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Abstract. Laser radar (lidar) sensors provide outstandingthe object’s orientation. Moreover, laser radar systems using
angular resolution along with highly accurate range mea-more than one detection layer are providing angular resolu-
surements and thus they were proposed as a part of a higiion even in elevation. This feature is especially important for
performance perception system for advanced driver assistamutomatic alignment procedures, for robust pitch angle com-
functions. Based on optical signal transmission and receppensation, for lane marking detection and for estimation of
tion, laser radar systems are influenced by weather phenonsbject height. Although measurement capability in elevation
ena. This work provides an overview on the different physi-is theoretically possible with millimeter-wave radar, too, no
cal principles responsible for laser radar signal disturbancesuch products have shown up on the automotive radar mar-
and theoretical investigations for estimation of their influ- ket so far. This is mostly due to the very high complexity
ence. Finally, the transmission models are applied for signabf radar front-ends exhibiting two-dimensional millimeter-
generation in a newly developed laser radar target simulatowave beam steering. Although from a performance point of
providing — to our knowledge — worldwide first HIL test ca- view, laser radar seems to be ideally suited for use in ADAS,
pability for automotive laser radar systems. its sensitivity to weather phenomena such as fog, rain or
snow has been considered a major drawback for these per-
ception sensors and limited their use on the mass market to
low-cost systems. This work deals with the primary physi-
cal effects influencing laser radar systems under bad weather
) _ conditions. From laser radar theory, we derive a model for
Advanced driver assistance systems (ADAS) develop fromy,q 5y signals to be expected and subsequently estimate the
comfort enhancement to safety applications. With a con-ne formance degradation. Moreover, the developed signal

stantly growing need for higher perception sensor data qualp,qe is used for signature generation and verification in a

ity, laser-based sensors tend to dominate many experimens, e| |aser radar HIL test system which provides for the first
tal intelligent vehicle systems with applications ranging from 4o the possibility to evaluate and optimize weather-based

pedestrian protection (sétalchstausl et al. 2009 to fully  j,qences on laser radar performance in the laboratory in real
autonomous driving (seBarms et al.2009. New, promis- o

ing signal processing approaches like e.g. occupancy grid

based methods adopted from robotics (Berun et al, 2005

heavily rely on laser radar sensors and pave the way fop [ aser radar fundamentals

highly automated driver assistance. Compared to millimeter-

wave radar, laser radar (lidar) systems provide higher angu2.1 Target detection

lar resolution in the azimuth plane being able to separate

targets spaced less than 1deg apart. This is a key featurlgaser radar systems, sometimes called LADAR (Laser ra-
for many ADAS applications since high angular resolution diation detection and ranging), LIDAR (light detection and
is crucial for the determination of object width and shape.ranging) and LIVAR (laser-illuminated viewing and ranging)
This information provides valuable input to object classifica- use a modulated, intense source of light to illuminate the sen-
tion algorithms and tracking systems that precisely determinesor’s field of view containing objects to be detected. From the
objects in the sensor’s field of view, a certain part of optical
power is reflected back towards the sensor where the signal

Correspondence tdvl. Spies is detected by an optical receiver. In most automotive laser
BY (martin.spies@ib-spies.de) radar systems, optical signal transmitters and receivers are

1 Introduction
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located close to each other or even use the same optics inilumination beam of the transmitter and the detection area
coaxial beam configuration. For successful detection, the reef the receiver. The projection of both the illumination beam
ceived optical signal has to be larger than the sensitivity limitand the reception area typically is not an ellipse, however. A
of the optical receiver. For automotive applications, only in- rectangular assumption can be used in most cases in order
coherent detection has been realized so far. As optical reto enable analytic calculation as shown Bgies and Spies
ceivers, PIN-photo diodes (PIN doping profilet, i (intrin- (2006H. In most laser radar sensors, the field-of-view is
sic), n) and avalanche photo diodes (short: APD) typically divided into N detection sectors. In multi-beam systems,
are used. Both types of diodes feature higher bandwidth thathe sectors are illuminated by a numberMf transmitters
standardpn-photo diodes. Compared to PIN-diodes, APDs and observed bywg receivers. For coaxial optics using the
usually provide a superior signal-to-noise ratio (SNR) due tosame optical path both for transmit and recei¥e= ¥r and
their intrinsic gain, however require complicated biasing (seept = ¢R Yields optimal performance. For bistatic configura-

Smith et al, 1978. tions, offsets and differences between illuminated area and
_ . detection area have to be taken into account in the vicinity of
2.2 Transmitter design the sensor as will be shown in Se8t3.

