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The purpose of the work is to demonstrate real capabilities and to give examples of SiPMs application in

lidar technology in both analog and photon counting modes. The experimental research within an

operating lidar complex adapted to implement the analog mode and photon counting measurements

with subsequent inversions of atmospheric extinction and backscattering coefficients was conducted.

Theoretical evaluations of potential limitations of atmospheric lidar by use of real day-time background

parameters and features of SiPM-photodetectors studied experimentally were carried out with

comparison of the extent of sensitivity decreasing for different detectors used and estimations of their

operation range reduction.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Laser remote sensing technology using lidars as instruments of
environmental monitoring intensively developed and successfully
applied in various fields [1–5]. The lidar systems belong to a
wider class of location systems [3,4,6,7], but the lidars operation
conditions and requirements to them have a number of basic
features which make an impact on their design and operation. The
most important features among them are the followings: a wide
dynamic range of echo-signals received; low level of optical
signals coming from the scattering medium depth; high intensity
of background radiation at daytime operation of lidar.

In the past few years, research groups in different countries
actively developed the SiPM (silicon photomultiplier) detectors,
which expand traditional applications of high-sensitivity photo-
detectors on PMTs and APDs (photomultipliers and avalanche
photodiodes) and demonstrated new properties that were pre-
viously unattainable [8,9]. At the same time, we know the only
paper [10] devoted to SiPMs in analog mode used in atmospheric
lidars, although the prospects for their application in lidars seem
to be very wide.

One of purposes of the paper is to demonstrate real capabil-
ities and to give examples of SiPMs introduction into lidar
technology with detecting signals in both analog and photon
ll rights reserved.
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counting modes. At the same time, when using any type of high-
sensitivity photodetectors, an intense sky background reduces the
measurements accuracy, limits the operation range that reduces
the lidar’s range of measurement conversion (from optical input
to electrical output), thus reducing the lidar system potential.
Moreover, under intense daytime sky background the traditional
methods of spectral, spatial and temporal selection of signals are
not sufficiently effective to achieve the required values of signal-
to-noise ratio [2,4,5]. In some cases, the strong background
radiation can saturate and overload the photodetector.

The conventional approach to analyze the relation between
lidar echo-signals, external backgrounds and internal noise is
based on the use of rigorous models of photodetectors [3,4,7].
This requires taking into account a large number of specific
component parameters for different lidar photodetectors. At the
same time, basing on their detailed and well-grounded
approaches, the lidar signal-to-noise ratio can be presented in a
simple and translucent form as follows:

r¼ Ps=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pq PsþPbð ÞþPn

2
q

ð1Þ

where Ps is the received lidar signal power; Pb is the sky background
radiation power; Pn is the internal noise power of the photodetector
normalized to the input. In turn, Pq¼2 � h � c � F �Df/l �Z, and
Pn¼NEP �Df1/2, where h is the Planck’s constant; c is the light
velocity; F is the coefficient of noise magnification during internal
amplification (i.e., an excess noise factor); Df is the receiver
transmission band; l is the wavelength; Z is the quantum efficiency
of the photodetector; NEP (noise equivalent power) is the equivalent
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Fig. 1. Experimental setup within operating lidar system.
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power of internal noise of the photodetector independent of signal
and background, per unit of frequency.

When the receiver’s sensitivity limits by the quantum noise,
what often takes place in lidar systems, the quantum noise power
Pq provides a useful scale to estimate the power levels of signal,
background and internal noise, since they all depend on the same
factor of excess noise F, transmission band Df, wavelength l, and
quantum efficiency Z.

Defining the normalized parameters as Cs�Ps/Pq, Cb�Pb/Pq,
Cn�Pn/Pq, the different operating regimes expressed by the C-
values, can be determined: from weak values: Coo1 to strong
ones: C441. Then Eq. (1) can be rewritten as [12]

r2 ¼C2
s = CsþCbþC

2
n

� �
ð2Þ

The quadratic equation for Cs can be written as

C2
s�r

2Cs�r2 CbþC
2
n

� �
¼ 0,

and the normalized threshold signal power Pt/Pq for a given S/N
level r will be

Cmin
s � Pt=Pq ¼ 1=2 r2 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ4 CbþC

2
n

� �
=r2

r� �

By introducing the dimensionless parameter Ub as the ratio of
photodetector threshold powers Pt

B and Pt
0:

Ub �
PB

t

P0
t

¼
Cmin

s

Cmin
s Cb ¼ 0ð Þ

,

which are obtained in presence (B) and absence (B¼0) of the
background noise:

Ub ¼ 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

4

r2
C2

n 1þ
Cb

C2
n

 !vuut
2
4

3
5= 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

4

r2
C2

n

s !
ð3Þ

it is easy to assess quantitatively an extent of the lidar perfor-
mance degradation. Namely, for any lidar type and configuration,
on the basis of Ub we can compare the extents of sensitivity
decreasing for different detectors used and then we can obtain
the operation range reduction.

