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A novel concept of collision avoidance single-photon light detection and ranging (LIDAR) for vehicles has been
demonstrated, in which chaotic pulse position modulation is applied on the transmitted laser pulses for robust anti-crosstalk
purposes. Besides, single-photon detectors (SPD) and time correlated single photon counting techniques are adapted, to
sense the ultra-low power used for the consideration of compact structure and eye safety. Parameters including pulse
rate, discrimination threshold, and number of accumulated pulses have been thoroughly analyzed based on the detection
requirements, resulting in specified receiver operating characteristics curves. Both simulation and indoor experiments were
performed to verify the excellent anti-crosstalk capability of the presented collision avoidance LIDAR despite ultra-low
transmitting power.
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1. Introduction
With the increasing demands of the intelligent transporta-

tion system (ITS) and unmanned vehicles especially in danger-
ous or toxic environment, active collision avoidance has be-
come a critical and urgent issue. Previous academic and com-
mercial explorations on collision avoidance mainly focus on
the solutions using microwave or ultrasonic sources,[1,2] com-
pared to which the system based on light detection and ranging
(LIDAR) has shown the advantage of higher spatial and tem-
poral resolution, well suited to the modern transportation with
increased complexity. Ai et al. reported a continuous-wave
(CW) LIDAR operating at 635 nm with the power of several
milliwatts, distance measurement ability of 200 m, and reso-
lution of 3 m.[3] In 2011, an 808-nm coherent detection CW
LIDAR with the transmitted laser power of 70 mW was pro-
posed to obtain an enhanced resolution of 18 cm within the
range of 130 m.[4] The required transmitted power as high as
tens or even hundreds of milliwatts limits the miniaturization
of the laser head and thus the LIDAR system. More impor-
tantly, laser source of this power level is usually operated at
532 nm, 808 nm, or 1064 nm, at which the damage threshold
for human eyes is relatively low, leading to fairly high risk for
eye safety in the public operational environment. To address
the problem, our goal is to develop a compact eye-safe colli-
sion avoidance LIDAR with the maximum transmitting power
of 100 µW at 1550 nm for a detection range of up to 500 m.
The intensity of the returned signal, however, would be so
weak that single-photon detection using time-correlated sin-

gle photon counting (TCSPC) technology is required, which
has been applied for general single-photon ranging and three-
dimensional (3-D) imaging.[5–9] In 2007, MIT group reported
a 3-D imaging single-photon LIDAR with the detection range
of 150 m and the resolution of 3.65 m.[6] In 2009, a scan-
ning time-of-flight imaging system capable of 325 m range
detection and centimeter resolution was realized with an av-
erage output power of several microwatts.[9] TCSPC method
has shown its excellent performance to distinguish the weak
signal from a noisy background.

However, for collision avoidance scenarios, another is-
sue, crosstalk, must be taken into consideration. As shown
in Fig. 1, vehicle A transmits a laser beam and receives an
echo signal reflected by vehicle B, the target, thus obtaining
their separation distance according to the time-of-flight mea-
surement. However, vehicle A also receives the signal di-
rectly transmitted by vehicle B, defined as the crosstalk in
our study, which may cause reduced sensitivity or even a
false alarm at the sensor of vehicle A. Since crosstalk does
not follow the behavior of random noise, it cannot be elim-
inated through TCSPC method for the case of periodic sig-
nal. Crosstalk resistance has long been a heated topic for mil-
limeter wave radars[10,11] and CW LIDAR,[12,13] which how-
ever applies frequency modulated continuous wave (FMCW)
modulation with both time-domain and amplitude modulated.
Considering the influence of atmosphere turbulence for weak
or distant signal, this kind of modulation may not be suitable.
Therefore, various methods inducing modulation to the emit-
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ting laser are being researched.[14–16] In 2015, our group re-
ported a chaotic pulse position modulation (CPPM) method,
originally deployed for information safety considerations in
optics communication,[17] to prevent range ambiguity for con-
ventional linear detectors.[18] In our study presented here, this
favorable CPPM scheme is used for ultra-low power laser
transmitter and single-photon detection system, demonstrating
its capability of crosstalk resistance, which will be detailed in
Section 2.

