and cumbersome.
Furthermore, this system can only measure the average velocity during the differential time.

Compared with the unmodulated narrow light pulse technique, the modulated wide light pulse
technique based on chirp compression is a better solution [3]. In this technique, a low-power laser,
modulated by a long-pulsed RF up-sweep chirp wave, is used as the emitted light signal. The RF
chirp wave also acts as a local RF wave. The modulated light signal is emitted by the beam expander
collimator into free space, then reflected by the target and received by the same collimator. The received
light signal is detected by a photodetector, and the RF chirp wave is demodulated and then convolves
with the local RF wave. After convolution, this long chirp wave is compressed into a narrow pulse
with a high peak whose position represents the speed and distance of the target. Since the energy of
the signal is concentrated into a short period of time, the distance resolution and signal-to-noise (SNR)
are greatly improved. The compression ratio is equal to the time bandwidth product (TBP), namely
Bt where B is the frequency sweep bandwidth and 7 is the duration of the pulse. The local wave
convolves with the echo wave, such that the anti-interference of the system is improved. For velocity
measurement, traditional pulse compression lidar uses AOM to modulate the phase of laser [4,5].
Thus, it requires modulating the up-sweep and down-sweep chirp wave to measure both distance
and velocity, thus making the system more complicated. The bandwidth of the AOM is narrow and
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the response speed is slow, such that the compressed pulse is not narrow enough. In this paper,
we have used EOM instead of AOM to modulate the amplitude of laser. After coherent detection,
the RF chirp wave will split in frequency domain due to the Doppler shift, causing splitting of the
compressed narrow pulse in the time domain. As a result, two narrow pulses will be obtained,
allowing simultaneous calculation of the distance and velocity. With EOM, first, the compressed pulse
is greatly narrowed so the resolution is greatly improved and, second, we only need to modulate an
up-sweep chirp signal to achieve simultaneous measurement of distance and velocity. Furthermore,
we can measure the speed and distance of multiple points of the target and then use the measurement
information to achieve recognition of the targets [6,7].

As for frequency-modulated continuous wave (FMCW) lidar, it can only utilize the part where the
local oscillator light and echo light coincide in one sweeping period. The farther the target, the larger
the time delay, and the shorter the coincidence time [8-11]. As pulse compression lidar is not affected
by time delays, and all echo light can be utilized, a pulse compression solution is therefore more
advantageous for long-distance detection. Moreover, the FMCW system is susceptible to frequency
modulating (FM) nonlinearity and requires additional auxiliary paths to compensate for nonlinearity.

2. Materials and Methods

2.1. Principle

The frequency of the RF chirp wave increases linearly from f; to f, over pulse duration 7 as
shown in Equation (1), and is modulated onto a laser. Through transmission, reflection, receiving, and
detection of the modulated laser pulse, the RF chirp wave is demodulated, and the RF chirp wave is

., - Hr=f P )
s(t) = rgct(;)eﬂﬂflf-i-]n%tz _ rect(;)e]le]nktz (1)

where wy = 2nfq, k = %, and B = f, — f1, so the received RF wave is
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where fj is the time delay, wy is the Doppler angular shift caused by a moving target, and A,
characterizes the amplitude of the echo. Here, for the convenience of derivation, we assumed A, =1,
and we have )
v
— 3
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where d is the distance of the target, c is the speed of light, A is the wavelength of the laser, and v is the
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velocity of the target. The conjugation of the inversion of the transmitted RF chirp wave over time also
works as a local chirp wave, namely

si(t) = s(~t) @

The output signal is the convolution of the local and received delayed RF chirp wave. Then, the
output wave is
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It is a Sinc function, and can be thought of as a narrow pulse. When s,,,; has its maximum value,
namely, the peak of the narrow pulse, we derive
wy T+

2mk(t' 4+ == ) ( 5

ik )=0 @)

Near the narrow pulse peak, t can be neglected because it is much less than 7, so we derive
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The Soutmax is only related to the pulse duration 7 and magnitude of the echo signal (we set it to 1),
s0, in order to increase SNR to detect farther targets, we can increase the pulse duration v and amplify
the magnitude of the detected signal A,. The position of the peak represents the time delay of the
transmitted signal: ty denotes distance and zwjdk denotes velocity, so the distance and velocity can be
calculated. When s, firstly becomes zero, we can derive

Wy |, T 1 w,
2rk(f + 50 (5) = T b = ho+ -~ 5 )

The difference between tyo;x and tzero is 1/kt = 1/B seconds, so the wide pulse with a duration of

T is compressed to 1/B seconds by convolution.

