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Abstract. The mathematical formulation for the optical
setup of a typical EARLINET lidar system is given here. The
equations describing a lidar system from the emitted laser
beam to the projection of the telescope aperture on the fi-
nal receiving unit (i.e., photomultiplier or photodiode) are
presented, based on paraxial approximation and geometric
optics approach. The receiving optical setup includes a tele-
scope, a collimating lens, an interference filter and the en-
semble objective eyepiece. The set of the derived equations
interconnects major parameters of the optical components
(e.g., focal lengths, diameters, angles of incidence), reveal-
ing their association with the distance of full overlap of the
system. These equations may used complementarily with an
optical design software, for the preliminary design of a sys-
tem or can be used as a quick check up tool of an existing
lidar system. The evaluation of the formulation on a real sys-
tem is performed with ray-tracing simulations, revealing an
overall good performance with relative differences of the or-
der of 5 % mainly attributed to the limitations of the thin lens
approximation.

1 Introduction

Lidars are efficient tools for retrieving the aerosol optical
and microphysical properties in the planetary boundary layer
(PBL) and free troposphere. More precisely, the lidar tech-
niques that are widely used for aerosol research are ca-
pable of providing range-resolved information for (a) the
aerosol backscatter coefficient (Byer) using the backscatter li-
dar technique (e.g., Fernald et al., 1972; Klett, 1981), (b) the
aerosol extinction coefficient (yer) using the Raman lidar

technique (Ansmann et al., 1990, 1992) and (c) the volume
and particle linear depolarization ratios using the depolariza-
tion lidar technique (e.g., Sassen, 2005; Freudenthaler et al.,
2009). Many studies have demonstrated that the provision
of the aforementioned aerosol optical properties for multiple
wavelengths facilitates the retrieval of aerosol microphysical
properties through inversion techniques (Miiller et al., 1999;
Veselovskii et al., 2002, 2010). The accuracy of the optical
properties used as inputs for the inversions is critical. Uncer-
tainties involved for the retrieval of the aerosol optical prop-
erties with lidar techniques are linked both to systematic and
statistical sources of error. Statistical errors are due to noise
associated to the photon nature of the signal itself and to
noise added in the detection process (Ansmann et al., 1992;
Bosenberg, 1997; Iarlori et al., 2015). On the other hand, sys-
tematic errors may arise both from assumptions or uncertain
values that enter the lidar data analysis and from the system
setup and geometry. The first category may include uncer-
tainties introduced by the estimation of temperature and pres-
sure profiles along with the wavelength dependence parame-
ter required in the Raman technique (Ansmann et al., 1990;
Whiteman, 1999) and the assumption of lidar ratio, reference
height and backscattering ratio, required in the backscatter
technique. The second broad category of systematic errors
may include uncertainties introduced, for example, by inter-
ferences caused by the laser source in the analog receiving
channels, the range-dependent overlap factor, the calibration
of the system, etc. Over the last decades, a lot of work to-
wards estimating and minimizing the errors in aerosol lidar
retrievals has been done in the framework of the European
Aerosol Research Lidar Network (EARLINET; Pappalardo
et al., 2014). For example, and in order to optimize the opti-
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cal performance and control the quality of aerosol measure-
ments, a number of quality assurance (QA) tests have been
adopted and applied in EARLINET lidar systems (Freuden-
thaler, 2008). Moreover, increased effort has been made by
the European lidar community to develop and apply accurate
depolarization calibration techniques (Freudenthaler, 2016)
and quantify and correct the influence of systematic error in-
troduced by imperfections of lidar optical elements on the
depolarization related retrievals (Mattis et al., 2009; Bravo-
Aranda et al., 2016; Belegante et al., 2016). These studies
are based on the description of the state of polarization of
light and lidar optical elements by means of the Miiller—
Stokes formulation. The present study tackles basic lidar de-
sign trade-offs, and more advanced topics such as depolar-
ization measurements are out of its scope.

The lidar equation in its simplest form includes the over-
lap function (O(z)) and the overall optical efficiency of the
system. The overlap function is range-dependent and thus re-
lated to the lidar system geometry, since it describes the frac-
tion of the light scattered within the receiver field of view,
taking values from O to 1 (Wandinger, 2005). More precisely,
at the height range where the overlap function reaches the
value of 1, each point of the telescope aperture collects the
scattered light entirely and with the same efficiency (Fig. 1a).
This height range is determined by the intersection point be-
tween the outer edge of the laser beam divergence (LBD)
and the lateral surface of receiver field of view (RFOV) cone,
with the apex on the point of the telescope aperture farthest
away from the laser (Fig. 1a). This range is known as the dis-
tance of full overlap (DFO) and is usually found from 500
to 1500 m for EARLINET aerosol lidar systems. The over-
lap function depends on the range up to the DFO, adding a
significant drawback to the retrieval of aerosol optical prop-
erties from lidar systems, since it becomes difficult to ob-
tain useful and accurate information regarding the aerosol
present below that height range. More precisely, Wandinger
and Ansmann (2002) demonstrated that when not applying
overlap correction in lidar signals, the retrieved aerosol ex-
tinction coefficient may take even non-physical negative val-
ues for heights up to the DFO. However, they proposed that
the effect of the incomplete overlap can be corrected, and
trustworthy retrievals may finally be obtained in the case of a
system operating both elastic and Raman channels under the
assumption that they are affected by the same overlap func-
tion.