In this paper, an ultra-low power, anti-crosstalk collision
avoidance LIDAR based on single-photon detection was pre-
sented. This approach not only enjoys the advantage of com-
pact structure and eye safety, but also, by applying the CPPM
pattern, successfully solves the crosstalk issue inherent in the
context of vehicle collision avoidance. Parameters including
pulse rate, discrimination threshold, and accumulation periods
in TCSPC are optimized according to the detection require-
ments. In particular, an improved receiver operating charac-
teristics (ROC) curve against the crosstalk is developed. The-
oretical simulation and indoor experiments are then performed

to validate the feasibility of the scheme and corresponding pa-
rameter settings. Both demonstrate that the proposed LIDAR
design has excellent anti-crosstalk capability despite ultra-low
laser power.

vehicle A
vehicle B

transmitted laser
reflected signal
crosstalk

Fig. 1. (color online) The collision avoidance scenario involving two
vehicles.

2. Theory and modeling
2.1. Anti-crosstalk analysis of CPPM method

Figure 2 describes the time sequences of transmitted
pulses from vehicles A and B (solid line), returned pulses by
vehicle B (dashed line), and crosstalk directly emitted from ve-
hicle B (dotted line), from which the performances of crosstalk
resistance can be compared between the case of periodic trans-
mitting signal and the case of CPPM transmitting signal.
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Fig. 2. (color online) Time sequences of transmitted pulses from vehicles A and B (solid line), returned pulses by vehicle B (dashed
line), and crosstalk directly emitted from vehicle B (dotted line).

As shown in Fig. 2, the returned pulse arrives at vehicle A
at the time of TL = 2L/c, relative to the timing start triggered
by the laser emission of vehicle A, where c is the speed of light
and L is the distance between two vehicles. Assuming that the
detector of vehicle A rearms immediately after it receives an
echo, the crosstalk would arrive at vehicle A by the time Tct,
that is

Tct(1) = Tlag +Tc,

Tct(n) = Tlag +Tc +
n−1

∑
i=1

TBi −
m

∑
i=1

TAi, n ≥ 2, (1)

where Tc = L/c, m is the largest integer satisfying Tct(n) > 0,
and Tlag is the original time difference between the transmitted
pulse patterns from two vehicles.

For the case of periodic transmitting pulses for both vehi-
cles, we have

TA1 = TA2 = · · ·= TAU = TA,

TB1 = TB2 = · · ·= TBU = TB, (2)

where U is the total number of accumulated pulses. Thus,
equation (1) can be simplified as

Tct(1) = Tlag +Tc,

Tct(n) = [Tlag +Tc +(n−1)TB] mod (TA) , n ≥ 2. (3)

One can infer from Eq. (3) that when TA and TB satisfy TB =

bTA (b = 1,2,3, . . .), Tct(n) would have a fixed value as

Tct(n) = (Tlag +Tc) mod (TA), n ≥ 2. (4)

In addition, when TA and TB satisfy TA = dT B (d = 1,2,3 . . .),
Tct(n) would have several fixed values as

Tct(n) = (Tlag +Tc + iTB) mod (TA), i = 0,1,2, . . . ,d −1. (5)

Equations (4) and (5) denote that under certain conditions
stated above, the crosstalk count would be recorded at these
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fixed and equally spaced time bins of each period and would
rapidly add up through accumulation of pulses, necessarily re-
sulting in one or a number of false alarms. Specifically, with
the reasonable assumption of TA = TB for ITS, Tct(n) has only
one value. Therefore, the crosstalk would result into an ex-
tremely high peak of false alarm.

However, for the case of transmitting pulses with CPPM
pattern, where {TA1, TA2, . . . , TAU} and {TB1, TB2, . . . , TBU}
are respectively randomly distributed, Tct(n) is thus a random
value instead of a fixed one for each storage period of TCSPC.
Therefore, the crosstalk counts recorded in different periods
would not add up but lead to a slight increase of the average
background noise level. This is the reason why the CPPM pat-
tern can resist the crosstalk.