To cover the complete field of view, two basic system types
Eye safe operation is a must for automotive laser radar syspayve been developed: systems using mechanical scanning of
tems. As these systems should be laser class 1 or class 1Me detection area (so called “laser scanners”) and systems
products, their design has to comply with the rules given inysing multiple transmitters and receivers (so called “multi-
IEC 60825-1:20072007) which limit the peak power of @  peam laser radar” or “staring laser radar”). Laser scanners
single pulse and the average power depending on field ofend to provide higher angular resolution than multi-beam
view, pulse burst rate and lens aperture. Since most automqaser radar, however due to their larger mechanical complex-
tive laser radar systems use semiconductor laser diodes as Oy often exhibit higher system costs and larger package size.
tical transmitters, the system’s wavelength is either 0.850 um £y identification of ground clutter, to compensate for hor-
or 0.905um. For these wavelengths, low-cost pulse lasefzontal misalignment and for target classification, some laser

diodes and low-noise APDs are readily available. scanners use multiple layer techniques to provide some de-
gree of resolution in elevation as stated $yyies and Spies
2.3 Range measurement (20063

Due to the modulation of the transmitted signal, the time dif- 5 5 Velocity measurement

ferencer (sometimes called TOF time of flight) between illu-

mination signal emission and detection of the signal reflectedjith incoherent light detection typically used in automotive
by the target can be measured. Simds directly propor-  |aser radar systems, a direct measurement of a target's ve-
tional to the distance the signal traveled, the raRgef the  |ocity due to the MPPLEReffect is not possible. Coherent
reflection point can be deduced, assumirtg be the known  detection, often used in military @pPLERlaser radar (see
propagation velocity of the optical signal in the given trans- Owens 1969 is not feasible for automotive use since the co-

mission medium. herence length of the semiconductor lasers employed by all
sensors on the market today is not large enough to enable
R=ct/2. 1) low-noise carrier frequency ®PPLERmMeasurement. Today,

velocity determination typically is performed by tracking of
reflection points’ movements over time. For optimized track-
ing, data update rates well above 15 Hz are necessary to cope
With the dynamic requirements of future driver assistant sys-
tems. Attention has to be paid to the selection of the reflec-
tion points to be tracked. Sudden jumps of reflection points
of periodic structures within the sensor’s field of view tend to
introduce velocity measurement errors. Moreover, for the de-
tection of object velocity, also the shape of the object has to

To measure the angle between sensor and reflection poinp,e taken into account. Especially in the vicinity of the sensor,

different techniques can be applied. Most laser radar sensof&S€r radar often tends to see more than one reflection point
are using a sharply limited illumination beam which only il- " the surface of extended objects like e.g. cars. In this case,

luminates an area limited by97 in elevation andter in shape—.based tracking techniques (seehner and Ameling.
azimuth. The receiver's optics, however uses a projectior?000 like e.9. L-Shape tracking (s¢eayad and Cherfaoi

only observing a sharply limited detection area characterized007) have to be applied to obtain valid and precise results
by £0r in elevation andter in azimuth. Object detection for lateral and longitudinal velocity of the tracked objects.

can only take place if a reflection point is located within the

From fundamental pulse radar physics (see 8kplnik,
1990, it is known that the system’s range resoluti®R, —

i.e. the capability of the laser radar to separate two detection
which are located at a radial distané® from each other
within one beam — is limited by the bandwidth of the trans-
mitted signal and the bandwidth of the optical detector.

2.4 Angular measurement
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(a) ceive amplifier chain after application of very large optical receive

TR signals which might be due to e.g. retro-reflecting objects. To min-

Jo"ijm imize these detections, gair_w control in the recgive amplifier chain
and/or control of the transmit power must be utilized.

Type 5. Targets due to ground echo/ground clutter, often generated
by the car’s pitch or by bumpy roads. Since these detections do
60 100 Echo come from real world reflections, their classification must be based
- - from on additional information. If a multi layer laser radar sensor is used,
50 |- hd Fééad a comparison between detections in different layers might be used

'an to identify the ground echo. If the laser radar exhibits only a sin-
gle layer, two methods of classification are known as described in
the the work oflssa(2007: a shape-based approach, taking ad-
vantage of the special location of the ground echo detections which
is based on the beam geometry and the density distribution of the
transmitters (e.g. detections matching parabolic shape, seétFig.
Ground and ground echo recognition based on the distributed nature of the
- Echo reflection points like shown in Fig..
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Type 6. Detections generated by reflections in rain, fog, dust or
snow. The following sections will show how the return signals for

0 I 0 these kinds of detections look like.
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y-Position (m) Time (ns) Automotive laser radar sensors have to distinguish between

the different types of the raw detections listed above and

Fig. 1. (a) Beam configuration leading to detection of ground should only pass detections of type 1 to the subsequent clus-
echo. (b) Typical spatial distribution ground echo detection, basis tering and tracking algorithms. All other detections should
of shape-based ground echo classificati@h.Time domain classi- either be minimized by system design or should be clearly

fication of ground echo based on different time domain response ot qnizeq as not relevant for the driver assistance function
rigid targets (e.g. road signs, other cars etc.) and ground signal with '

different time domain response as showrisa(2007. prow_dlng valuable mform_atl_on for the suk_Jsequent signal pro-
cessing (e.g. data association and tracking) Many laser radar

systems show deficiencies within this classification so care-
2.6 Raw data based target classification ful evaluation has to take place during the sensor test. Es-
pecially detections of type 6 are hard to test since environ-
Besides target detection and location, classification based omental test conditions like rain, snow or fog are difficult to
raw reflection data has become very important in many driverreproduce under lab conditions.
assistance and active safety systems. Generally speaking, the

following classes of raw detections have to be distinguished: ,
3 Modeling of laser radar performance

Type 1. Raw detections from solid objects like cars, pedestrians or
other infrastructure. In this case, the scattering plane has almostn8.1 Review of the laser radar equation
depth-/range distribution.