Thus, in order to optimize the performance of a lidar at
lower altitudes and effectively retrieve optical properties of
the aerosol entrapped below the PBL height, it is of great
importance that the receiving telescope is able to detecting
the emitted laser pulse, already at short ranges from the li-
dar system. Therefore, a low full overlap height is needed.
The wide-angle RFOV is not an optimal solution for mini-
mizing the DFO, since in that case (a) the signal will be con-
taminated with more sky background light, and (b) multiple
scattering effects have to be taken into account, especially
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for case studies of optically thick targets (i.e., water and ice
clouds; e.g., Eloranta, 1998; Wandinger, 1998). Nevertheless,
there are systems employing two telescopes, one for the short
ranges and the other for the far ones, with the short-range one
having a wider RFOV angle (e.g., Engelmann et al., 2016).
However, such setups are more complicated and their sig-
nals demand special treatment during the retrieval processing
schemes.

Case studies, but also long-term lidar observations per-
formed during the last decade at various EARLINET sta-
tions, revealed that the DFO have to be much lower than
600 m in order to detect the boundary layer at European
latitudes, especially during wintertime (e.g., Matthias and
Bosenberg, 2002; Matthias et al., 2004; Amiridis et al., 2007;
Baars et al., 2008). Measurements of the aerosols within the
PBL are in particular required during daytime, when the con-
vection is stronger. However, daytime lidar operation suffers
from the increased sky radiance contaminating the lidar sig-
nal, which needs suppression. In order to suppress the bright
daytime sky radiance and enhance the signal to noise ratio
(SNR) of the lidar signal, small bandwidth (BW) interference
filters (IFFs) are widely used in EARLINET. Such IFFs have
recently become commercially available with small BW nar-
rower than 0.2 nm (FWHM) at the visible spectrum and high
transmission values (greater than 90 %) at peak (Alluxa, CA,
http://www.alluxa.com). Their high transmission and narrow
BW characteristics have been recently used for rotational Ra-
man measurements at visible (Veselovskii et al., 2015) and
infrared spectrum (Haarig et al., 2016). A significant draw-
back of these filters is that their narrow bandwidth can cause
low acceptance angle (AEr), which in turn limits the possi-
ble DFO. Alternative methods for efficiently suppressing the
background are based on the shaping of the receivers field
of view diaphragm (FOVD) along with their geometry and
their relative position on the optical axis, as has been pro-
posed by Abramochkin and Tikhomirov (1999) and Freuden-
thaler (2003).

There are several studies in the literature related to the
determination of the overlap function of lidar systems an-
alytically (e.g., Halldérsson and Langerholc, 1978; Jenness
et al., 1997; Chourdakis et al., 2002; Stelmaszczyk et al.,
2005; Comeron et al., 2011) or experimentally (e.g., Sasano
et al., 1979; Tomine et al., 1989; Dho et al., 1997; Guerrero-
Rascado et al., 2010; Wandinger and Ansmann, 2002). For
the theoretical approaches, a good understanding of the ac-
tual light distribution in the laser beam cross section, and
the characteristics of the receiving unit are needed to obtain
an overlap profile with sufficient accuracy. Stelmaszczyk et
al. (2005) also proposed an analytical formula to decrease the
DFO based only on the laser telescope geometry and specif-
ically the introduction of a small inclination between the
transmitter and receiver central axis. However, all the afore-
mentioned theoretical studies provide information regarding
the overlap function based explicitly on the laser telescope
setup.
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Figure 1. (a) The laser telescope geometry of a biaxial lidar system with a laser tilt A, and distance of full overlap DFO. RFOV and LBD
are the receiver’s field of view and laser beam divergence respectively (half angles). Due to the small angle approximation, the errors are
negligible when defining the laser beam diameter (DL), as if the laser was not tilted, and the distance between the laser telescope central axes
(DTL) at the back of the laser and telescope. (b) The optical setup of a lidar receiving unit with a telescope (L1), field of view diaphragm
LBD (S1), collimating lens (L2), interference filter and objective lens (L3) and an eyepiece lens (L4). Rays collected from on-axis (green
lines) and off-axis points (blue lines) with the maximum incident angle at the telescope (RFOV), which is limited by the FOVD, reaches the
IFF surface with a free aperture diameter of Dy, located at distance Z) from L2 under an incident angle Amax. S2 is the surface of the PMT

with diameter DppT.

This study focuses on the extension of the paraxial ap-
proximation down to the detector, revealing all the possible
constraints of a lidar setup, since DFO depends on the over-
all optical path of the detected backscattered radiation. The
distance of full overlap, as presented in this work, depends
on the entire geometry considering all the parts of the lidar
as one optical system. The analysis in this study highlights
the need to take into consideration the acceptance angle of
the interference filter when designing an optimized lidar sys-
tem and the possible limitations that this imposes. The cor-
responding geometrical formulation is presented in Sect. 2,
describing the basic characteristics (focal lengths, distances
and diameters) of all the optical components, compromised
with the EARLINET QA standards. The derived formulation
also includes the characteristics of an eyepiece lens, which
has to be used in a lidar setup in order to form an image of
the entrance pupil on the surface of the photodetector so as
to spread the collected light uniformly over this image. The
results of ray-tracing simulations with respect to lidar design
and alignment according to geometrical formulation are pre-
sented in Sect. 3.

www.atmos-meas-tech.net/10/3103/2017/

The entire set of equations has been integrated in a
Microsoft Excel worksheet through Visual Basic for Appli-
cations (VBA) code and distributed with supplementary doc-
umentation to the members of EARLINET network (http:
/Iwww.meteo.physik.uni-muenchen.de/~stlidar/earlinet_
asos/raytracing/Basic_design/basic_lidar_design.html), but
can also be widely available upon request from the author
(panko@noa.gr). The aforementioned worksheet cannot
substitute advanced optical design software. However, it may
be complementary to the preliminary design of a system, can
be used as a quick checkup tool for an existing lidar system
or even used as a learning tool to familiarize a system with
an optical lidar setup.