2.2. System scheme

A scheme of single-photon collision avoidance LIDAR
with TCSPC method is demonstrated in Fig. 3, which is also
the experimental setup that will be discussed in Section 3. Two
independent pulsed laser sources, representative of transmit-
ters of two vehicles, were modulated by a field programmable
gate arrays (FPGA) controller to emit pulses of periodic or
CPPM pattern with tunable average repetition rate. A single

photon avalanche diode (SPAD) detector was used as the re-
ceiver of vehicle A, expressing the detected events in the form
of variations in voltage levels, whose rising edges were then
identified and transformed into binary storage by a TCSPC.
The TCSPC data was accumulated over periods, thus indicat-
ing the range information.

CW laser 

laser A 300 m fiber

coupler coupler

attenuatorlaser B

SPADTCSPC

start stop

FPGA

attenuator

attenuator

Fig. 3. (color online) Design scheme and experimental setup of the
single-photon collision avoidance LIDAR system.

2.3. Parameter design and modeling

In our modeling, vehicles A and B are assumed to have
the same transmitted laser average power of 100 µW, with the
separation distance of 500 m. Table 1 illustrates the detailed
system parameters used in both the simulation and experiment
of our collision avoidance system.

Table 1. Parameters of collision avoidance system.

Parameter Specifications Category
Average power of transmitted laser beam PL 100 µW

laser parameterLaser wavelength λ 1550 nm
Divergence angle of expanded laser beam θ T 1 mrad

Repetition rate Rr 100 kHz
Single path transmission efficiency T 0.98

transmission loss parameter
Reflectivity of target ρ 0.3

Receiver optics efficiency ηR 0.7
optics system parameterReceiver aperture area AR 7.85×10−3 m2

Target reflection area AS 7.85×10−3 m2

Time bin increment tres 1 ns
system performance parameter

Target range L 500 m

The number of returned laser photons per pulse can be
calculated using the LIDAR range equation. For a flat, dif-
fusely reflecting, extended target (Lambertian target) whose
area of surface is larger than the beam area, the returned signal
photon per pulse Secho can be obtained[19–22] using the average
power of transmitted laser beam PL, the target range L, the re-
flectance of the target surface ρ , and the receiver aperture area
AR as

Secho =
PL

Rr

λ

hc

(
FOV
θT

)2
ρ

π

AR

L2 ηRT 2 = 0.16 (photons/pulse), (6)

where FOV2 = As/(πL2) = 0.01.

The number of crosstalk photons induced by the trans-
mitter of vehicle B and received by vehicle A, as described in

Fig. 1, can be calculated as

Sct =
PL

Rr

λ

hc
1
π

AR

θ 2
TL2 ηRT = 5.35×107 (photons/pulse). (7)

The sunlight inside the receiver’s FOV is also collected,
resulting in the background noise in the detector. The number
of incident photons of the solar radiation during single period
of TCSPC (10 µs in the modeling) is calculated as

Nn =
Φλ∆λART

hcRr
(photons/period), (8)

where Φ is the solar spectral irradiance for 1550 nm and ∆λ

is the filter bandwidth.
With Φ = 0.3 W·m−2·nm−1 and ∆λ = 0.5 nm, we ob-

tain Nn = 90.02 photons/period. Since solar photon rate is
assumed to be constant during each TCSPC period, there is
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an equal probability for the solar photons falling in each time
bin, making the number of background noise in a single bin
as n = NntresRr = 9×10−3, corresponding to a photon arrival
rate of 9.0 MHz.

For single photon detectors, the detection probability p
follows the Poisson statistics[23–27]

p = 1− exp(−Nphotonη), (9)

where Nphoton is the number of photons falling within a single
bin and η is the detection efficiency of single photon detector,
assumed as 45% for the device used in our experiment. Thus
we have

p0 = 1− exp(−nη) = 0.004,

p1s = 1− exp[−(Secho +n)η ] = 0.072,

p1c = 1− exp[−(Sct +n)η ] = 1, (10)

where p0 represents the firing probability of any non-target
bin, induced by the background counts, while p1s and p1c rep-
resent the probabilities of firing for the expected echo bin and
the crosstalk bin, respectively.

