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TRANSMISSION

ATMOSPHERIC LASER-BASED TRANSMISSION SYSTEM

SOME EXAMPLES
OF ATMOSPHERIC EFFECTS ON
LASER BEAM PROPAGATION

As the technology of laser

sources continues to ad-

vance, there is renewed in-

terest in using optical
wavelengths as carriers of

information in line-of
sight (LOS) communication
systems. The use of such
systems for short ranges,

up to about 1 km, is being

considered a valuable al-

ternative or extension to

digital microwave radio

systems, since they can be

operational in a very

short period of time.

ANDRE LOEMBE, BERN

ypical areas where these systems
could be applied include:

— interconnections of two local area
networks (LANs) located in different
office buildings

- links for bridging streets, highways,
rivers, or train rails

- links between base stations in mo-
bile telephone systems

— easy and quick installation of TV
transmissions for temporary events
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One of the advantages of such trans-
mission systems is that they require less
transmitting power due to their ex-
tremely narrow beam, which can con-
tribute to communication security. An
atmospheric laser-based system does
not create interference, neither with

conventional microwave systems nor
with other laser systems. A further ad-
vantage is that, whenever an easy and
quick installation for short-distance
communications is needed, it provides
a good alternative for significant cost
savings.
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Fig. 1. a) Profile along the path. b) Experimental set-up.
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Obijectives of the experiment

When propagating through suspend-
ed small particles (aerosols, or through
turbulence in the earth’s atmosphere,
laser beams may experience intensity
reduction, and the wave front of the
beam may become distorted, giving
rise to bit errors; however, the extent
to which such wavefront distortions
affect the error performance and the
quality of the information signal is un-
known.

The current experiment aims at evalu-
ating the performance of such a sys-
tem in terms of reliability, quality, and
availability under real propagation
conditions. In addition, it quantifies
the effects of the atmospheric channel
on the propagation of 0.78-um laser
beam as carrier of information signal
as well.

Experimental setup

Figure 1 shows the various compo-
nents of the experimental setup and
the path profile. The installation plat-
forms ensure very good mechanical
stability to the transmitter and the re-
ceiver. The predominant environment
along the path is an industrial zone
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(Figure 1a), and the link extends over
a 600-m path length, but, according to
the manufacturer, this can be as long
as 1 km. The experiment was carried
out with a commercial equipment
which utilizes a 20 mW continuous
wave laser diode as near-infrared op-
tical source at wavelength A = 0.78 um
(f = 385 THz). This wavelength is locat-
ed within a so-called ‘atmospheric
transmission window’ (i.e. 0.4 to
0.8 um), which is one of the low-ab-
sorption bands of the spectrum [1].

Atmospheric laser-based
transmission system

The transmission equipment consists
of a transmitter, an optical receiver,
and a removable telescopic sight for
easy link alignment. The transmitter, in
conjunction with a collimating lens,
utilizes a solid-state GaAlAs-laser
diode to produce a narrow beam of
light which carries the data signal. The
receiver, in conjunction with a collect-
ing lens and an optical bandpass filter,
utilizes a low-noise PIN photodiode to
detect and recover the originally
transmitted data signal from the in-
coming beam. The standard and op-
tional interfaces of the equipment in-
clude: video (6 MHz bandwidth), data

(RS232), PCM (G.703), audio (base-
band), and IEEE 802.3 (Ethernet).
Although the system under considera-
tion can operate in duplex mode, the
experiment was conducted in simplex
mode (unidirectional transmission) at
a transmission rate of 2.048 Mbit/s.

Weather stations

To reach the above-mentioned objec-
tives, weather stations have been in-
stalled near the receiver and the
transmitter asindicated in Figure 1b. A
heated tipping bucket rain gauge (res-
olution: 0.1 mm/tip; integration time:
1 min) has also been installed at about
10 m from the receiver. Meteorologi-
cal data on air temperature, relative
humidity, and barometric pressure are
simultaneously measured and record-
ed. These data are used to investigate
the correlation between atmospheric
conditions and received signal degra-
dation.