2 Lidar optical setup and limitations

Lidar systems are using large telescopes to collect the weak
light, backscattered from the atmosphere. This portion of
light has to be further transmitted and projected to small
detectors without any range-dependent losses. For example,
with a telescope diameter of 300 mm and a detector diame-
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ter of 5 mm, an overall magnification of the optical system of
0.0166 is necessary. On the other hand, the angular magnifi-
cation is increased by 60, which means that 1.25 mrad field of
view of the receiver setup (i.e., determined by telescope with
focal length 600 mm and a field stop with diameter 1.5 mm),
is magnified to about 75 mrad (~ 4.3°).

For single but more particularly for multiwavelength sys-
tems, the wavelength separation unit is not capable of accept-
ing such a divergent received light beam, since (a) it would
soon be too wide for 1 or 2 inch optical elements, and (b) the
transmission of interference filters is very sensitive to the in-
cidence angle. Therefore, the magnification of the receiver
optics is split in two parts, i.e., the telescope with a collima-
tion lens and another objective with an eyepiece, with a low
divergent light path (parallel received light beam) in between
(Fig. 1b). The inclination of the parallel beam is determined
by the laser beam divergence, the laser telescope axis dis-
tance, the tilt of the laser beam with respect to the telescope
axis, determining the field of incidence angles into the tele-
scope, and the magnification of the telescope together with
the collimating lens.

The limitations for this inclination of the received rays are
the following: the field of view of the telescope should be
as small as possible in order to reduce the background light
collected from the sky; the laser beam diameter and its di-
vergence must both be small enough to fit through the 1 inch
optics for all necessary beam splitters; the inclination must
be less than the maximum acceptance angles of the interfer-
ence filters.

2.1 Lidar optical layout

The setup of a biaxial lidar system is schematically given in
Fig. 1. The laser telescope geometry is demonstrated in the
upper part (Fig. 1a) while the optical setup of the lidar receiv-
ing unit behind the telescope, is presented in the lower part
(Fig. 1b). The abbreviations used in this study in order to de-
scribe the lidar parameters are summarized in the Appendix
as a list of abbreviations.

The modeling of a transmitted laser beam in the atmo-
sphere has been approximated by a truncated cone of an ide-
ally circularly shaped beam with initial diameter DL and di-
vergence LBD (half angle). The DL and LBD values pro-
vided by the manufacturers usually correspond to the 86.5 %
(20) of the Gaussian beam energy. In lidar optical systems,
the highest possible of the laser energy is needed and, to ac-
count for a Gaussian laser beam containing the 98.9 % (30)
of the beam energy, both DL and LBD have to be reduced by
a factor of 0.5. The laser beam interacts with the atmospheric
constituents (aerosols and molecules) and the backscattered
light is collected by a telescope with a focal length FT and
clear aperture DT. The distance between the transmitter and
receiver central axes is DTL (Fig. 1a). The diaphragm is usu-
ally a circular iris, with diameter Dpg centered on the op-
tical axis, and mounted on telescope’s focal plane. The fo-
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cal length of the telescope and the diaphragm FOVD deter-
mine the RFOV (half angle) of the receiver setup, according
to RFOV = ;25

For simplicity, all the optical components of the sys-
tem (telescope and lenses) are presented as thin lenses in
Fig. 1b. In addition to the paraxial approximation assump-
tion, namely that rays are not too distant from the system
axis and their angles with respect to that axis are small, it
also implies that aberration effects are not considered.