The SPD output can be described statistically as a
Bernoulli process, since only one of the two outcomes (de-
tected or not) can occur for each single TCSPC time bin. For
a given threshold Th and an accumulation number of pulses U ,
the probability of detection Pdect sig and the probability of false
alarm in a single bin Pfa single are given as

Pdect sig =
U

∑
i=Th

Ci
U pi

1s(1− p1s)
U−i,

Pfa single =
U

∑
i=Th

Ci
U pi

0(1− p0)
U−i. (11)

Based on the probability of false alarm in a single bin, the
total probability of false alarm can be expressed as

Pfa = 1− (1−Pfa single)
Nbin , (12)

where Nbin = (tresRr)
−1 is the number of range bins during a

single storage period of TCSPC.
To ensure the system stability, the total false alarm prob-

ability is required to be Pfa < 5% while the detection proba-
bility is required to be Pdect sig > 95%, yielding the require-
ment on the probability of single bin false alarm as Pfa single <

5.13×10−6. Besides, the photon level of background random
noise can be calculated to be 4× 106 s−1, i.e., the product of
single bin false alarm probability of 0.004, as given in Eq. (7),
and the total number of time bins per second of 109.

In order to extract the range information from the echo,
the performance of p0 and p1s is firstly evaluated. A fam-
ily of ROC curves[25] is computed to appropriately determine
the number of pulses U required to build up the histogram

as well as the detection threshold to identify the target, as
shown in Fig. 4. ROC curves with U = 170, 180, 190, and
200 are depicted, along each of which there are a series of
discrete data points, whose integer detection thresholds are in-
cremented successively by one, beginning from the right end
with the threshold of zero and Pfa single being unity towards the
left. It is only those data points both located at the left side of
the vertical dashed line and above the horizontal dashed line
in Fig. 4 can satisfy the requirements of detection probabil-
ity and false alarm probability, with their detection thresholds
indicated by the digits inside the boxes.
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Fig. 4. (color online) ROC curves that consider only the signal and
background noise, drawn with the number of accumulated pulses U =
170, 180, 190, and 200. Here, Secho = 0.16, n = 0.009.

For the above-mentioned ROC curves, merely the signal
and the random noise are considered. With the crosstalk taken
into account in the following, which would increase the noise
level, a different selection of threshold and number of accu-
mulation period is needed for signal identification.

The probability of false alarm in a single bin with
crosstalk considered, p0 new, is adjusted as

p0 new =
fct

fsNbin
+ p0, (13)

where fct and fs are respectively the average repetition rate
of the crosstalk and the signal. Due to the great amount of
crosstalk photon number, it would definitely trigger a detector
response for each crosstalk pulse that p1c = 1. But the TC-
SPC period is decided by the repetition rate of the signal rather
than that of the crosstalk, leading to the number of crosstalk-
induced events per period expressed as fct/ fs. Thanks to
CPPM pattern, the detection events would happen in random
bins independent of the TCSPC timing. Thus the probabil-
ity for each bin of detecting the event would be ( fct/ fs)/Nbin.
The ROC curves taking crosstalk into account are shown in
Fig. 5, with the signal average repetition rate of 100 kHz, and
the crosstalk repetition rate of 100 kHz and 2 MHz respec-
tively. Only the discrete data points along the ROC curves that
satisfy the detection requirements were drawn in Fig. 5, with
respective threshold represented by the digit inside the box.
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The ROC curves considering the crosstalk in Fig. 5 offer
an important guideline for the selection of accumulation num-
ber of pulses as well as the detection threshold, according to a
certain requirement on the probabilities of detection and false
alarm in a single bin. The design process is not only valid
specifically for single-photon collision avoidance LIDAR, but
can also be applied to any other single-photon detection sce-
narios involving crosstalk. It is obvious from Fig. 5 that more
options of detection threshold are available with larger number
of accumulation pulses. Comparison between the improved

ROC curves in Figs. 5(a) and 5(b) reveals that the scheme

with a detection threshold of 8 succeeds to distinguish the tar-

get from 100 kHz crosstalk but fails for the case of 2 MHz

crosstalk and 200 pulse accumulation, according to the proba-

bility requirements of detection and false alarm in a single bin.