2.2. System Description

Figure 1 shows the block diagram of the proposed lidar system. A coupler divides the power of
the laser souce into a 99% part and 1% part. The 99% part is modulated by EOM and then amplified by
optical amplifier. The amplified modulated light is injected into port 1 of the optical circulator and then
injected into the telescope through port 2. The echo light is obtained by the same telescope and sent to
3 dB coupler through port 3. Since the circulator is not perfect, parts of the modulated light will leak
from port 1 to 3. This is useful and important because it can be used as a zero-time base. The 1% part
works as local light, and mixes with the echo and leakage light. The mixed light is detected by balance
detector so as to get both the delayed leakage and echo RF chirp signal, which will partly coincide if
the target is not far enough. Then, they convolve with the local RF chirp wave.

99% circulator = telescope
g Optical ? q 2
Laser 1:99 L0 amplifier
3
I Balance
1% 3dBcoupler ri—— 5
ata
Optic signal I Analys
— Rf signal Slgnal is
ource

Figure 1. Block diagram of the system.

First, we can only analyze the echo light because convolution is a linear process. The voltage
waveform used to drive the modulator is
_ h=f, _
Vs(t) = Vpcos(2m fit + nTt ) = Vpcos[V(t)] (10)
where the Vp is the amplitude of the driving voltage signal. When the modulator is based at null point,
the output optical field of the modulator is
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niVs(t)

T

E, = Essin( ) cos(2m fot) (11)
where E; is the amplitude of the constant input optical field, V7, is the half-wave voltage of the EOM,
and f is the center frequency of the laser source. For small-signal modulation, Equation (11) can be
approximated as

E, ~ mcos[V(t)] cos(2m fot), m = ES;;& (12)
T
The received echo and local optical fields are
Eg =acos[V(t')] cos[2m(fo + f4)(t')], EL = beos[2mf(t)] (13)

where g and b are the amplitude of echo and local optical fields, respectively. Usually, 4 is much smaller
than b because of the propagation loss. They mix in the 3 dB coupler, so the two output optical fields of
the 3 dB coupler are

Eq = - cos[V(¥)] cos[2mt(fo + fa)t'] + % cos(2mfot + %)

‘uﬁ ’ A b (14)
Er =5 cos[V(t')] cos[2m(fo + fa)t' + 5] + v cos(2m fot)
Photocurrents of the two photodetectors of the balance detector are
Ly = R|E1|2 = R{ip + % cos[V(t')] cos(2m fat' 4+ 6 — n)} (15)
Loymz = R‘E2’2 = R{iD + % COS[V(IUH COS(2T(fdt' + 9)}
) a? , »? , T
ip :R(§{1+Cos[2V(t )]HZ)’ 0= fo(t —t)+E (16)

where R is the responsivity of the photodetectors. The output voltage of the balance detector [12,13] is
proportional to the difference between the two photocurrents: Iy, and I;,2. Then, the output voltage
of the balance detector is

Vo = Gabcos[V(t')] cos(2nfst + 0) = GTab{cos[V(t') +2nfyt’ 4+ 0)] + cos[V(t') —2nfyt’ — 0)]} (17)

where G is the conversion gain of the balance detector. As can be seen from Equation (17), two
chirp waves emerge. Hence, after compression, the two narrow pulses will emerge. According to
Equation (8), the time delays of the two peaks are

fa fa
tpeakl =to—=—, tpeakZ =to+ = (18)
k k
The distances represented by these two peaks are
tpeak1 * € tpeak2 * €

dy =

h = (19)

2 7 2
In particular, when the target is stationary, the two pulses will completely coincide, that is, only

one narrow pulse will emerge. The actual distance is given by

di+d
Areal = : > 2 (20)
and the velocity is given by
dy —dy)B
D= ( 1 2) (21)

2Tf()
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In order to improve the performance of the system, we need to do extra two kinds of data
processing. First, we multiply the local RF wave by the Hamming window to suppress the high
side lobes of the Sinc waveform, so as to reduce the probability of false alarm. Second, the phase
term 6, described by Equation (16), will affect the phase of the Sinc waveform, so we perform Hilbert
transformation on the compressed narrow pulse to obtain its envelopes, which would not be affected
by 0. After these two steps of data processing, the output signal will be a narrow positive pulse as
shown in Figure 2, rather than an oscillating Sinc waveform.
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Figure 2. The principle of distance and velocity measurement.

The graphs in the first row show the frequency over time of the echo and its envelopes after
compression for a stationary target, and the second row shows those of a moving target. In this way,
we can accurately measure distance and velocity. The direction of the velocity can be determined by
the two successive measurements.