Regardless of the origin point of the incoming rays, any
rays incident at the telescope with angles higher than RFOV
will not pass through the diaphragm (FOVD; S1). Such a
scenario is demonstrated in Fig. 1b where two extreme lines
are shown: a green line representing rays parallel to the axis
passes through the center of the field stop and normally im-
pinges on the interference filter and a blue line which rep-
resents extreme rays grazes the edge of the field stop at the
maximum angle with respect to the normal to the interference
filter (Fig. 1b). The entire range of angles of rays passing
through any point of the telescope aperture and any point of
the field stop must be limited by the collimating lens (L2; col-
limator) with diameter D¢, and focal length F,), mounted
at distance Fo behind the field stop. The collimation of the
rays is mandatory due to the limited acceptance angles AR
of the IFFs (see Appendix). The collimating lens (L2) pro-
duces an intermediate image (II) of the entrance pupil, at
a distance Zyy behind that lens. More precisely, the inter-
mediate image is formed at the so called eye-relief plane,
where rays with different inclinations passing through the
same points of the aperture cross each other. In the optical
setup presented here, this plane appears twice; firstly behind
the collimator and secondly behind the eyepiece. Regarding
the first position, in case an optical detection device (e.g.,
PMT) is mounted there, it will collect all the power carried by
rays reaching the aperture within the field of view, provided
that its diameter is larger (or at least equal) than the image
of the aperture formed by the collimating lens on that plane.
This requires detection devices of large aperture (e.g., 1-2
inches) and consequently of high cost. However, by using an
additional optical system assembled from an objective (L3)
and an eyepiece lens (L4), this image will be formed again
behind the eyepiece to a lower diameter. An objective lens
(L3) with focal length Fop; and diameter Db is located just
behind the IFF and at a distance Z; behind the collimator. An
eyepiece lens (L4) with focal length Feye and diameter Deye
is placed at a distance of Z; = Fypj + Feye behind the objec-
tive lens. The focal length of the objective lens must not be
shorter than three times its diameter, since for low Fyp; values
of a simple, planoconvex or biconvex lens, the final image of
the telescope aperture on the photomultiplier (PMT) may be
affected by aberration effects. The PMT (S2) with diameter
Dpwm is located at distance Z3 behind the eyepiece lens and
on its surface the image of the clear aperture of the telescope
is projected . The aforementioned components have to fulfil
specific conditions regarding their diameter and focal length
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and should be accurately mounted on the optical path of the
collected backscattered light in order to achieve an optimum
imaging (e.g., avoiding vignetting effects, keeping the con-
dition that Ay,x < AJEE) of the telescope’s aperture onto the
detector’s effective surface.

In principle, the system presented in Fig. 1b spreads uni-
formly over the image of the entrance aperture formed on the
photodetector surface the light coming from the illuminated
parts of the atmosphere within the system field of view. The
effective diameter of the photomultiplier is maximum 8 mm
for Hamamatsu PMTs R7400 series (Hamamatsu Photonics,
2006). However, the useful diameter of the PMT is about
5 mm, including mounting and adjustment tolerances.

For ranges above the DFO, the laser beam stays entirely
inside the telescope’s full field of view. For those ranges, any
ray coming from a point in the illuminated volume and reach-
ing the telescope aperture will pass through the field stop di-
aphragm.

2.2 Description through paraxial approximation

The parameter of RFOV is chosen as the coupling link be-
tween the laser telescope part and the detection optics, which
are located after the telescope focus. This choice can be ex-
plained, since on one side the given telescope and laser geo-
metrical characteristics determine the DFO, and on the other
side towards the PMT, all rays entering the field stop have to
be collected by the PMT.

As also demonstrated from Stelmaszczyk et al. (2005)
from Fig. 1a we have the following:

2 xDTL+DT+ DL

DFO = :
2 x (RFOV — LBD + A

ey

In the case that a laser beam expander with an expansion
factor of EX is used in the emission part of a biaxial lidar
configuration, the initial laser diameter increases and the cor-
responding laser beam divergence decreases, by a factor of
EX. Thus, the effective laser parameters (DL and LBD) af-
ter the expansion will become respectively, DL x EX and
LBD x EX~!, in all formulas. The above are approximations
and hold true for ideal optical components, since in general,
commercial laser beam expanders demonstrate different effi-
ciencies regarding the expansion of the laser beam diameter
and the reduction of the laser beam divergence.

The dominator of Eq. (1) must be positive (i.e., RFOV —
LBD + Ay > 0) in order to have DFO > 0. This, together
with the condition that A+ LBD < RFOV leads to the
basic principle for lidar applications that the receiver’s
field of view cannot be smaller than the laser beam diver-
gence (i.e., RFOV >LBD). In the case that the condition
A+ LBD < RFOV is not fulfilled, even if the full overlap is
reached in some range, the laser beam will eventually exit the
full field of view zone in the far range. With paraxial optics
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and small angle approximation, we can extract from Fig. 1b
the following relation:

Dgs Feol

2xFT FT

X Amax » (@)

where Amax 1S the maximum incidence angle on the inter-
ference filter of rays passing through the field stop. This an-
gle should be less than or equal to the maximum acceptance
angle of the interference filter:

Amax < Afgp - 3)

The main goal when designing a lidar system for aerosol re-
search in the lower to middle troposphere is to make the DFO
as short as possible while keeping (a) the incidence angle of
the rays on the interference filter surface less than its accep-
tance angle (i.e., Amax < Afpp) and (b) the diameters of the
lenses within reasonable values. For the use of a small band-

width IFF with small A[p it is necessary to keep the RFOV

small or to increase the ratio 1;?1 In biaxial lidar systems

the RFOV is determined by the parameters of the receiver
setup (FT and Dgs), and the higher the RFOV, the lower
the DFO ranges that may be achieved (Eq. 1). In addition,
by increasing the Drs the RFOV increases (Eq. 2) and the
DFO decreases but the SNR becomes lower, especially dur-
ing daytime conditions when the detected lidar signal is con-
taminated with more light from the sky background. More-
over, high RFOV values tend to increase the diameters of the
lenses in the receiving optical setup.