The above given expressions and their further development can
be used to give a measure to further applicability of experimental
results, obtained with use of a setup adapted to implement the
analog mode and photon counting measurements. Such an experi-
mental setup was developed and mounted as a part of multi-
channel complex for atmosphere studies on the base of operational
lidar. Evaluations of SiPM-lidar limitations with comparison of
sensitivity decreasing for different photodetectors we used and with
estimations of the operation range reduction under intense back-
ground noise are indicative to predict the potential of SiPM-lidars
based on comparison of both experimental and theoretical
approaches which complement each other.
2. Experimental studies

Experimental studies and measurements based on previously
conducted specialized engineering designs and adapted to imple-
ment the analog mode and photon counting measurements were
carried out in the specialized laboratory on the basis of the UPC
(Universitat Polit�ecnica de Catalunya) lidar, which is actively used
in several European and Spanish R&D programs. Lidar represents
a 6-channel automated laser-based measuring complex for atmo-
spheric optical research [11].
2.1. Experimental setup and lidar signals

To experimentally assess the feasibility of new SiPM-detectors
as a part of this lidar complex, we used a 2-channel polychro-
mator. As detectors the SensL 30035 (hereinafter SiPM-S) and the
Hamamatsu S10362-33-100C (SiPM-H) were used. Together with
the final transimpedance amplifier they were turn-based built
into the 1st channel of the polychromator. To compare the
features of two SiPM-detectors, in the 2nd channel of the poly-
chromator we used the PMT Hamamatsu R7400P (PMT-H), which
is widely used in atmospheric lidars.Fig. 1

As an example, the lidar signals from the SiPM-S detector are
presented in analog and photon counting modes in Fig. 2. For
comparison, the signal from the PMT-H is shown. These wave-
forms were selected from a set of regular lidar measurements
performed at UPC.

2.2. Primary processing of measurement results

In Figs. 3, 4 we show the initial processing results of auto-
mated lidar measurements using turn-based SiPM-S or SiPM-H in
the 1st channel and with the PMT-H in the 2nd channel. Fig. 3
includes: (1) a color illustration of range-square (R2) corrected
optical weather changes for 10 min. integration period; (2) the
backscatter coefficient profiles retrieved from the lidar signal on a
0–6 km path; (3) the same retrieved signal on a 0.5–1.5 km path.
In Fig. 3, the selected R2-corrected lidar signal profiles and the
time-averaged profile corresponding to the same first cloud
are shown.

Fig. 4 shows the time series of range-square-corrected lidar
signals and the retrieved range profile of the atmospheric extinc-
tion coefficient. They were obtained when using the SiPM-H
detector in analog detection and photon counting modes as well
as using the PMT-H for comparison.

As it is seen from Figs. 2–4, the measurements carried out by
use of the SiPM-S and SiPM-H detectors and their initial proces-
sing results are very well correlated with those obtained by the
commonly used PMTs.
3. How the obtained experimental results can be used.
Evaluation of the potential and limitations inherent to lidars
with SiPMs

3.1. Further use of Ub-parameter

For considered silicon photomultipliers SiPMs and traditional
photomultiplier tubes PMT under inequalities the following
inequalities are satisfied:

Pb44Pq44Pn or Cb44144Cn,
Then one can obtain from Exp. (3) the following relation at r¼1:

Ub �
ffiffiffiffiffiffiffi
Cb

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l=2hcDf

q
�

ffiffiffiffiffi
Pb

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZðlÞ=F

q
ð4Þ

This is an expression to predict the lidar sensitivity reduction
under intense background radiation for different photodetectors.



Fig. 2. Lidar signals with SiPM-detector SensL 30035 in the analog (a) and photon counting (b) modes. For comparison: PMT Hamamatsu R7400P in the analog mode (c).
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To describe specific features of SiPMs which have been studied
experimentally in Section 2, only two their specific characteristics are
needed, namely: the photon detection efficiency (PDE) ZðlÞ and the
excess noise factor F. To compare them with PMT-detectors which
traditionally used in lidar, we use the generalized model of PMT that
was earlier introduced in our paper [12, Section 4.1 and Fig. 5].

In Fig. 5, the ZðlÞ curves of the earlier experimentally
studied SiPMs, namely the SiPMs SensL 30035 and SiPMs Hama-
matsu S10362-33-100C are presented; the ZðlÞcurves of
PMTgeneralized are given as well. The F coefficients for all photo-
detectors mentioned are considered equal to 1.30/1.42/1.20
correspondingly.

The normalized curves Ub/Pb
1/2
ðlÞ for lidar with SiPM-S/ SiPM-H/

PMTgeneralized detectors are shown on the same Fig. 5. The quanti-
tative estimation of the threshold sensitivity decreasing can be
obtained, if to multiply any Ub/Pb

1/2
ðlÞ value from Fig. 5 by the actual

value of Pb
1/2 related to the current sky background power.