The laser radar equation describes the received pBw@Et)
at a laser radar’s detector as a function of a target’s range.

application of constant false alarm rate (CFAR) techniques in the Olr nIOT_ZIaStIC Scatterlmt.g’ ths :ecelvet?] Sltgnal po.;/ve.r ca:1 be
target detector, residual detections will be of statistical nature andraicuiate a§ q convolution between the ransml sigha
thus will be eliminated in the tracker. and the spatial impulse respon@€R) of the optical channel

and the target as stated e.g.4lyao et al(1988:
Type 3. Raw detections from electromagnetic interference (EMI)

from inside or outside of the sensor e.g. power supply spikes, clock
interference, laser diode modulator crosstalk etc. These detection®r(R) = Cy / Pr(t")y H(R—ct'/2)dt’ @)
must be carefully resolved on the hardware level by proper system

design and sophisticated mechanical setups including highly effec-
tive shielding techniques. Especially periodic interference tends toThe system constari, is not depending on range or time
be hard to deal with on a system level since these kinds of detecand is given by:

tions will not be removed in the tracker because of their periodic,

deterministic nature. Ca=cnAgr/2. 3

Type 2. Raw detections from noise in the optical detector or de-
tector amplifier chain. These detections can be dealt with by th

2R/c

t'=0

Type 4. Raw detections from large signal effects in the receiver Ar represents the aperture area of the sensor’s optical re-
chain. These detections arise from clipping or ringing in the re- ceiver and; characterizes losses in the receiver’s optic.
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In the subsequent sections, a detailed review of all factors

appearing in Eq.Q) will be carried out, considering automo-
tive application’s constraints.

3.2 Transmit pulse modeling

In classic laser radar theory, afxc-shaped transmit pulse
with a total pulse energ¥p according to Eq.4) is assumed:

(4)

Using the rather simple transmission pulse model given in
Eqg. (@), the classic laser radar equation is obtained:

Prs(1) = Epd(t)

2R/c
Prs(R) =C / EpS(t") H(R—ct'/2)dt’
t'=0
= CAEpH(R).

(%)

This model is valid for target range&>>> ¢ tp with tp denot-
ing the duration of the transmit pulse.

In most automotive sensor systems found on the marke
today, tp is in the range of 10 to 20 ns resulting in a geo-
metrical pulse lengtlatp of 3 to 6 m. As the sensitivity of
automotive laser radar systems to fog and rain is crucial,
sound understanding of particle scattering in the range fro
5 to 15m in front of the laser radar is of special importance.
For this target range, the simple laser radar equation is n
valid and a careful evaluation of E@)(has to be carried out.

A simple but yet realistic model for the time signature
Pr (1) of automotive lidars’ transmit pulses is a%ifunction

a
m

ot

R. H. Rasshofer et al.: Influences of weather phenomena on automotive laser radar systems

0.5 YT

| —

Tx

207 T

2pR

Ry Ry

Fig. 2. Laser radar using a bistatic beam configuration.

optical channelHc and the spatial impulse response of the
targetHt: H = Hc Ht.
The channel’s spatial impulse resporigeis modeled as

T2(R)
22 (8

In Eq. @) T(R) represents the total one-way transmission
loss introduced by losses in the transmission medium:

(-] o)

r=0

HC(R) =

E(R).

T(R)=exp
t

©)

a(R) represents the local extinction coefficient characteriz-
ing the local, differential power loss in a distanke Details

on the calculation of(R) in fog, rain or snow will be given

In Sects3.5and3.6.

In Eq. 8),£(R) describes the crossover function defined
by Halldorsson and Langerho{@978 or Sassen and Dodd
(1982 as ratio between the arely illuminated by the trans-
mitter and the aredr observed by the optical receiver:

according to Eq.8): £(R) {%(RA)T(R) if AR(R)NAT(R) < AT(R) (10)
1 else.
[P sinz(% t) 0<t<2ty 5
Pr(t) = 0 else (6) In case of a coaxial transmit/receive optie6R) is a constant

This model is valid for most semiconductor laser diodes pow-
ered by state-of-the-art driver circuit®y denotes the peak
power of the laser radar pulse amgd its half-power pulse
width. The total energyEp of a single sik-impulse as de-
fined by Eq. §) is:

(7

Ep= Poty

factor not depending on range.

In the important case of bistatic beam configuration using
circular illumination and detection areas with parallel optical
axis exhibiting a displacemetit the radiusR; of first contact
between transmit and reception area is given by

_ d—pT— PR
tan(yt/2) +tan(yr/2)
Here,pt andpr denote the radius of the transmission and re-

(11)

Ry

Typical values of today’s pulse laser radar systems exhibit aeption aperture angr andyr the total opening angle of the

peak powerPy of up to 80 W resulting in pulse energy up to
1.6 pJd.

A generic model for the pulse shape of laser radar transmi
signals is given irBteinvall et al (2006 and analyzed for its
impact on laser radar’s performance.