With Ajpr = Amax and for any Ay from Fig. 1b and
Egs. (1) and (2) we get

2 x DTL+DT+ DL
DFO = X + + 4)

2 % (le % Amax — LBD + Amt) ‘

FT

The ratio l;f% is limited by the diameters of D¢, and DT

(compare Fig. 1b) by

Feol

FT

Deol > DT x —= +2 x RFOV x (FT + Feo1) . ®)

Consequently,

DCO
(_2 I _ RFOV x FT) (2T 1 RFOV x FT)
>
F col - FT

. 6)

Additional constraints are the limited diameters of the
lenses, filters and beam splitters in combination with the di-
ameter and the focal lengths of the telescope and the collima-
tor (i.e., FT and F.q), as well as the distance Z; which needs
to be as high as possible to mount all the optical elements, es-
pecially for the case of multiwavelength backscatter Raman
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lidar systems. Note, that the diameter D of the optical parts
is limited by their rising cost with diameter and decreasing
availability. The extreme rays in Fig. 1b must pass through
all the optics, which results in Eq. (6), expressed here for the
minimum and maximum focal length of the telescope with
given RFOV.

FToo i = 0.5 % [ — 2L p
max/min — Y. 2 %« RFOV col
D 2 Fo xDT
+ 1025 x [ Fogp — —= _ Leal X %)
2 x RFOV 2 x RFOV

All these parameters must be balanced for optimum lidar
performance and for a specific scientific objective. The fol-
lowing system of equations (Eq. 8) is derived with paraxial
approximation (Fig. 1b). The first one is given by definition
(Fig. 1b), the second one gives the plane where the image of
the entrance pupil by the collimating lens is formed, and the
third one gives the minimum diameter that the objective lens
must have in order to let all the rays within the field of view
pass:

Z1 = Zobj + Zn

RFOV
Zy=

X (Feor +FT)

max

Dobj _ DT x Feal

) ) GLEES Amax X Zobj
yields 1
2 X Amax
F
X [Dobj —DT x FC’;I +2 x RFOV x (F¢o +FT)i| . 8)

Furthermore, in the Zj expression that appears in the
block of Eq. (8), the term Tﬂ has been substituted for %
Following Figs. 1b and 2a, the diameter of the intermediate
image (Dy) formed on the eye-relief plane between the col-
limator and the objective lens, and the diameter of the objec-
tive lens (Dgp;j) just behind the IFF are equal to

DT
Dy = ﬁ X Feol )
Dobj = Dy1 + 2 X Amax X Zob;- (10)

The rays collected by the IFF and the objective lens (L3 in
Fig. 1b) are guided through the eyepiece lens (L4 in Fig. 1b),
creating the final image of the entrance pupil at a distance
Z3 behind the last surface of the eyepiece lens. More pre-
cisely, the intermediate image of the telescope aperture (with
diameter Dy) is formed initially at distance Zop; before the
objective lens (L3; Figs. 1b and 2). In the setup presented in
Fig. 2, the intermediate image is now the object with diam-
eter Dy that has to be projected on the surface of the pho-
todetector (S2) through the system of two lenses. The first
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lens of this system is an objective lens (L3) with focal length
Fobj, and the second one is an eyepiece lens (L4) with focal
length Fey.. In this setup, the back focal plane of the objective
and the front focal plane of the eyepiece coincide; i.e., the
separation between the objective and the eyepiece is equal
to Zy = Fopj + Feye The total magnification of that lens sys-

eye

tem is M3 4 = inb, . Therefore, the final image of the object

(D) projected on (S2) would have the following diameter
(Fig. 2a):

Dpmt > M3 4 X Dyp —> Feye <

X Fobj. (11

From the similarity of the triangles shown in Fig. 2b we
find that Rz = % X Feye, where R is the diameter of an
object produced by of off axis rays on the intermediate plane
(Fig. 2b). The free aperture of the lens (L4) in order to collect

both off and on-axis points of Dyj has to be Deye (Fig. 2b):

Deye =2 X | Amax X Fobj +

— Amax X (Zobj - Fobj)
X Feye .
Fob;

(12)

Considering as object the image of the aperture by L2,
which is at distance Zqp; of L3, the afocal system of the
lenses L3 and L4 will project it, at a distance Z3 behind L4.
This distance is

= (13)

Feye X (Zobj — Fobj
S
obj

PMTs and APDs suffer from a non-uniform spatial re-
sponse of their effective surface, which may cause artifacts
to lidar signals during its transduction into electrical signal.
Simeonov et al. (1999) revealed that the normalized spatial
uniformity on the active area of the detector varies from 0.2
up to almost three times the average value, defined for the
central part of the detector. In order to avoid lidar signal devi-
ations due to the spatial inhomogeneity PMT sensitivity, the
detector must be placed at an image of the telescopes aper-
ture. At this place (distance Z3 behind the eyepiece lens; L4),
the system is forming the image of the telescope aperture,
therefore spreading the light from illuminated points in the
atmosphere uniformly over the photodetector surface (S2).
In addition, an advantage of using an eyepiece lens is that the
detection surface is rather insensitive to several axial/radial
misalignments (e.g., £4 mm/42 mm) of the lens L4 and the
PMT (Freudenthaler et al., 2004). However, due to difficul-
ties in measuring the exact location of the PMT cathode with
respect to the PMT housing, the alignment of the detection
surface behind the L4 seems to be crucial, and real ray trac-
ing is necessary to determine the needed precision for the
positioning of the photodetector surface.
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Image diameter of the object D, projected on (S2) through Y
the afocal system of lenses (L3) & (L4) A

Der= Dn/Fam*Feye

Shift of on and off - axis points incident on the IFF;
obtained from the triangle ABC

AR =A e oy

The diameter of the IFF in order to collect both
the on and off-axis points of the rays passing from the field stop

Die=D,+2"dR .