Data acquisition system

The data acquisition equipment is
shown in Figure 1b. Two kinds of sig-
nals are interfaced to the computer:

the analog signals (AGC, air tempera-

35



TRANSMISSION

Prx: transmitter output power 13 [dB]

D: path length 600 [m]
System losses due to:

Lrx: transmitter lens 3.0 [dB]
L4 beam divergence 23.8 [dB]
L¢: atmospheric turbulence 3.0 [dB]
Ls: aerosol scattering 1.3 [dB]
L,: molecular absorption 0.3 [dB]
Lrx: receiver lens 3.0 [dB]
o e \3aaide]
Prx: receiver signal level -21.4 [dB]
Receiver threshold at BER = 1.1073 -31 [dB]
Fade margin 9.6 [dB]

Table 1. The link budget shows that the loss due to beam divergence is very high compared to
the others losses. This highlights the poor collimating quality of the lens: the more collimated
the transmitted beam, the smaller the divergence is.

ture, relative humidity, barometric
pressure) and the digital pseudo-ran-
dom binary sequence. The AGC signal
is simultaneously measured and
recorded on a chart paper-recorder.
The chart paper-recorder is used for
quick visual control and to get instan-
taneous indications of the atmospher-
ic effects on the received signal. Data
are collected at a rate of 20 samples
per second. The incoming digital pat-
tern is analyzed by an error detector
test set at a 1-s gating time. The data
stored on the hard disc of the data ac-
quisition computer are periodically
transferred via ethernet onto a high-
capacity magneto-optical disc. As it
can be seen in Figure 1b, a second
computer used for the assessment of
the recorded data is connected to this
magneto-optical disc.

Safety requirements for the use of
laser heads under test

There are strict rules to observe when
using a laser head. Because the lens
of the human eye can focus the nar-
row laser beam to intense beams on
the retina, there are inherent po-
tential dangers in using a laser beam
[2, 3]. The danger is especially critical
when invisible light is concerned;
therefore, direct viewing into the laser
source must be strictly avoided. In cas-
es of uncertainty, protective glasses
must be worn. Furthermore, to protect
persons who might not be aware of
such a danger, the outdoor mounting
of laser heads must be made so that
the direct eye exposure within the
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field of the radiating source is impos-
sible without using a special device. As
a first warning against potential dan-
gers of laser beams, commercial laser
heads are categorized into various
hazard classes according to their capa-
bility of causing damage to the eye.
Every laser head bears a warning sign
and explanatory label for the corre-
sponding class. Furthermore, values of
measured maximum permissible expo-
sure (MPE), Emax [W/m?], for various
wavelengths from visible (0.4-0.7 um)
to invisible (0.7-1.4 um) regions of the
spectrum and the exposure time are
listed [2]. Knowing the power density
value of the laser beam that can cause
irreversible damage to the eye, the
minimum safety viewing distance Dpmin
from the laser source under free-space
conditions can be evaluated [2]:

1 4-P
Dmin[m]=_'( =2
0 7+ Emax

= diu)

where Emax [W/m?] is the power den-
sity of the laser source, Prx[W]
the radiated power, di; [m] the
diameter of the equivalent cir-
cular section of the laser beam
at the receiver, and 0 [rad] the
beam divergence.

The laser head under test is catego-
rized as Class 3B laser. Its MPE for A =
0.78 um is approximately Em.x = 14.6
W/m? for a exposure time of 10 s. For
Prx=20-103W and 6 = 1.2 1073 rad,
the calculated minimum safety dis-
tance from the source is approximate-

ly Dmin=26.4 m. It should be noted
that far away from the laser source the
potential danger becomes very low
because of both the divergence and
scattering of the laser beam, which re-
sults in the reduction of the beam in-
tensity when propagating through the
atmosphere. More information about
this topic, which is beyond the scope
of this experiment, can be found in the
references [2, 3], which are entirely de-
voted to it.