3.3 Spatial impulse response function

The spatial impulse response functiéh can be split into

two functions describing the spatial impulse responses of thet = Rtan(yt/2) + o1 and rr = Rtan(yr/2) + pr

Adv. Radio Sci., 9, 4960, 2011

transmitter’s and detector’s field of view, respectively. For
a distance larger thaR,, the transmit- and reception area
bverlap completely which yields(R) =1 for R > R».

_ d— pr+pT
tan(yr/2) —tan(yr/2)

Itis clear that in this kind of beam configuratidgi(R) varies
strongly with the distance. Defining

(12)

R

(13)

www.adv-radio-sci.net/9/49/2011/
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Type 1. Speckling reflections on flat, clean surfaces like glass or
polished acrylic lacquer. Here, most of the energy is not reflected
r% - ”er +d? 14 back to the laser radar receiver. This effect tends to largely increase
(14) laser radar target reflectivity variation and can be held responsible
2drr 9 y p
for target loss even for small target distances along with false detec-
tions due to unintended reflections from the environment.

o1 = 2arcco<

2 .2 2 . . .
r&—ré+d Type 2. Diffuse reflections from e.g. dirty sheet metal or the road
Pr= 2arcc0ﬁ<L> (15) w g. cryy

2drR surface. These reflections can be modeled bymeeRT reflection
characteristic.

the crossover functiofi(R) is given as Type 3. Retro reflection taking place at tail lights, license plates or

road signs. In this case, almost all incident energy is directly re-

0 if R<R; flected back to the location of the laser radar receiver. This kind
£(R) = 712-(¢T—Sin¢T)+"§(¢R—5in¢R) if R_<R<Ry, (16) of reflection usually yields best laser radar long-range performance
2rry but might overload or saturate the laser radar receiver chain for short

1 if R>R> range targets. In case of retro reflection, the target’s reflectivity

might become significantly larger than 10.
Please note that this simplified calculation is based on a ho-

mogeneous intensity distribution over transmit beam. If lasefR€al world traffic objects usually represent a mixture of these
radar systems with more complex beam configurations have types of reflection characteristics. A generalized model for
to be analyzed, the same calculation steps might be usedhe angular energy distribution of reflected laser radar pulses

howevers (R) might not always be available in closed form. is given by the bidirectional reflection distribution function
(BRDF).

3.4 Modeling hard targets )
3.5 Influences of rain and fog

Properties of laser radar targets are described by the spatial . o )
impulse response functioir(R). Laser radar pulses re- Soft laser radar targets provide distributed scattering of the

flected at plain surfaces of solid objects are said to hit a hardransmit pulse. Their spatial impulse response funciens
target if the time signature of the laser pulse is not changed!eScribed by the backscattering coefficigR): Hr(R) =
upon reflection. In this case, a simple model for the hardf (R)- o _

target spatial impulse responggs(R) can be derived. A Laser pulse transmission through rain and fog has been

hard target located &t — R featuring a target area ofta subject to intense research in recent years. As shown by
exhibits a spatial impulse respon&e; given as: many authors, both rain and fog consist of small water

droplets. Scattering at a single droplet of water is modeled by

BoS(R — Ro) if Ata > AT(Ro) scaFte_r_ing of an electromagnetic wave at a o!iele_ctric sphere

S(R—Ro)A™ i A At(Ro) (17) exhibiting a diameteD and a complex refraction index;,
Po e TA < AT(RO)- which is depending on the wavelength. A typical value is
w = 1.323520+ 5.150x 10~/ for » =905 nm.
For a single, spherical water droplet, the extinction effi-
ciency Qext(D) and the backscattering efficiengyg (D)
can be calculated using ' s theory described ifBohren
and Huffman(1983. Figure 3.5 shows the corresponding
Bo=T/x. (18) values forQext and Qg as a function of droplet diameter

D

Hts(R) =

AT(Rp) denotes the cross-sectional area of the transmit bearkk
at Ro and Bp describes the differential reflectivity of the tar-
get. In the important case ofAMBERT reflection character-
istic with a reflectivity of O< " < 1, it is given by:

In laser radar systems featuring very high range resolution, To model rain or fog, a statistical distribution of water
solid objects might not appear as hard laser radar targets #iroplets featuring different diametef can be used. The
the laser beam — due to its lateral expansion —is hitting pointgrobability to hit a droplet of diameteD is said to be

of different range on the solid object. Errors introduced to N (D). Assuming only single, non-elastic scattering, i.e. the
range measurements by this effects have been analyzed ﬁ@ht scattered by a water droplet is not scattered by another
Gronwall et al.(2007 but might be considered of lower im- droplet and no energy is converted to other wavelength, the
portance for automotive laser radar systems on the markegxtinction coefficientr and the backscattering coefficigft

today. can be calculated to be:
Depending on the geometry of the target, the angle of o
incident and the target’'s surface properties, the energy re- =« 2
flected by the target’s surface has different angular distribu® =~ g / D*Qext(D)N(D)dD (19)
tions. Concerning the automotive environment, three main D=0

characteristics of angular power distribution can be found:

www.adv-radio-sci.net/9/49/2011/ Adv. Radio Sci., 9, 802011
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Fig. 3. Extinction efficiency QexT(D) and backscattering effi-
ciency Qg (D) for a water droplet of diametdp atx =905 nm.
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D=0

Influences of weather phenomena on automotive laser radar systems

Table 1. Parameters of droplet size distribution in rain using a
gamma-function model.