R=R-A,..*(Z,-F.) Obtained from the triangle DEF

// o
——— 2k
\ F \ & . J
Q| = ,:};E DR T’*'*é '''''' = F‘,‘/—‘ '''''
& D \
f 7 L2
Té

R,=A..F oy Obtained from the triangle EGH
R,=R//F,*F.. Obtained from the similarity of triangles GHI and 1JK
2| R,=RAR, Radius of the eyepiece; by definition
14
D..=2'R,. Diameter of the eyepiece; by definition
._*._._E_ ___________________ >
o

Figure 2. Panels (a) and (b) are essentially the same. However, to help the understanding of geometric calculations, (a) demonstrates the
optical path of the on-axis (green line) and off-axis (blue line) points, the first intermediate image (II) of the telescope aperture with diameter
Dy formed at distance Zqp; before the objective lens (L3) and (b) the optical path of the on-axis (green line) and off-axis (blue line) points,
of an object (with diameter Rj) produced by off-axis points on the intermediate plane. Through the objective lens (L3) with focal length
Fopj and an eyepiece lens (L4) with focal length Feye the intermediate image is formed again on the surface of the photodetector (S2), at
a distance Z3 behind the eyepiece lens. For reasons of simplicity the IFF is not included in this figure. The focal planes of each lens are

denoted with vertical red lines on the principal axis.

For boundary layer measurements a low DFO height is re-
quired (see Fig. 1a), thus leading to higher values of Apax
(Eq. 4), larger IFF bandwidth, lower sky background sup-
pression and finally lower SNR of the system.

Tilting the laser by an angle Ag); with respect to the tele-
scope axis (Fig. 1a), with the constraint that Ay < RFOV —
LBD, allows a decrease of the RFOV with constant DFO or
a decrease of the DFO with constant RFOV (Stelmaszczyk et
al., 2005). The optimum Ay, is either the one that minimizes
the RFOV or the DFO respectively, and for both aforemen-
tioned cases becomes equal to

AP = RFOV — LBD. (14)

tilt

More clearly, for the former scenario

www.atmos-meas-tech.net/10/3103/2017/

opt _ 2xDTL+DT+DL

o= , 15
ult 4 x DFO (1>
and with A?iftt according to Eq. (2)
FT 2 xDTL+DT+ DL
Apax = — X +LBD (16)
Feol 4 x DFO

The IFF allows for acceptable transmission of the
backscattered rays with incident angles lower than ARy (see
Appendix). The smaller the filter bandwidth, the smaller
the AJEY (a filter with bandwidth BW = 0.5 nm, leading to
ApE = 2.9°). The extreme incident angles in the telescope
(RFOV) and at the IFF (Apax) increase with decreasing DFO
according to Egs. (4) and (16).
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Figure 3. The variability of the maximum angle of incident rays on
the IFF (Amax) for different DFO values, without laser tilt (A =
0°; black line) and with optimum laser tilt (Agﬁ[' = 095 mrad; red
line). The blue horizontal dashed lines correspond to the maximum
acceptance angles (2.9 and 1.15°) of two IFFs with bandwidths of

0.5 and 0.15 nm respectively (see Appendix).

In Fig. 3 the variation of the maximum angle of incident
rays on the IFF (Apax) for different DFO values is presented,
regarding zero degrees and optimum laser tilt (Aglf:), accord-
ing to Egs. (4) and (16). The values used for the calculations
(e.g., FT F,q DTLDTDL) are provided in Sect. 3. The max-
imum angle of incident rays (Amax) on the IFF is decreased
by about 40 % (from 1.96 to 1.15°) with an optimum laser
tilt for the same DFO (182.11 m). The two blue lines indi-
cate the AJp* angles for two IFFs with BW 0.5 and 0.15nm

respectively (see Appendix).

3 Evaluation of paraxial approximation with
ray-tracing simulations

For evaluating the formulation presented in this study, ray-
tracing simulations with ZEMAX software (www.zemax.
com) have been performed. Considering that, unlike ZE-
MAX, various aberration effects are not taken into account
with thin lens approximation, in this section it is investigated
how close the calculations are in reality when derived in com-
parison with real ray-tracing simulations.

The geometrical properties of the simulated lidar system
used as input parameters in paraxial approximation lead to
a DFO =257 m. More precisely, a laser with initial param-
eters DL =8 mm and LBD = 0.8 mrad was considered and
expanded by an ideal laser beam expansion unit (EX = x4).
The expansion unit finally results in an emitted laser beam
with a diameter of 32 mm and divergence LBD = 0.2 mrad.
Moreover, the laser beam is considered to be tilted towards
the telescope central axis with an angle of A = 0.4 mrad.

Atmos. Meas. Tech., 10, 3103-3115, 2017
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Figure 4. Spot diagrams of far- (green; 10 000 m) and near- (blue;
257 m) range rays on the (a) front surface of the IFF from five differ-
ent positions within the receiver field of view, and (b) PMT detector
with 5 mm effective diameter (black circle).

The laser light scattered in the atmosphere is collected by an
ideal telescope with DT = 300 mm and FT = 600 mm, guided
through a circular field stop (Dps = 1.5 mm) to the collima-
tor. The distance Z; has to be as high as possible to mount
all the needed optical elements (i.e., beam splitters), always
keeping Apax lower than AjE. Considering a receiving sys-
tem with RFOV = 1.25 mrad, effective Dop;j, = 23.5 mm and
a reasonably low Ap,x value (Apmax = 1.15°), a distance of
Z1 =160mm, is estimated through Eq. (8). Moreover, for
these values Eq. (2) implies that the focal length of the colli-
mator should be Fo = 37.36 mm.