3. Results

3.1. Distance and Velocity Measurement

As shown in Figure 3, the verification experiment was performed using a spinning disk as
the target.

Figure 3. Spinning disc target.

The laser frequency was set at 193.4 THz. The RF chirp had a duration of 10 ps, a repetition rate
of 20 kHz and sweeps from 1 MHz to 99 MHz. The fiber amplifier was set at 50 mW. The delayed RF
chirp wave detected by the balance detector was sampled using a real-time oscilloscope. One of the
detected chirp waves is shown in Figure 4. The signal on all screens is a full cycle (50 us). The middle
part is two almost coincident chirp pulses which consist of the leakage signal of the circulator and echo
signal reflected by the target. It is worth noting that the amplitude of the latter is much smaller than
that of the former due to the strong loss of echo light after propagation through free space. Beyond
that, the target is not far enough, and the time delay is so short that most part of them overlap.
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AWM i

Figure 4. The output RF signal of the balance detector.

After convolution, the middle two 10 us-long chirp pulses were compressed to two 1/B second
narrow pulses, whose width were doubled when the local chirp was multiplied by the Hamming
window, and were halved because of the two-way propagation, so the distance resolution is

-cx3m (22)

To achieve higher resolution, we can use an RF chirp signal generator of wider bandwidth.
The sampling frequency f; was 1 GHz, so the distance precision is

dp =c/2fs =15cm (23)
To achieve higher precision, we can use an instrument with higher sampling speed. Based on
Equations (20) and (21), the velocity precision is

d.B
vy = % = 0.7448 cm /s (24)

We sampled and processed the detected signal 100 times. One of these results is shown in Figure 5.

150

SNR=14.44dB
X:-2805 X: 5685
100 Y:84.14 Y: 82.57
'. |
| I
50 || II
I| || | ‘I
| i
0 Ly | b i) v 1NN
-50
-100 Compressed Signal |
— Signal Envolope
Detection Threshold
-6000 -4000 -2000 0 2000 4000 6000
range/cm

Figure 5. One of the 100 measurements.

The green line is the compressed signal, the blue line is the envelopes of the green line, and
the red line is the noise threshold. The abscissa represents the distance and the ordinate represents
the amplitude of the signal. The high peak at 0 cm came from the leakage of light of the circulator,
while the two small peaks on both sides came from the echo light. The left peak is —2805 cm and the
right peak is 5685 cm, so the actual distance is 1440 cm and the actual velocity is 214.95 cm/s. For the
100 measurements, we eliminated unreasonable datasets because of instability of coherent detection
caused by the random phase difference between the echo and the local light in the optical domain.
This problem can be solved by phase diversity homodyne technique [14,15] or phase-locked loop
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technique [16]. Measurement can be done with just one pulse, so we do not have to accumulate several
pulses [17]. Thus, the data rate can be as high as 20 kHz. The remaining datasets has a distance within
1000-1800 cm and velocity within 180240 cm/s. It turns out that there were 71 valid results, as shown
in Figure 6.

1540 219
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w 217 o0 00 0@’
§ 1480} o E ® o ODOO o
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(a) (b)

Figure 6. (a) The distance measurements; (b) The velocity measurements.

The blue circles are the 71 valid measurement results, and the green line is the average. The mean
value of distance is 1440 cm, and the standard deviation is 22 cm, which is close to the theoretical value
of 15 cm. The mean value of velocity is 215.65 cm/s with a standard deviance of 1.066 cm/s, which is
approximately the same as the theoretical value of 0.7448 cm/s.

3.2. Computational Burden

The pulse duration of the signal is 7, and the sampling rate is f;. Then, the detected digital signal
is a sequence of length N where N = 7 f;. Hence, the local oscillator is also a sequence of length N.
The signal processing operation is a circular convolution of two sequences of length N used to obtain a
sequence of length 2N, and the sequence is then Hilbert-transformed and, finally, the modulus value
of the sequence is calculated to determine the peak position. Although the calculated amount of
pulse compression is larger than that of MFCW, this is no longer a limiting factor due to the rapid
development of digital signal processor (DSP) chip technology.

3.3. Sensitivity Test

In order to evaluate the performance of the system, Simplified experiments have been conducted
to test the sensitivity of the system. The sensitivity (minimum input power of signal light when SNR
is no smaller than 13 dB) is, namely, the minimum output optical power of the adjustable optical
attenuator. Usually, the sensitivity is at nW or pW magnitude, which cannot be directly detected and
must therefore be tested indirectly. The corresponding block diagram is shown in Figure 7.