Weather condition p[m™3] o y rc[mm]
Rain (coast) 1000 1 B 0.05
Rain (continental) 1000 2 B 0.07

Table 2. Parameters of droplet size distribution in fog using a
gamma-function model.

Weather condition plem™3] o« ¥y rclum]
Haze (coast) 100 1 05 0.05
Haze (continental) 100 2 05 0.07
Strong advection fog 20 3 10 10.00
Moderate advection fog 20 3 10 8.00
Strong spray 100 6 1.0 4.00
Moderate spray 100 6 1.0 2.00
Fog of type “Chu/Hogg” 20 2 05 1.00

Tablesl and2 show the parameters of the droplet size dis-
tribution for various types of rain and fog. In the automotive
environment, however, the given distributions are strongly
influenced by spray from other cars or trucks and thus tend
to vary strongly from the given model. Although the given

In the past, many authors studied the distribution of dropletmodels are not accurate in these cases, they provide a good

diameters for rain and fog resulting in different models for
N (D). Marshall and Palmgi1948 modeled the diameter of
rain droplets as an exponential function of rain ragewhich

is expressed in mmH:

N(D) = 8000

exp(—4.1R§O'21D) (1)

mmm

As turned out during our investigations (sAeelsperger
2008, this simple model does not hold true for laser radar

starting point for further investigations and a good first guess
on the backscattered power levels and the transmission power
loss factors to be expected.

3.6 Snow

Snowflakes may consist of single ice crystals or aggregates
of ice crystals featuring varying mass densities ranging from
0.005gcnT3 to 0.5gcnT3 depending on temperature and

pulse transmission due to the short measurement time jfyarious other conditions s&guchi(1983; Rasmussen et al.

which large deviation from the exponential distributi@1)
are likely. Feingold and Levin(1985 used a Log-normal
distribution to improve the model dflarshall and Palmer
(1948, however we found that using a Gamma distribution
according toDeirmendjian(1969 provides most flexibility
to model both rain and fog (sdeaac et al.2007). In their
model, four parametexs, y, p andrc describe the distribu-
tion N(D):

- o Y
NDy=YPb” (2) ,(3) 22)
@\
with
(07
= (Dej2y @3)

In Eq. 22), I'(-) denotes the Gamma function aft de-
notes the droplet radius having maximum probability.

Adv. Radio Sci., 9, 4960, 2011

(1999. The size distributionV (D) of the snowflake aggre-
gates can be modeled to be

N (D) = Noexp(—AD). (24)

depending on the precipitation rake measured in millime-
ters of equivalent liquid water per hour, sBebuloni and
Capsoni(2008. Table3 shows parameters of this distribu-
tion as determined by different authors.

Electromagnetic modeling of single snowflakes turns out
to be very difficult due to their complex geometric shape and
their strongly varying water content. Investigations were car-
ried out by different authors modeling ice crystals as aggre-
gates of dielectric spheres as investiged\®shyba(2003,
hexagonal slabs considered ¥gng and Liou(1996 or us-
ing an extension to M:'s theory as done byhou et al.
(2003. A rough estimation of the extinction coefficient
asnow iN case of dry and wet snow is given in Eq&5)( and
(26), respectively.

www.adv-radio-sci.net/9/49/2011/
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Table 3. Parameters of size distribution of snowflakes.

Author Reference No A
Gunnetal.  Gunnand Marsha(1957) 7.6x103x R—087 2555 p—048
Sekhon etal. Sekhon and Srivastaga970 5.0x103x R=094 229x r—045

5000 ; : 7 : :
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L e e =
€ it i i i S gl
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Droplet Diameter D [mm] Droplet Diamater D [mm]
Fig. 5. Distribution of fog droplets according to model EQ2{

Fig. 4. Distribution of rain droplets according to model EQ2( i
with parameters of Tabl2.

with parameters of Tablé.

power levels generated by snowflakes or water droplets in
these cases are surprisingly high and tend to easily overload

asnowbry ~ 15h mm 1 dBkm 1Rp+1dBkm ! (25) the optical recgiver chain. Adaptjon of transmit power be-
tween pulses (inter pulse transmit power control) is a com-
mon cure, however leads to further reduction of the maxi-
mum detection range which is already low in case of heavy
asnowwet~ 2 hmni* dBkm~*Rp—0.1dB km ! (26)  rain and snow anyway. Another approach to improve the sit-

uation is using a receiver architecture featuring enhanced dy-
namic range and using fast gain control mechanisms in every
amplifier stage which, however, adds cost and complexity to

Backscattering from snowflakes or water droplets turns out tothe sensor.. . :
During a winter-time measurement campaign, we deter-

be a source of unwanted detections in automotive laser radar . d the fal | te of i | dar featuri
systems as explained in Se2t6. In a critical distance range mined the false alarm raté ot a scanning laser radar reaturing