In order to resist the crosstalk with the repetition rate of up to

2 MHz, 20 times the signal repetition rate, a scheme of 200

pulse accumulation with a detection threshold of 9 is chosen

for the simulations and experiments below.
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Fig. 5. (color online) Improved ROC curves taking crosstalk into account, with the signal repetition rate of 100 kHz and the crosstalk
repetition rate of (a) 100 kHz; (b) 2 MHz.

0 0.5 1.0 1.5
9

60

120

180

Range/km

C
o
u
n
ts

crosstalk peak

threshold
signal peak

0 0.5 1.0 1.5

5

9

15

20

25

Range/km

C
o
u
n
ts

threshold

signal peak

0 0.5 1.0 1.5

5

9

15

20

25

Range/km

C
o
u
n
ts

threshold

signal peak

0 0.5 1.0 1.5
9

60

120

180

Range/km

C
o
u
n
ts

threshold
signal peak

0 0.5 1.0 1.5

5

9

15

20

25

Range/km

C
o
u
n
ts

threshold

signal peak

0 0.5 1.0 1.5

5

9

15

20

25

Range/km

C
o
u
n
ts

threshold

signal peak

(a) (b) (c)

(f)(e)
(d)

Fig. 6. (color online) Simulation results for anti-crosstalk performances: (a) 100 kHz periodic signal against 100 kHz periodic
crosstalk, (b) 100 kHz CPPM signal against 100 kHz periodic crosstalk, (c) 100 kHz CPPM signal against 100 kHz CPPM crosstalk,
(d) 100 kHz periodic signal against 2 MHz periodic crosstalk, (e) 100 kHz CPPM signal against 2 MHz periodic crosstalk, (f) 100 kHz
CPPM signal against 2 MHz CPPM crosstalk.

Applying the optimized scheme of 200 pulse accumula-
tions with the detection threshold of 9, simulations using Mat-
lab were conducted with the results shown in Fig. 6. The three
columns from left to right in Fig. 6 describe the case of pe-

riodic signal against periodic crosstalk, CPPM signal against
periodic crosstalk, and CPPM signal against CPPM crosstalk
respectively. The upper and lower rows respectively discuss
the cases with crosstalk having the average repetition rate of
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100 kHz and 2 MHz. Figures 6(a) and 6(d) in the first column
illustrate that the periodic signal does not have the capability to
resist periodic crosstalk, causing several peaks, whose number
is d = TA/TB as in Eq. (5), with fairly high counts (approach-
ing the total number of accumulation periods), inevitably re-
sulting in one or several false alarms. The other two columns
demonstrate excellent performance of crosstalk resistance, due
to the signal of CPPM pattern. In addition, the anti-crosstalk
capability of CPPM signal is valid for the cases with crosstalk
repetition rates of both 100 kHz as shown in Figs. 6(b) and
6(c), and 2 MHz as shown in Figs. 6(e) and 6(f), while the rise
of repetition rate only increases the average noise level from 2
to 4. In comparison, for the case of periodic signal the number
of crosstalk peaks increases along with the crosstalk repeti-
tion rate, as shown in Figs. 6(a) and 6(d). Further increase of
crosstalk repetition rate beyond 2 MHz may need a different
extraction scheme by adjusting the ROC curves according to a
larger crosstalk level.

An initial conclusion can be made according to the the-
oretical simulation that the signal of CPPM pattern has out-
standing anti-crosstalk capability, regardless of the crosstalk
pattern and the crosstalk average repetition rate, which may
need verification in the experiments stated in the following.