The 3-D ray-tracing simulations have been initiated at
532nm using the aforementioned values and assuming
an optimized Newtonian telescope. The curvature radii of
the primary mirror was set to 1200 mm and its radius to
150 mm. The surface type was set to a sphere and the conic
constant —1. At 500 mm above the primary mirror, a sec-
ondary diagonal mirror was set with a radius of 25 mm. The

www.atmos-meas-tech.net/10/3103/2017/
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Table 1. The optical parameters (distances and focal lengths) estimated with paraxial approximation and simulated by ZEMAX, along with

their relative differences.

Optical Lens model used from ZEMAX DB ZEMAX  Paraxial Relative difference
parameter (number of items) (%)
Fio) (mm) SPX019 — Newport (x2) 37.72 37.36 0.95
Z1 (mm) 160 160 0
Amax (mrad) 1.126 1.15 —2.08
Z> (mm) 85.64 85.64 0
Fobj (mm) 01LUPO033 — Melles Griot (x1) 74.69 70.54 5.56
01LUPO31 — Melles Griot (x1)
Z3 (mm) 13 12.82 1.38
Feye (mm) 01LUPO009 — Melles Griot (x2) 15.31 15.10 1.42

backscattering from the laser beam was simulated by a disk
of source rays, which was placed at distances of 257 m and
10000m from the telescope. Assuming that the telescope
and the laser beam are at the same level (Fig. 1b), then the
initial distance between their central axis was considered to
be DTL = 180 mm. However, as the laser beam propagates
in the atmosphere with a tilting angle of 0.4 mard, the
distance between the laser beam and telescope central axis
decreases with a constant rate of Ayj;. For each distance,
the size of the laser disk was calculated from the LBD.
Regarding the optical components mounted after the field
stop, we used lenses available from the ZEMAX database,
with parameters (i.e., effective focal length and diameter)
similar to the ones revealed from the paraxial approximation
calculations. More precisely, x2 Newport (model SPX019)
lenses were used as collimator (effective F.op =37.72 mm
and Do =25.40 mm), x2 Melles Griot (models 01LUP033
and O1LUPO31) were used as an objective (effective
Fobj =74.69 and Dgpj =25.00mm) and x2 Melles Griot
(model 01LUP009) lenses were used as an eyepiece lens
(effective Feye =15.31 and Deye = 12.50 mm; Table 1). In
ZEMAX we set the distance between the collimator and the
IFF at exactly 160 mm (Z7), the eyepiece at 85.64 mm after
the IFF (Z;), while the distance between the eyepiece and
PMT was at 13 mm. The value of distance Z3 was not kept
constant in the ZEMAX simulation as it was estimated from
the paraxial calculations. Instead, this distance was slightly
increased up to some millimeters in order to sufficiently
image the telescope aperture on the PMT (Dpyt = 5 mm),
without any truncation of the rays. Please note here that,
in the case of real simulations with ZEMAX, the lenses
cease to be ideal thin lenses. The distances, namely Zi,
Z> and Z3, are measured from the points on the principal
axis of the last surface of each lens up to the first surface
of the next optical component. For example, the measured
distance Z; refers to the distance between the last surface
of the collimator up to the first surface of the IFF filter,
located on the principal axis. In Fig. 4 the spot diagrams
of rays from far (green spots; 10000m) and near range
(blue spots; 257 m) are demonstrated. The five field points
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selected so as to make an object height with radius equal to
LBDx Z + %, where Z is the atmospheric distance from
the lidar. The central field point is located at the center of
the disk, with coordinates (xc, yc) = (0,DTL — Z x Agy),
with respect to the Cartesian system shown in Fig. la,
while the remaining four are selected to be on the
perimeter of this disk with coordinates (xg,yg)=
(=Z xLBD,yc), (xLyL) =(Z xLBD, yc), (xu, yv) =
0,yc+Z xLBD), (xp,yp) =(0,yc —Z xLBD).  The
spot diagrams in Fig. 4a are in cosine space, demonstrating
the angle with which each field point of far- and near-range
rays falls on the first surface of the IFF filter. The maximum
field incident angle on the IFF was found to be equal to
0.0196 mrad. The full field spot diagram demonstrated in
Fig. 4b refers to the surface of the PMT. As can be seen in
Fig. 4b a homogeneous distribution of far- and near-range
rays on PMT surface have been achieved, covering the same
area. The spot diameter was found to be 4.6 mm, within the
5Smm diameter of effective detector aperture, revealing an
overall sufficient imaging of far- and near-range rays on the
detector.