0< R < Ry (R2 < 10m in most sensor systems) where the a coaxial begm configurati_on. As can be seen in Gjghe .
crossover functior§ (R) (see Eq.10) is rising from 0 to 1, large transmit power density of the laser radar and the high

the transmit beam power density is very high so snowflakegzegec1 2 £ 5 min front of th Usi
or water droplets acting as small but efficient reflectors are”™: S ~m =inarange of >5m in front of the sensor. Using a

likely to generate false alarms. Although — at first glance _bistatic beam configuration with properly designed opening

these detections might be easily removed by means of traclﬁnglesw/ R and TX/RX ;paqngi, the false-alarm “’.’“e can
ing filters, the necessity for filtering introduces time delays e reduced, however still will require careful attention. This
or rises detection threshold levels while still not guarantee-
ing total removal of unwanted detections which are not toler-
able in safety-critical vehicle functions like e.g. autonomous
emergency braking. The situation becomes worse in case
of coaxial beam configurations wheRs = 0. The receive

3.7 Unwanted raw detection due to weather phenomena

raw detections of the system but has to rely on the analysis
of tracked data during sensor evaluation.
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is especially true if the sensor user does not have access to the
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Probability density p (z,y) for unwanted raw detections due to snow

s o5 Table 4. Standard targets for laser radar evaluation.
_ | 20 Target  Size  Reflectivity’ Comment
€10 - —_
= 15 1 0.8nf >4 High reflectivity target
‘i:.i) ; o(\'l 2 0.8nf 0.2 Normal reflectivity target
S5 2L 3 0.8n? 0.07 Low reflectivity target

0.5
0 0 . .
-15 15 properties. Our reference targets all had a size of of 6.8 m

To model low reflectivity targets, we used a coating featur-

Fig. 6. Probability densityp (x, y) of unwanted raw target detec- N9 I =0.07, as normal reflection a coting featurifig= 0.2
tions due to heavy snowfall, measured with an automotive lase@Nd as high reflecting target a coting providifig= 4, see
radar system. Table4.

4.2 Measurement linearity

3.8 \Verification and conclusions on signal modeling . .
Laser radars tend to introduce distance measurement errors

The predicted laser radar return signals have been Com(jepending on target reflectivity. This is due to optical over-
pared with real-world measurements in fog, rain and snowjoading of the receiver chain or due to the detection process

along with reference measurements with hard targets oftself. 'I_'h|s effe_ct must be watched carefully during sensor
known reflectivity. For hard laser radar reference targets (se§valuation. A simple test to check for the measurement lin-

Sect.4.1), about 10-20% absolute accuracy was reached?arity of a laser radar is using a plain, large concrete wall
Long-term tests in fog showed very good agreement Conpainted in white as a target. Under ideal conditions, the wall

cerning the laser radar return signal (see Fjg. Residual will be measured as a straight line of reflection points, one in

deviations between measured data and predicted values af&ch beam.

due to simplifications in modeling of the overlap function, 43 Road testing under adverse weather conditions
the power homogeneity across the beam and the assumption
of uniform fog distribution. A classic approach to test the performance of laser radar sys-
In practice, it turns out to be very hard to predict the 10- tems under adverse weather conditions is doing road test-

cal distribution functions of rain or fog which are strongly ing in heavy rain, dense fog or during snowfall. Although
varying within the the field of view and over time. More- thjs approach enables accurate and realistic judgement of
over, experiments showed that the droplet distribution in thethe sensor system’s adverse weather performance, the results
vicinity of the road surface is far from being uniform due to tend to depend heavily on the exact conditions present during
spray from other cars, large trucks or vans. In these cases, {bst time and cannot be easily reproduced. Moreover, some
might make sense to rely on pre-recorded data from previougyeather conditions like heavy snowfall or dense fog can only
test sessions and rather use the models to scale or extrapolgig tested regionally or seasonally and thus can't be tested as
the signatures for different environmental conditions than torequired. Because of this, the improvement of the adverse
predict the laser radar returns from scratch. weather performance of today’s laser radar sensors is limited

to the availability of reproducible test conditions. Overcom-

ing this problem was the main goal of the optical laser radar
4 Conventional laser radar target simulation target simulator which will be presented in Set.

4.1 Standard targets 4.4  Artificial simulation of rain

Road testing of a laser radar provides a realistic insight on thé&xperiments were carried out to simulate rain under lab con-
typical performance of the sensor, however comparison ofditions using an artificial indoor rain simulator. The sys-
the obtained test results between different sensor types or thems consists of 32 nozzles placed in a height of about
same sensor with different software- and/or hardware configé m distributing water over an area of ¥a2m. A high-
uration can only be done on a statistical basis and thereforgerformance pump system is enabling a maximum flow of
needs a large amount of test data. To provide some trafficwater up to 6 h~1 which equals a maximum rain rate of
independent figures of merit, the use of standard targets 027 mmhL. The system proved to be quite helpful during
known size and light reflectivity have turned out to be help- sensor evaluation and comparison, however the spatial distri-
ful. During our tests, we used aluminum plates featuring dif- bution of the artificially produced rain turned out to be unbal-
ferent types of coatings to realize standard targets of knowranced featuring pronounced peaks of rain density under the
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Fig. 7. Measured laser radar return signal in case of different visibility of 50 m, 100 m, 150 m and 200 m compared to numerically simulated

return signals based on the theory presented in this paper. We asal#mﬁg%ﬂﬁ andg = m%%%% -st1 as parameters for this simulation.