Results

In this section, statistical analyses of
atmospheric effects on the received
signal are carried out. Description of
recorded effects and their correlation
with atmospheric parameters are also
presented. The period of data col-
lection and analysis extends over a
16-month period. Prior to the field
trial, climatic room measurements
were carried out on the amount of
beam deflection in function of tem-
perature variations (=20 to +40 °C).
Results showed negligible effects for a
maximum of 1 km path length.

Statistical results

During the period of data collection,
under various weather conditions
(rainfall, snowfall, fog, haze, very
warm sunshine, etc.), one realizes that
the performance of the transmission
system could be severely affected de-
pending on the weather conditions.
There were in particular several inter-
ruptions mainly due to dense fog (i.e.
optical visibility < path length) or
snows storms, but no interruption due
to failure of test equipments occurred.
The system was operational during
89.4 % of the total data collection
time.

Very poor availability of the link was
recorded during periods of foggy
weather (31 % of the period of time of
operation), whereas the longer avail-
ability period (94.6 %) was recorded in
spring.

Some representative measured specif-
ic attenuations relative to the free-
space value for this path are given in
Table 2. It shows that attenuations due
to dense fog, snowfall and intense
rainfall (> 2.5 mm/min) are very high
compared to other atmospheric ef-
fects.

CoMTEC 5/1997



Distributions of fade depths

Figure 2 shows the monthly cumula-
tive distributions of fade depth events.
The fade depths are expressed relative
to the received signal level (Pax =
— 22 dBm) under free-space propaga-
tion conditions. All atmospheric ef-
fects are included in these statistics. As
it can be seen in Figure 2, the proba-
bilities of exceeding of the fade mar-
gin of 9 dB (corresponding to the re-
ceiver threshold at BER [bit error tate]
=1073) are higher than 20 % every
month. From Figure 2 it can be derived
that a fade margin of 18 dB will result
in a reduction of the percentage time
the receiver threshold is exceeded,
from 20 % to 0.001 %. An easy and
straightforward way of obtaining such
a reduction is to reduce the path
length, for instance to 250 m.

Quality and availability

Availability and quality of the trans-
mission performance are assessed ac-
cording to the ITU-T Rec. G.821 [4, 5].
The periods of unavailable time of the
link are expressed in terms of non-
available seconds (NAS), and the sys-
tem quality in terms of error perfor-
mance parameter which are errored
seconds (ES), and severely errored sec-
onds (SES). The error measurements
were made at the system bit rate, i.e.
2.048 Mbit/s; one second with one er-
ror corresponds to a BER=4.9 - 107".

Figure 3 shows the total number of ES,
SES and NAS for the complete meas-
urement period which is given on a
monthly basis. The numbers of NAS are
often larger than those of ES and SES.
October represents the worst month
for the NAS parameter. Differences be-
tween monthly results of 1993 and
1994 reflect the annual variability in
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seasons. In Figure 4 the frequency of
occurrence of NAS events of a given
duration are shown. Figure 4 high-
lights the fact that when the fading
events occurred, they lasted more than
60 s. Table 3 shows results for worst-
month recorded values. As it can be
seen, the performance objectives for
this link are not fulfilled.

Meterological conditions

Specific attentuation (dB/km)

Sunny clear weather 5to 13
(optical visibility > 5 km;

To=20°C, H=65 %, P=947 hPa)

Light fog (visibility > path length) 5tol7
Dense fog (visibility < path length) >22
Wet snowfall 15 to 21
Rainfall (> 2.5 mm/min) =15

Table 2. Measured atmospheric specific attenuations relative to the free-space value at 0.78 um
over the path length of 600 m. (T, is the air temperature, H the relative humidity, and P the baro-

metric pressure.)