3. Experimental results and discussion
An indoor experiment was conducted to verify the anti-

crosstalk capability of CPPM pattern, with the experimental
setup shown in Fig. 3. A TCSPC (PicoQuant 260 Nano) was

used with a resolution of 1 ns and a maximum count rate of
109 s−1. According to the system parameter design in Section
2, a pulse train of CPPM pattern from FPGA with the average
repetition rate of approximately 100 kHz was used to simulta-
neously trigger laser A and the TCSPC timing start. An exper-
iment with periodic transmitting signal was also carried out for
comparison. The output pulses from the laser B were attenu-
ated to 6.66 photons per pulse using an attenuator, ensuring a
detected event for every shot at a probability of 95%. Further
enhancement of the crosstalk photon level, which would not
exert significant influence on its detection efficiency, was not
implemented to prevent the after pulsing effect in the SPAD.
The trigger signal of laser B is independent to that of laser A
and TCSPC.

A CW laser source was applied to introduce the back-
ground noises, the output of which was attenuated before be-
ing coupled into a 300-m-long fiber together with the attenu-
ated output from laser A. Then, the output pulses from the fiber
were combined with attenuated output from laser B, and then
arrived at the detector. The fiber-coupled SPAD detector was
operated at the bias voltage of 46 V, with the gate frequency of
100 MHz and the dark count measured as 100 s−1 that is neg-
ligible compared to the signal rate of 100 kHz, marking the
detection events with successive high voltage levels with the
pulse width of 5 ns. The photon level induced by the CW laser
was set to be around 4×106 s−1, measured at the detector with
laser A and B turned off, to realize the same level as that used
in the modeling.
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Fig. 7. (color online) Experimental environment test results: (a) 100 kHz CPPM signal only with TCSPC triggered by CPPM pattern, (b) 100 kHz
periodic crosstalk only with TCSPC triggered by 100 kHz periodic pattern, (c) 100 kHz periodic crosstalk enhanced background with TCSPC trigged
by 100 kHz CPPM pattern, (d) 2 MHz periodic crosstalk enhanced background with TCSPC triggered by 100 kHz CPPM pattern.
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The experimental environment test results are described
in Fig. 7. By adjusting the attenuator, the signal intensity af-
ter passing the delay fiber is attenuated to cause a detection
probability of 7%, corresponding to a signal count of 14 for
200 pulses accumulation, which is in accord with the signal
test result shown in Fig. 7(a). In Fig. 7(b) the 100 kHz pe-
riodic crosstalk counts were recorded with 100 kHz periodic
trigger at TCSPC, obtaining the total count of 200 for 200
pulse accumulation, which however was not located in a sin-
gle bin but with partial counts dispersed in several adjacent
bins. This is due to uncertainty between the repetition rate of
trigger and crosstalk, caused by the limited precision of the
crystal oscillator embedded in FPGA. Figures 7(c) and 7(d)
describe the background noise combined with 100 kHz and
2 MHz crosstalk respectively, with 100 kHz CPPM trigger ap-
plied to the TCSPC timing start. The figures demonstrate a
higher noise level for the latter case, indicating that an adjust-
ment of ROC curve is mandatory in response to variations in
repetition rate or other parameters that may influence the pho-
ton level.

Figures 8 and 10 illustrate the results of proof-of-concept
experiments with TCSPC accumulation over 200 pulses. In
Fig. 8, both the signal and crosstalk are kept at an average rep-
etition rate of 100 kHz to be in accord with the system design.
Figure 8(a) is the experimental result for the case of periodic
signal and periodic crosstalk. It can be seen that in addition to
a detected signal peak beyond the applied detection threshold
with the count of 11, there is a crosstalk peak with even higher
counts. Figures 8(b) and 8(c) show the cases of CPPM sig-
nal, with periodic crosstalk and CPPM crosstalk respectively.
It should be noted that for both cases the undesirable crosstalk
peak was successfully removed at the detection threshold of
9, ensuring only the signal peak indicating accurate range in-
formation was detected. Further considerations of 100 kHz
periodic signal with CPPM crosstalk are also shown in Fig. 9,
where a correct signal peak stands out without crosstalk from
vehicle B, from which we can deduce that the CPPM regime
cannot only avoid a false alarm for the vehicle applying this
regime, but also is good to vehicles using conventional repeti-
tion rate signal regime.