Standard Target Standard Target 40 p
Range 20m Range 20m a5 E X
Reflectivity 7% Rain Rate 10mm/h i ™~

Size 0.8m* E 30 ™~ N Target 20%
o
.‘ :% 25 B \\\ \\_ Reflectivity __|
o
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Q
© 15 | :ﬁ:f
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Fig. 8. Test session using indoor rain simulator without rain (left) 0 s " - ”

and with a rain rate of 10 mnTH (right). Rain Rate [mvh]

) . . . Fig. 9. Results of sensor tests using indoor rain simulator. The
_nozzles. _Flgures show'_s a test session using the de_scrlbedgraphs show the maximum target detection raRgx as a func-
indoor rain simulator, Figd shows results obtained using the tjon of rain rate for standard targets of 7% and 20% reflectivity and

rain simulator. for sensors from two different manufacturers A and B.

5 Electro-optical laser radar target simulation To overcome these difficulties, a novel electro-optical laser
radar target simulator system (short: OSS) has been devel-

5.1 Introduction oped and used as an automotive laser radar target simula-

tor. The OSS is capable to exactly reproduce the optical re-
Frequently, sensor developers and users are faced with theirn signals measured by reference laser radars under adverse
task to evaluate software and hardware improvements ofveather conditions by highly accurate replication of pulse
laser radar sensors. In this case, tests under adverse weattstrape, wavelength and power levels. It can handle multiple
conditions usually cannot be done due to a lack of correreflections in one sensor beam and might be extended to be
sponding weather conditions (e.g. lack of snow or fog) dur-used with scanning laser radar systems, too. With the OSS
ing the evaluation phase. Moreover, if sensors from differentsystem, it became possible to measure weather performance
manufacturers have to be evaluated, it turns out to be vergnhancements due to hardware and/or software changes dur-
hard to exactly reproduce the same environmental conditioning the laser radar design process thus shortening the design
for both sensors. cycle and improving the sensor quality. The test signals can
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_— Tranemitr Poner Table 5. Key technical data of OSS.
sut . Criteria Data
Transrrgt:}e"r‘ Unit] 2/ A»t(;orlive rer Timing
Receiver soom [ OZ%Se’{jE‘W (= ondbela e 1> CAN Wavelength 903-5nm
9052 5nm - e— ‘ #56x76) Micro RS232 Bandwidth 40nm
AN | Processer Deviation of optical axis to < =5 deg
I unit case
i Focal lengthfossof output 80 mm
Personal Computer — IVUW:'I |enS
Inpu .
Calbrtion ] power Supply Diameters of output lens 38 mm
] [—11-14V= D
200 mA OSS
Diffuser’s aperture 4 mm diameter
Seenario Spatial deviation of power +5% in an area of 2mm dia-
Database density meter around the center of dif-

fuser's aperture

- 2
Fig. 10. Block diagram of an optical laser radar target simulator. Minimum output - power 0.5nWmm

density
Maximum output power 2pW mnt2
either be pre-recorded by the DUT itself or a by reference 9€nSity _ 0 o
laser radar. Moreover, the test signals might be generated OUtPUt power density quan- 5.2 107w mm™= Bit
synthetically using the theory presented in S8cfThe sys- tization ) o
. . o Output power steps 4096 (12 Bit quantization)
tem is not directly comparable to known millimeter-wave 1. jiscretization 6.67 NS
radar target generators (see eAgritsu, 2009 since those Trigger accuracy 3.33ns
only take signal delay and signal attenuation into account and optical trigger delay ~50 NS
cannot change the pulse’s time-domain signature. Range discretization im
Accuracy of calibration +10% (18 to 24C)
5.2 Technical description Data interface RS232
Power supply 11-14 Vityp. 200 mA

Figure 10 shows a block diagram of the OSS. The DUT's
transmit pulse is received by the optical trigger unit of the

OSS. Upon r.eceptlon, it triggers data transfer of a storeqn steps ofS,, it is controlled by a digital valug/ taken from
backscatter signal from the data memory of the OSS toward e signature memory ranging from 0 to 4095. Equati (

a F)AC ata cloqk rate of 150 MHz. The outpu'F of the DAC describes the corresponding relations:
drives a laser diode by means of a fast precision power am-
plifier. The backscatter data is either stored in a test computer

2 2
or in the microprocessor unit of the OSS and can be repeated NS, (’}—g) (g-g) for Dp < Do
statically or dynamically with a maximum repetition rate of Sp = fo)\2 ; (27)
about 560 kHz which is equal to a maximum target range of Sq (T) or Dp = Do

