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Continuous wave laser celiometer with code modulation
for measurements of cloud base height

K. HOLEJKO and R. NOWAK

Warsaw University of Technology
15/19 Nowowiejska Str., 00-665 Warsaw, Poland

This paper presents a CW low power celiometer designed for cloud base height measurements. The S00-mW CW IR laser of
the celiometer is modulated by a pseudo noise sequence. The scattered and delayed light signal is obtained by a conelation
system with output bandwidth of only 3.5 Hz. This enables to obtain the ranges of 1.2 km to the clouds and the accuracy of
the order of £2.5 m to the solid objects. The following problems are discussed: principle of operation, device architecture,

and error estimation. Some measurement results are also enclosed.
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1. Introduction

Lidar has been used as a research tool for many years.
Conventional lidar systems, which have been employed
for most published lidar work today, make use of 0.1 to
1 J class pulsed lasers. For most applications like small
airfields it is essential that laser rangefinders used as the
measuring devices of cloud base height be eye safe, low
cost, size and complexity, as well as portable and reli-
able.

aerosol extinction, laser rangefinders, spread spectrum systems.

The approach we took was to develop a simple and reli-
able lidar system for low cloud base heights, which is es-
sential for landing purposes. The basic concept of the lidar
that we will describe here is a system with 500 mW CW la-
ser modulated by a pseudo-random sequence applied as
a transmitter. The receiver employs a silicon avalanche
photodetector. The transmitter and the receiver are located
together in one compact unit (Fig. 1). The results of mea-
surements are transmitted via an RS 232 link to the remote
digital indicator or to the computer. In the experimental

Fig.1. General view of the celiometer.
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model the 810 nm 0.5 W CW laser has been employed, so
the eye safe power density of 0.5 mW/cm? occurs at a dis-
tance of 50 m from the device.

2. Celiometer structure

The basic diagram of the celiometer structure and signal
processing are shown in Fig. 2. CW laser is modulated by
a pseudo-random sequence generated in Shift register 1.
The sequence which is 2047 bit long and has a bit length of
T, = 266.8 ns is additionally modulated by an auxiliary
500 Hz square wave signal. Such signal (Fig. 2b) sent to
the target, like a cloud, is backscattered and delayed de-
pending on the distance hy, then received by the receiving

telescope. The returned signal detected by an avalanche
photodetector is amplified and mixed with a locally de-
layed the same sequence, which modulates the laser. The
delayed sequence is produced by Shift register 2 which has
the same structure as Register 1, but is reseted in the prede-
termined state of the transmitted sequence. The locally mu-
tual delay between sequences T, (Fig. 2¢) is introduced
slowly starting from zero up to maximal range which has
been chosen as 1270 or 2550 m. As a result of the mutual
sequence mixing an autocorrelation function appears at the
output of the filter (Fig. 2d). The peak of the auto-
correlation function appears when the locally introduced
delay of the sequence equates with the delay caused by the
measured distance.
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Fig.2. Celiometer structure.
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The programmed delay is obtained by comparing the
state of the Shift register 1 which is controlled by the State
counter with the additional Step counter which can be
drived in any way and speed. In our model the Step counter
is filled after 127 or 255 steps each T, = 70 ms long. So, the
actual range 1270 m or 2550 m is sampled in 9 or 18 s.
During one step the mutual delay of the registers is
changed of T, = 66.7 ns, or exactly R; = 10.000 m in mean
atmospheric conditions. In this manner one code bit
T = 4T, consequently the triangle autocorrelation function
which occupies two bits is sampled in 8 steps.

Since the states of the Step counter are changed slowly
very narrow bandwidth of the correlator filter of B = 1/47;
=3.57 Hz has been used, which improves signal to noise ra-
tio.

In order to facilitate the amplification of slowly varying
signals additional modulation of 500 Hz has been applied
causing the changes of autocorrelation function polarity.
Such a signal after amplification and detection is sampled
every T, = 70 ms, A/C converted and sent, together with the
number of the sample, to the remote indicator and com-
puter for farther processing.

3. Prediction of the backscattered signal

Calculations of the backscattered signal for the modulated
CW lidar are similar to the analysis of a conventional lidar.
Light received by the receiving telescope with aperture A
is usually calculated summing up elementary intensities
backscattered from the cloud layers at the distance hy, + h.
Thus,

p(x)
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where h is the distance in the cloud ranging from the cloud
base hy, to the determined point of the cloud H, a(h,) is the
atmospheric transmittance up to the cloud base, P(t) is the
laser beam power, o, is the total extinction coefficient of
the cloud, and () is the backscattering coefficient.
For the assumptions that laser power is a step function
P(t) = P,1(t), hy >> h, the distribution of aerosols in the
cloud is homogenous, one can obtain the shape of the sig-

nal appearing at the receiving telescope after the delay
7 = 2hy/c

P(H) = 7’4"’02’;’(&" PD ooty
b

It can be seen from Eq. (2) that the power from the
cloud increases with time ¢ = 2H/c in an exponential man-
ner while the laser beam penetrates the cloud. The power
reaches its maximum at 20H > 2.3 and it can be expressed
simply as
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In Eq. (3), the influence of the cloud is expressed by the
ratio of backscattering coefficient to extinction coefficient
k which is a constant depended on the cloud. Different val-
ues are given for this ratio. For instance, k = f(n)/o. = 0.012
sr! [9], k = 0.033 s [11] and for cirrus k = 0.1 sr! [11].
Besides, the extinction coefficient is simply expressed by
means of standard visibility V. For near IR radiation that
relationship is independent of wavelength and aerosol com-
position like heavy fog, clouds, rain, and snow having the
form [7,8]

o = 3/V, (km). 4

Finally, we may summarise the results of the above
analysis for the following cases:

« Laser pulses are sufficiently long comparing to the visi-
bility in the cloud.
This case occurs for 20H > 2,3 or H=1/21¢ > 0.38 V,
thus, Eq. (3) should be applied
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For the parameters used in our model Py = 0.5 W, a(hy)
= 0.5, Ap=0.01 m?, k = 0.012 sr™!, h = 1000 m one can ob-
tain P, = 15 pW.

« Laser pulses are short comparing to the visibility in the
cloud.
¢ Cloud layer is very narrow.

In both cases Eq. (2) must be used that gives P(H) < Py
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4. Accuracy estimation

The autocorrelation function obtained during correlation of
the received and local codes has symmetrical, triangle
shape having the width of two codes bits at the base. For
such deterministic and symmetrical shape even two sam-
ples within the area of the triangle are sufficient to deter-
mine the position of the autocorrelation peak, which is the
measure of the unknown distance. In real situations, how-
ever the shape, of the autocorrelation function changes due
to signal distortions and the presence of noise.

Signal distortions

The signal distortions are caused by limited bandwidth

ApgPra(hy) B(
Prax = Ll.bm (3)  of the input amplifier and correlator filter. As the result the
2h, o autocorrelation peak is delayed and decreased. The
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Fig.3. Distortions of the autocorrelation function.

spread-backscattered objects like clouds cause similar dis-
tortions, since, according to Eq. (1), the output signal is an
integral of reflections from elementary scattering layers.
Thus, the resulting autocorrelation function may be treated
as an integral of elementary correlations.

In Fig. 3, some examples of autocorrelation functions
obtained from clouds with different visual ranges are
shown. The triangle shape appears only for hard objects
V., =0, while for spread objects like clouds the correlation
peak is delayed and decreased. This behaviour of peak shift
may be included in the definition of the cloud base.

Noise influence

Noise appears at the output of the filter together with
the autocorrelation function causing the fluctuations of its
slopes Fig. 4. In order to estimate the delay of the
autocorrelation peak we have applied the algorithm of
“centre of gravity” for these samples which exceed the
threshold Uy, usually established at the half of the
autocorrelation peak
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Fig.4. Influence of noise.
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where U, are the values of samples measured over the
threshold U,,, V; are the real values, n; is the noise contribu-
tion with mean equal to zero, T; i the steps number, Tpeq, 18
the mean value of T, with no noise presence

Toogy = (8)

medan M

As it was mentioned before the autocorrelation function
is sampled in 8 steps, each T, = 70 ms long, thus sampled is
the noise. Since the bandwidth of the filter is B = 1/47; and
the correlation time of the filter equals Ty = 1/mB, thus one
sample step is of the order of filter correlation time, and the
noise samples can be treated as independent samples. Con-
sequently the variance of the 7., can be treated as a sum of
sample variances and may be calculated from Eq. (7)

M2
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: = :
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where C is the constant and N/S is the signal to noise ratio,
similarly the standard distance error for the standard step
distance R, corresponding with T, is
N
op =R,C Jf_. (10)
Vs

For our model where the threshold is situated at the half
of the correlation peak only 4 samples exceed the thresh-
old, so M =4 and V.= 3/4V nax. In this case C = 1.05.
Thus, if for instance S/N = 16, then ¢, = £2.65 m.

It is necessary to mention that for strong signals the
shape of the autocorrelation function is rather trapezoidal
or rectangular then triangle due to limiting behaviour of the
amplifiers. The variance in that case may be calculated as
the quantisation variance, which is

o} =(1,/2)%.

Thus, in the model, the standard error o, = T2 =
+33.35 ns and o = 5 m.

5. Experimental results

The model is now in a state of experimental testing. Range
and accuracy of the lidar were measured both to the solid
objects like buildings and trees as well as range to the
clouds.

Experiments have shown that the range of 1675 m to
the building, covered with daub, was possible to obtain
with signal to noise ratio of S/N = 16. Rainy clouds were
also observed at the height of 950 m.
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Fig.5 Correlation signal received from two clouds across the rain
registered on the oscilloscope.

Performing the measurements to the remote building
and changing the distance to it from 457 m to 470 m in 13
steps, each 1m long tested the accuracy of lidar. In these
measurements the signal was strong and the autocorrelation
function had the trapezoidal shape. The mean square error
Or = +2.5 m was obtained. Measurements were performed
by means of the remote indicator, which calculates the dis-
tance according to formula (7) obtaining the data of sample
values and steps number via an RS232 link.

The example of the autocorrelation function measured
across the rain from two layers of clouds and registered on
the oscilloscope is shown in Fig. 5. Rain and fog give
strong and wide reflections at the beginning of the range,
so the range gain control had to be used.

Another example of autocorrelation function measured
to the green leafy tree at 1100 m was registered on the
computer and shown in Fig. 6.
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Fig.6. Correlation signal received from the green leafy tree
registered on the computer.
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