Furthermore, experimental result with 100 kHz CPPM
signal against 2 MHz periodic crosstalk is described in Fig. 10,
with the maximum background count of 7, which is closer
to the threshold of 9 compared to the case with 100 kHz
crosstalk described in Fig. 8(c). Suppose that the detection
threshold was set at 8 instead of 9 in Fig. 10, there would be
a much higher risk for a certain background peak to be mis-
taken as a signal, in agreement with the prediction in Fig. 5(b)
that the scheme with detection threshold of 8 is not available
for the case of 2 MHz crosstalk. The experimental observa-
tions demonstrated in Figs. 8 and 10 are nicely consistent with

the simulation results, which verify the parameter design and
prove the advantage of CPPM signal in crosstalk resistance.
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Fig. 8. (color online) The 200 pulse accumulation result, with a threshold
of 9 illustrated. The signal and crosstalk were both sent in a rate of ap-
proximately 100 kHz: (a) 100 kHz periodic signal against 100 kHz periodic
crosstalk, (b) 100 kHz CPPM signal against 100 kHz periodic crosstalk, (c)
100 kHz CPPM signal against 100 kHz CPPM crosstalk.
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Fig. 9. (color online) The 100 kHz anti-crosstalk result for repetition
rate signal with repetition rate crosstalk.
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Fig. 10. (color online) Experimental results with 100 kHz CPPM signal
against 2 MHz CMMP crosstalk.

4. Conclusion

In this paper, a novel concept of collision avoidance
single-photon LIDAR for vehicles has been presented, in
which the CPPM pattern was applied to the transmitting pulse
train to solve the crosstalk problem for ITS system. To extract
signal from strong background and crosstalk photon level,
ROC curves taking into account the crosstalk issue were pro-
posed to optimize the required number of accumulation pulses
and the detection threshold, whose validity has been verified.
Both theoretical simulations and indoor experiments were per-
formed, which demonstrated that the proposed LIDAR con-
cept using CPPM approach has excellent anti-crosstalk capa-
bility despite ultra-low laser power, and suggests that a ve-
hicle equipped with single-photon CPPM collision avoidance
LIDAR is immune to the crosstalk from other vehicles, regard-
less of transmitting pattern (periodic or CPPM) and crosstalk
repetition rate. Free-space experiments of collision avoidance
single-photon LIDAR using CPPM approach will be carried
out in the near future.

References
[1] Borenstein J and Koren Y 1995 IEEE Trans. Robotics Automat. 11 132
[2] Sahawneh L, Mackie J, Spencer J, Beard R and Warnick K 2014 J.

Aerosp. Inform. Syst. 1
[3] Ai X, Nock R, Rarity J and Dahnoun N 2011 Appl. Opt. 50 4478
[4] Zhao T, Wang B, Wang A and Wang Y 2011 J. Meas. Sci. Insrum. 2

398
[5] Verghese S, McIntosh K, Liau Z, Sataline C, Shelton J, Donnelly J,

Funk J, Younger R, Mahoney L, Smith G, Mahan J, Chapman D, Oak-
ley D and Braatain M 2009 Proc. SPIE 7320 73200M

[6] Vaidyanathan M, Blask S, Higgins T, Clifton W, Davidsohn D and Car-
son R 2007 Proc. SPIE 6550 65500N

[7] Marino R, Richardson J, Garnier R, Ireland D, Bickmeier L, Siracusa
C and Quinn P 2009 Proc. SPIE 7323 7323H

[8] AullB, Loomis A, Young D, Stern A, Felton B and Daniels P 2004
Proc. SPIE 5353 105

[9] McCarthy A, Collins R, Krichel N, Ferandez V, Wallace A and Buller
G 2009 Appl. Opt. 48 6241

[10] Brooke G 2007 IEEE Trans. Electromagnetic Compatibility 49 170
[11] Goppelt M, Blocher H and Menzel W 2001 Proceedings of the 6th Ger-

man Microwave Conference 14
[12] Matthey R and Mitev V 2005 Opt. Lasers Eng. 43 557
[13] Shi G, Zhang F, Qu X and Meng X 2014 Acta Phys. Sin. 63 14208 (in