250 m for the OSS simulation, taking an offset of 6 m due
to trigger delay into account. The output power of the OSSFigure 11 shows a picture of the first OSS prototype test-
transmitter unit is radiated through its output lens towardsing an automotive laser radar. To provide accurate calibra-
the DUT, constant illumination can be added to emulate distion, a thermal secondary standard and a calibrated photo
turbing background light. With an evaluation software, the PIN diode receiver was used at an output power density of
backscatter signal output of the DUT can be recorded on th& x 10-8Wm~2. The accuracy of both secondary standards
test computer and compared with the expected response ¢fas3-2%.
the DUT.
The OSS is capable of generating a calibrated power den5.3 Measured results
sity of 0.5nWmnr2 to 2 pW mnt12 at the optical receiver
of the DUT, featuring an dynamic range of 36 dB. To prove the basic functionality of the OSS, a 16-channel au-
The power densityp on the DUT’s photo detector gener- tomotive laser radar was stimulated with both synthetic and
ated by the OSS transmitter power densigyis depending  pre-recorded real-world sensor signals.
on the focal lengthfp of the DUT's receiver, the diameter ~ With a reference laser radar sensor, the backscatter sig-
Dp of the DUT's lens and the focal lengtfp of the OSS  nal of a hard laser radar target located in fog was recorded
transmitter and its lens diametBp, respectively. Moreover, (Fig.12). This signal was replicated by the OSS and detected
as the output power of the OSS can be set to discrete valudsy a another laser radar in the lab. As can be seen 1B)g.
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Optical Trigger Unit

Amplitude
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Distance [m]

Fig. 13. Laser radar’s response to stimulation according to F2g.

The measured results showed that the OSS concept is a pow-
erful approach for real-time HIL testing of automotive laser
Fig. 11. OSS prototype hardware testing an automotive 16-beamyaqar sensors. With the OSS concept, it is possible to test a
laser radar. laser radar’s response to either real-world data obtained from
test drives, or simulated data from hard or soft target models.
250 : : ? Furthermore, a combination of measured data with numeric
‘ ‘ 3 target modeling might be another option in many situations.
Data once recored with a reference laser radar might be con-
verted to signals stimulating other models of laser radar using

Eq. 27).

5.4 Next steps

200

(o))
o

Amplitude

0 20 40 60 80 100 120 140 ) . .
Distance [m] With a less-featured version of the OSS, an end-of-line test-

ing and calibration of laser radars at the OEM’s production
Flg 12.Recorded Signal of a target in ng used for sensor test. line a|ong with testing, adjustment and calibration is greaﬂy
simplified. To be compatible with laser radar sensors from
different manufacturers featuring different wavelength, the
very accurate simulation of the target located in foggy envi-yransmit front-ends of the OSS might be easily changed.
ronment could be reached. Complete sequences of recorded or simulated objects, in-
The examples show a limitation of the OSS target simula-cluding reduced visibility and rain or snow might be used
tion: Since the OSS is triggered by the DUT's transmit lasertg evaluate or compare laser radar based driver assistant sys-
pulse, atime delay is introduced for the simulated target sigtems’ behavior using the OSS.
nal. The delay is about 53 ns resulting in a virtual target shift
of about 8 m. Although this delay will be of minor impor-
tance for long-range laser radar target simulation, it limits6 Conclusions
possibilities for short range target simulation which are of
special interest when considering influences of rain and fogFrom laser radar theory and a model-based description of

To overcome this limitation, different approaches might be hard and soft laser radar targets, basic factors influencing
taken: the weather performance of modern automotive laser radar

systems can be deduced. Based on this knowledge, im-

— Changing the distance offset adjustment in the sensor. provement of laser radars’ hardware and software is pos-

sible. To test the sensor performance improvements, three

— Electrical triggering of the OSS using a special elec- basic approaches are known: real world test drives under
trical trigger output from the DUT or using a trigger adverse weather conditions, tests with artificially induced
signal derived from internal DUT trigger signals which weather phenomena (e.qg. artificial rain) and electro-optical
typically are 45 to 55ns (6 to 8 m) prior to the actual laser radar target simulation. Due to the drawbacks of first

transmit pulse output of the DUT'’s laser. two approaches, a novel electro-optical laser radar target sim-
ulator system (short “OSS”) has been developed, built and

— Improvement of OSS’ trigger circuitry minimizing de- tested. The OSS prototype showed high accuracy in simu-

lays within the OSS. lating laser radar performance in fog and proved to be very
helpful during sensor optimization in the lab. Future im-
— Use of larger OSS trigger clock frequency. provements of the OSS concept should include a high-speed
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data interface enabling real-time, multi-channel playback ofMarshall, J. S. and Palmer, W.: The Distribution of Raindrops with
pre-recorded road scenarios. Generation of useful and accu- Size, J. Appl. Meteorol., 5, 165-166, 1948.

rate test data for rain, fog and snow should be based on pre¥ebuloni, R. and Capsoni, C.: Laser Attenuation by Falling Snow,
recorded signatures scaled to the desired values using signal in: Proc. of the 2008 Symp. on Communication Systems, Net-
models or laser radar returns from snow, fog or rain. As ex- Werks and Digital Signal Processing, pp. 265-269, Graz, Aus-
periments showed, signal modeling without calibration and_ & 2008.

scalina based on real world measurements miaht exhibit Iim_Neshyba, S. P.: Representation of a nonspherical ice particle by a
9 9 collection of independent spheres for scattering and absorption

ited accuracy in the case of soft targets (€.g. fog) and should of radiation: 2. Hexagonal columns and plates, J. Geophys. Res.,
rather be used to model hard targets. Although of limited 108 61-6.18, 2003.
accuracy, soft target models turn out to be very useful foroguchi, T.: Electromagnetic Wave Propagation and Scattering in
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