99%

Laser 1:99 modulator Oiiiitell
attenuator
1% I
3dBcoupler dBatlar;ce
| etector Data
Optic signal Signal Analysis
Source

—> Rf signal

Figure 7. The block diagram of the sensitivity test.
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We start up the MATLAB program to detect the target in real time, and slowly rotate the knob of
the attenuator to gradually reduce the output optical power until SNR drops to about 13 dB. The SNR
was calculated by dividing the peak value of the compressed narrow pulse by the standard deviance
of the noise. Dividing the peak value by 2700 was the amplitude of the chirp pulse before compression,
namely, V. The ratio 2700 was given by simulation. Then, we could calculate the power of the echo
light through the RF output conversion gain (30 X 10> V/W) of the balance detector. This optical power
was characterized by ab in Equation (25). The local optical power characterized by b%/2 was detected
using an optical power meter. Finally, we obtained the optical power indicated by 4?/2, namely, the
sensitivity. In our experiments, when the SNR dropped to 13 dB, the high peak value was about 15V,
as shown in Figure 8.

20

SNR=13dB compressed signal
15 signal envolope
naise threshold

n
0 [V N S o T [T Rt o v, T,

-5

-10
-8000 -6000 -4000 -2000 0 2000 4000 6000 8000

distance/cm

Figure 8. Sensitivity test result.

Then, we calculated that the V(y was about 11.11 mV, and converted it to output optical power, obtaining
0.37 uW as characterized by ab. The local optical power after coupling loss was 0.4 mW, characterized by
b?/2, which is directly detected by an optical power meter. According to the proportional relationship

= — — 86 pW (25)

2 504mW _ 2
ab— 037 yW 2

The sensitivity was determined to be approximately 86 pW.

4. Discussion

Next, we will discuss the coupling effects of speed and distance. The Doppler shift makes it
possible to measure velocity. At the same time, it introduces peak gain loss caused by frequency
mismatch, since only the convolution of matching bandwidth between the echo and local chirp wave
contributes to the high peak. We simulated the effects of the frequency mismatch. Figure 9 shows the
relationship between Syytmax and fy.

The abscissa represents Doppler shift, and the ordinate represents the compressed amplitude.
Here, we set the amplitude of the chirp wave to be 1, and the maximum amplitude of peak of envelopes
is 2700. As the velocity increases, the Doppler shift increases. The frequency of the inflection point is
about half of the modulation bandwidth, at which point the peak drops to half of the maximum. As the
Doppler shift increases, it accelerates to decrease before the inflection point and, after the inflection
point, it decelerates to decrease.

This relationship was computed under the condition that we multiplied the local RF chirp wave
by the Hamming window and performed Hilbert transform to the Sinc pulse to obtain its envelopes.
When the target moves faster, the Doppler shift is larger and the peak will decrease. When f; exceeds
the bandwidth B, the frequency of the transmitted and received RF signals will not match at all.
The peak will decrease to zero. For a slow-moving target, the Doppler shift introduces few effects, but
for faster targets, these effects have to be considered.
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Figure 9. The effect of frequency mismatch.

5. Conclusions

In this paper, we have demonstrated a coherent lidar system based on chirp pulse compression
that measures both distance and velocity. This lidar can realize the simultaneous high-precision
measurement of both distance and velocity. The ranging accuracy is 22 cm, and the speed accuracy
is 1.066 cm/s. By optimizing the system, we have recently realized the distance measurement of a
white painted wall at 65 m, while the transmitted peak power was only 7 mW. This solution is still in
the experimental stage. We will then further optimize the system to detect farther targets and, after
that, this solution could be used in equipment working in real conditions. The effects of the frequency
mismatch have been discussed. For fast-moving targets, this impact must be taken into consideration.

Author Contributions: Conceptualization, ].Y., B.Z. and B.L.; methodology, ].Y.; software, ].Y.; formal analysis, ].Y.;
investigation, J.Y., B.Z.; writing—original draft preparation, J.Y.; writing—review and editing, J.Y., B.Z. and B.L.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Malota, F. Pulsed CO,-laser heterodyne radar for simultaneous measurements of distance and velocity.
Appl. Opt. 1984, 23, 3395. [CrossRef] [PubMed]

2. Albota, M.A.; Heinrichs, R M.; Kocher, D.G.; Fouche, D.G.; Player, B.E.; Obrien, M.E.; Aull, B.F.,; Zayhowski, ].].;
Mooney, J.; Willard, B.C.; et al. Three-dimensional imaging laser radar with a photon-counting avalanche
photodiode array and microchip laser. Appl. Opt. 2002, 41, 7671-7678. [CrossRef] [PubMed]