Chinese)
[14] Song S, Xu L, Zhang H, Gao N and Shen Y 2015 Chin. Phys. B 24

057201
[15] Zhao R, Xia H, Dou X, Sun D, Han Y, Shang M, Guo J and Shu Z 2015

Chin. Phys. B 24 24218
[16] Du J, Ren D, Zhao W, Qu Y, Chen Z and Geng L 2014 Chin. Phys. B

22 24211
[17] Zhang H, Gong M, Wang D, Yu D, Cui R, Yan P, Chen G, Liu Q and

Zhang K 2005 Opt. Eng. 44 085001
[18] Du P, Geng D, Wang W and Gong M 2015 Opt. Eng. 54 114102
[19] Amann M, Bosch T, Lescure M, Myllyla R and Rioux M 2001 Opt.

Eng. 40 10
[20] Pfennigbauer M and Ullrich A 2007 Elektrotechnik & Information-

stechnik 124 180
[21] Kim S, Lee I and Kwon Y 2013 Sensors 13 8461
[22] Oh M and Kong H 2009 Lasers & Electro Optics & The Pacific Rim

Conference on Lasers and Electro–Optics pp. 1–2
[23] Gatt P, Johnson S and Nichols T 2009 Appl. Opt. 48 3261
[24] Johnson S 2012 Appl. Opt. 51 4139
[25] Milstein A, Jiang L, Luu J, Hines E and Schultz K 2008 Appl. Opt. 47

296
[26] Fouche D 2003 Appl. Opt. 42 5388
[27] Gatt P, Johnson S and Nichols T 2007 Proc. SPIE 6550 65500I

074207-8

http://dx.doi.org/10.1109/70.345945
http://dx.doi.org/10.2514/1.I010284
http://dx.doi.org/10.2514/1.I010284
http://dx.doi.org/10.1364/AO.50.004478
http://dx.doi.org/10.1117/12.821875
http://dx.doi.org/10.1117/12.722880
http://dx.doi.org/10.1117/12.819179
http://dx.doi.org/10.1117/12.532723
http://dx.doi.org/10.1117/12.532723
http://dx.doi.org/10.1364/AO.48.006241
http://dx.doi.org/10.1109/TEMC.2006.890223
http://dx.doi.org/10.1016/j.optlaseng.2004.03.014
http://www.ncbi.nlm.nih.gov/pubmed/18261268
http://dx.doi.org/10.1088/1674-1056/24/5/057201
http://dx.doi.org/10.1088/1674-1056/24/5/057201
http://dx.doi.org/10.1088/1674-1056/24/2/024218
http://dx.doi.org/10.1088/1674-1056/24/2/024218
http://www.ncbi.nlm.nih.gov/pubmed/26799652
http://www.ncbi.nlm.nih.gov/pubmed/26799652
http://dx.doi.org/10.1117/1.2030927
http://dx.doi.org/10.1117/1.OE.54.11.114102
http://dx.doi.org/10.1117/1.1330700
http://dx.doi.org/10.1117/1.1330700
http://www.ncbi.nlm.nih.gov/pubmed/27072879
http://www.ncbi.nlm.nih.gov/pubmed/27072879
http://dx.doi.org/10.3390/s130708461
http://dx.doi.org/10.1109/CLEOPR.2009.5292712
http://dx.doi.org/10.1109/CLEOPR.2009.5292712
http://dx.doi.org/10.1364/AO.48.003261
http://dx.doi.org/10.1364/AO.51.004139
http://dx.doi.org/10.1364/AO.47.000296
http://dx.doi.org/10.1364/AO.47.000296
http://dx.doi.org/10.1364/AO.42.005388
http://dx.doi.org/10.1117/12.724773

	1. Introduction
	2. Theory and modeling
	2.1. Anti-crosstalk analysis of CPPM method
	2.2. System scheme
	2.3. Parameter design and modeling

	3. Experimental results and discussion
	4. Conclusion
	References