3.2. Reduction of operating range under intense background

To estimate the reduction of the lidar operating range under
intense sky background, the echo-signal power Ps can be written
as Cs�Ps/Pq¼A/R2Pq (A is the proportionality coefficient), if for
simplification we neglect the signal extinction in a relatively
transparent atmosphere in relatively transparent atmosphere
with the optical density t¼a Ro1 (a is the atmospheric extinc-
tion) and take into account only its geometrical extinction that is
proportional to a range squared. Therefore, Eq. (2) has the form:

r2 ¼ A2=fR4P2
q ½A= R2Pq

� �
þCbþC

2
n�g

Then it is easy to obtain an expression for reduction of lidar
operating range under intense background, when the lidar opera-
tion range under background radiation RB max

R2
Bmax ¼

A

2 CbþC
2
n

� �
Pq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

4 CbþC
2
n

� �
r2
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2
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3
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and without background R0max:

R2
0max ¼�

APq

2C2
nP2

q

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2P2

qþ4C2
nP2

q A2=r2
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2
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Fig. 3. (a) R2-corrected lidar signals’ time series (left) and backscattering coefficient inversions (mid and right) with SiPM-SensL in analog (blue) and photon counting (red)

modes; (b) selected (colors) and time-averaged (black) R2-compensated profiles from the same first cloud. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Fig. 4. The R2-corrected signals’ time series and atmospheric extinction coefficient

profiles obtained from the SiPM-Hamamatsu signals in analog (blue) and photon

counting (red) modes. For comparison: the same for the PMT Hamamatsu (green

and yellow). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Fig. 5. Spectral dependences of normalized threshold sensitivity Ub/Pb
1/2
ðlÞ and

photon detection efficiency ZðlÞ of different lidar detectors.
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are determined as follows:

rb �
RBmax

R0max
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Fig. 6. Reduction of normalized operation range rb and of Ub-parameter under intense background radiation Pb at l¼532 nm (a) and 355 nm (b).
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3.3. Interpretation of modeling results

Taking into account that the inequalities Pb44Pq44Pn are
satisfied for SiPMs and PMTs considered (although the right-hand
inequality is satisfied much stronger for PMTs) and by using the
Ub-parameter from Exp. (3), the reduction in the lidar operation
range can be compactly written as:

rb ¼Ub
�1=2

ð6Þ

Of course, other atmospheric affects would complicate the
analysis of relations between rb and Ub.

From Exp. (6) another physical interpretation of the system
parameter Ub becomes clear: its inverted numerical value defines
a square of a normalized operation range of lidar, when taking
into account only the geometrical extinction of the echo-signal in
relatively transparent atmosphere with t¼a Ro1.

By using details from Exp. (4) and for r¼1, we can rewrite Eq.
(6) as follows:

rb ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hcDf F=lZðlÞ4

p
ffiffiffiffiffi
Pb

4
p ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Pq=Pb

4

q
ð7Þ

or

rbP1=4
b ¼ P1=4

q ð8Þ

From Eq. (7), the operation range reduction for a day-time
working lidar can be easily assessed for detector with specific
features of ZðlÞ and F in lidar system with operation l and Df, if
the sky background power Pb is measured or properly estimated.
By applying above mentioned assessments to silicon photodetec-
tors SiPMs under consideration, the results shown in Fig. 6 can be
obtained.

As it is seen from Exps. (7) and (8), for any lidar a value of the
rb P1=4

b product is a constant equal to P1=4
q . In other words, the

fourth root of the photodetector’s quantum noise power Pq cannot
be exceeded. This means, for example, that the Hamamatsu SiPMs
with the less Pq value than SensL SiPM- and PMT- photodetectors
due to much less value of the F/Z ratio, will always have less
operation range rb than the SensL SiPMs and PMTs at the same
external background power Pb. In turn, one can observe the
clourable advantage of the SensL SiPMs (blue color) at 355 nm,
which is determined by their considerably worse quantum
efficiency at the UV wavelengths.
4. Conclusions

In the paper presented, we have demonstrated real capabilities
of SiPMs introduction into lidar technology. We have conducted a
set of measurements with SiPM-Hamamatsu and SiPM-SensL
detectors on the specialized experimental setup on the base of
operational lidar by detecting signals in both analog and photon
counting modes and by subsequent obtaining inversions of atmo-
spheric extinction and backscattering coefficients. Theoretical
evaluations of SiPM-lidar limitations closely connected with
experimental studies were carried out. By use of parameters of
a real day-time background and features of SiPM-photodetectors,
the lidar sensitivity reduction caused by background radiation for
different photodetectors was compared and the related operation
range reduction was estimated. This allows researchers to give a
measure for further applicability of experimental results obtained
at the current level of SiPMs production technology.
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