3. Skolnik, MLI. Introduction to Radar Systems; Publishing House of Electronics Industry: Beijing, China, 2010.

4. Hulme, K.E; Collins, B.S.; Constant, G.D.; Pinson, ].T. A CO, laser rangefinder using heterodyne detection
and chirp pulse compression. Opt. Quantum Electron. 1981, 13, 35-45. [CrossRef]

5. Halmos, M.].; Henderson, D.M.; Duvall, R.L. Pulse compression of an FM chirped CO; laser. Appl. Opt.
1989, 28, 3595. [CrossRef] [PubMed]

6.  Dudczyk, J. Radar Emission Sources Identification Based on Hierarchical Agglomerative Clustering for Large
Data Sets. J. Sens. 2016, 2016, 1879327. [CrossRef]

7. Dudczyk, J. A Method of Features Selection in the Aspect of Specific Identification of Radar Signals. Bull. Pol.
Acad. Sci. Tech. Sci. 2017, 65, 113-119. [CrossRef]

8.  Allen, C.; Cobanoglu, Y.; Chong, S.K.; Gogineni, S. Performance of a 1319 nm laser radar using RF pulse
compression. In Proceedings of the International Geoscience and Remote Sensing Symposium, Sydney,
Australia, 9-13 July 2001; pp. 997-999.

9. Allen, C; Chong, S.K.; Cobanoglu, Y.; Gogineni, S. Test results from a 1319-nm laser radar with RF pulse
compression. In Proceedings of the International Geoscience and Remote Sensing Symposium, Toronto, ON,
Canada, 24-28 June 2002; pp. 3588-3590.


http://dx.doi.org/10.1364/AO.23.003395
http://www.ncbi.nlm.nih.gov/pubmed/18213173
http://dx.doi.org/10.1364/AO.41.007671
http://www.ncbi.nlm.nih.gov/pubmed/12510937
http://dx.doi.org/10.1007/BF00620028
http://dx.doi.org/10.1364/AO.28.003595
http://www.ncbi.nlm.nih.gov/pubmed/20555743
http://dx.doi.org/10.1155/2016/1879327
http://dx.doi.org/10.1515/bpasts-2017-0014

Sensors 2019, 19, 2313 10 of 10

10.

11.

12.

13.

14.

15.

16.
17.

Adany, P; Allen, C.; Hui, R. Chirped Lidar Using Simplified Homodyne Detection. J. Lightwave Technol. 2009,
27,3351-3357. [CrossRef]

Gao, S.; Sullivan, M.O.; Hui, R. Complex-optical-field lidar system for range and vector velocity measurement.
Opt. Express 2012, 20, 25867-25875. [CrossRef] [PubMed]

Abbas, G.L.; Chan, VW.,; Yee, TK.R. A dual-detector optical heterodyne receiver for local oscillator noise
suppression. Lightwave Technol. ]. 1985, 3, 1110-1112. [CrossRef]

Painchaud, Y.; Poulin, M.; Morin, M.; Tetu, M. Performance of balanced measurement in a coherent receiver.
Opt. Express 2009, 17, 3659-3672. [CrossRef] [PubMed]

Davis, A.W,; Pettitt, M.].; King, ]J.P.; Wright, S. Phase diversity techniques for coherent optical receivers.
J. Lightwave Technol. 1987, 5, 561-572. [CrossRef]

Kazovsky, L.G. Phase- and polarization-diversity coherent optical techniques. IEEE ]. Lightwave Technol.
1989, 7, 279-292. [CrossRef]

Gardner, EM. Phaselock technigues, 3rd ed.; Wiley-Interscience: Hoboken, NJ, USA, 2005.

Pearson, G.N.; Ridley, K.D.; Willetts, D.V. Chirp-pulse-compression three-dimensional lidar imager with
fiber optics. Appl. Opt. 2005, 44, 65-257. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1109/JLT.2009.2016220
http://dx.doi.org/10.1364/OE.20.025867
http://www.ncbi.nlm.nih.gov/pubmed/23187404
http://dx.doi.org/10.1109/JLT.1985.1074301
http://dx.doi.org/10.1364/OE.17.003659
http://www.ncbi.nlm.nih.gov/pubmed/19259206
http://dx.doi.org/10.1109/JLT.1987.1075539
http://dx.doi.org/10.1109/50.17768
http://dx.doi.org/10.1364/AO.44.000257
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Principle 
	System Description 

	Results 
	Distance and Velocity Measurement 
	Computational Burden 
	Sensitivity Test 

	Discussion 
	Conclusions 
	References