The relative differences between the calculated parame-
ters from paraxial approximation and the simulations with
ZEMAX are demonstrated in Table 1, and the slight dis-
crepancies are attributed to the following reasons: (a) the
slightly different parameters of lenses used from ZEMAX
database compared to those used as input (Fc]) or estimated
(Fobj Feye) with the paraxial approximation formulation and
(b) the inability of the paraxial approximation to take into
account the sag of each lens surface to better model the re-
fraction of off-axis rays in contrast to the ZEMAX simula-
tion. However, the effect of the telescope’s defocus seems
to be taken into account by paraxial optics. Rays arriving
at the telescope from near points intersect behind the focal
plane. Where they will finally intersect depends on how near
the origin point is. Here the near points are considered to be
from 257 m (blue lines), which they intersect at 1.4 mm be-
hind the focal plane of the telescope. As the points are taken
farther away, the intersection point will tend to approach the
focal plane, eventually being virtually on the focal plane for
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Figure 5. ZEMAX simulations regarding the focal plane of the telescope where the field stop (Dgg = 15 mm) is placed. The focal plane is
where parallel rays will intersect after passing through the telescope. Rays arriving at the telescope from near points will intersect behind
the focal plane. Where they finally intersect depends on how near the origin point is. Rays originating from points at 257 m from the lidar
(blue lines) intersect at 1.4 mm behind the focal plane of the telescope. As the points are taken farther away, the intersection point will tend
to approach the focal plane, eventually being virtually on the focal plane for long enough distances (i.e., the points from 10 000 m considered

here with green lines).

long enough distances (i.e., the points from 10 000 m consid-
ered here with green lines). From the paraxial formula relat-
ing object and image positions, a simple calculation shows
that, for a thin lens of 600 mm focal length, the image of a
point at 10000 m from the lens will be at 600.04 mm from
the lens plane, while the image of a point at 257 m will be at
601.40 mm, the difference being 1.36 mm, very close to the
1.40 mm revealed by ZEMAX simulations (Fig. 5). Thus, the
telescope processes the rays according to the paraxial optics
laws (or at least to a good degree of approximation), so the
considered rays satisfy the paraxial conditions.

4 Summary and conclusions

Based on thin lens approximation formulas, a set of equa-
tions is derived, describing the optical design of a typical
EARLINET lidar system. The limitations of a lidar optical
setup are revealed through geometric optics, from the emitted
laser beam to the projection of the entrance pupil on the pho-
tomultiplier. The main lidar issue studied here concerns the
distance of full overlap and how this depends on the entire
geometry which describes the optical path in the detection
unit of a lidar system, not only on the laser telescope geom-
etry. The usage of IFF with small bandwidth for background
suppression is limited by their small acceptance angle, espe-
cially if the alignment uncertainties of the mechanical setup
of the lidar optics are taken into account. The evaluation of
the paraxial approximation formulation has been performed
with ZEMAX ray-tracing simulations, showing an overall
good performance with a relative difference (between ZE-
MAX and paraxial approximation) of the order of 5 % (see
Table 1) and a negligible impact on the system performance.

Atmos. Meas. Tech., 10, 3103-3115, 2017

These differences are mainly attributed to the inability of
thin lens formulations to better model the refraction of the
off-axis rays. The described formulation cannot substitute an
advanced optical design software, since 3-D ray-tracing sim-
ulations of realistic lidar systems are required to reveal the
necessity of using the highest-quality optical parts mounted
with the highest possible accuracy.

Data availability. The Excel worksheet that integrates the entire set
of equations as described in this paper is available upon request
from the author (panko@noa.gr).

www.atmos-meas-tech.net/10/3103/2017/



P. Kokkalis: The optical setup of a typical EARLINET lidar system 3113

Appendix A

The center wavelength A, of an interference filter (IFF) is
shifted to A with an incident angle Arp according to

As no 2
o = \/1 — |:— X SIH(AIFF)i| , (Al)

0 ne

with the effective refractive index of the filter n, and
the refractive index of the environment n,. The shift is to
smaller wavelengths with increasing Ajpp, and larger ne.
Examples for IFF are a Barr filter with 0.5 nm bandwidth
(BWFWHM) at 532 nm, n. = 1.99 and a temperature coef-
ficient of 0.0021 nm°C~!, as well as an Andover filter with
BW = 0.15nm at 532 nm, n, = 1.45 and temperature coeffi-
cient 0.016 nm °C~!. The incident angles Ajpp are limited by
the maximum allowed wavelength shift for acceptable trans-
mission, which have been set to 0.7 x M, i.e., about 0.18 nm
(Barr) and 0.05nm (Andover). This results in Ajpa" of 2.9
and 1.14° for Barr and Andover filters respectively.

Appendix B: A list of the abbreviations that are used for
describing the lidar parameters, along with their

meaning
Object space
DFO The distance of full overlap of the lidar system
DTL The distance between telescope and laser central axis
DT The clear aperture of the telescope
DL The diameter of the laser beam
FT The focal length of the telescope
RFOV The receiver field of view (half angle)
LBD The laser beam divergence (half angle)
Al The inclination angle of the laser beam axis relative to the telescope axis
Image space
Drs The diameter of the field stop
FOVD The field of view diaphragm
Feol The focal length of the collimating lens
Dcol The diameter of the collimating lens
AJFF The incidence angle of the rays on the interference filter
Amax. The maximum incidence angle on the interference filter of rays passing through the field stop
AR The maximum acceptance angle of the interference filter
Z The distance between the collimator and the objective lens
Zn The distance between the collimator and the plane of intermediate image
Dy The diameter of the intermediate image
Z obj The distance between the plane of intermediate image and the objective lens
Fobj The focal length of the objective lens
Db The diameter of the objective lens
Z The distance between the objective and the eyepiece lens
Z3 The distance between the eyepiece lens and the detector
Feye The focal length of the eyepiece lens
Deye The diameter of the eyepiece lens
Dpmr The diameter of the detector
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