Error parameters Performance objectives
for this link
Worst months
May 93 |June 93 | Oct. 93
ES - 37210 | = 96 107
SES 34 102 | - 9.6 - 107
NAS - - 47102 |12 10>

Table 3. Measured quality and unavailability statistics according to ITU-R G.821 and comparison

with performance objectives of Telecom PTT.

ERROR PERFORMANCE PARAMETERS

[ es @@ SES NAS
1.5 E+6 Telecom PTT Performance Objectives:
ES: 2.5E+3/month
SES: 3.0 E+0/ month
NAS: 31 E+0 / month
1.2E+6 .
9.0 E+5
6.0 E+5
30E45 .
Fig. 3. Error perfor-
- AL mance parameters.
0.0E+0 ‘ o Errored seconds (ES),
Feb93 Mar Apr  May Jun  Jul  Aug Sep Oct Nov Dec Jan94 Feb Mar Apr May severeley errored sec-
| Monthly Measured Error Parameters from February 1993 to May 1994 onds (SES), nonavail-
able seconds (NAS).
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FREQUENCY OF OCCURENCE

Atmospheric effects and their
correlation with the meteorological
parameters

In this section we will attempt to iden-
tify the dominant causes of the degra-
dations of the received signal and their
correlation with the meteorological
conditions. It is important to keep in

mind that all recorded effects are in- )

terrelated.

Effects of clear-air weather

In the absence of attenuation caused
by identifiable phenomena such as
fog, snowfall, and rainfall, under con-
ditions of good visibility (sunny, clear-
air weather), the atmospheric channel
severely affects the signal level which
exhibits strong fluctuations (scintilla-
tions) on a millisecond scale. The re-
ceived signal level recorded during
sunny warm days (Figures5 to 7)
shows large amplitude fluctuations
with occurences of BER often higher
than 10,

The recorded effects are due to at-
mospheric turbulence. The upwards
movement of heated dusty air due to
both the heating of the earth’s surface
by the sun as well as to human activi-
ties (heating, traffic, pollutants) gives
rise to atmospheric temperature fluc-
tuations which in turn cause atmos-
pheric turbulence. Atmospheric turbu-
lence is a random process which caus-
es beam spreading and even random
changes in beam direction of propa-
gation, which inturn lead to large fluc-
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Duration (sec)

tuations in the received signal level.
Based on the measured values of the
air temperature Ty (°C), the relative hu-
midity H (%), and the barometric pres-
sure P (hPa), a reliable estimate of the
atmospheric refractivity N (N-units) at
the optical wavelengths can be ob-
tained from [6]:
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N=77.6-[1+7.52 - 102 - 7] --;i
and, the water vapour concentration
p (g/m?) [7]:
H 1502 T
=2.167 - —:6.1121: exp{—————=
P T p((To+240.97))

where T is the absolute temperature
(K) and A is the wavelength (um).
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Simultaneous recordings of

- bit error ratio

Period of time [hours]

- water vapour density in air p (9/m’) and atmospheric refractivity N (N-units),
- amplitude fluctuations of the received signal Prx (dBm) and

at the wavelength of 780 nm and a transmission rate of 2.048 Mbit/s on a 600-m path length
Observation period: 24 hours, starting at 00.00.00 on 6 May 1994

Fig. 5. Simultaneous recordings of water vapour density in air, atmospheric refractivity,
amplitude fluctuations of the recieved signal, and bit error ratio on 6 May 1994.
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From Figures 5 to 7, the simultaneous
recordings of received signal level
(Prx), BER and related meteorological
parameters show to what extent vari-
ations in refractivity N give rise to fluc-
tuations in the received signal level
and occurrences of bit errors. Occur-
rences of BER = 10~ are due to wave-
front distortions.

In Figures 5 and 6, during the period
of time from 00.00 to 06.00, attenua-
tion occurred in the received signal
level. Since no variation in the water
vapour concentration p was recorded
during this period of time, this atten-
uation may be due to condensation ef-
fects on the receiver lens.

Effects of rainfall

Annual and worst month statistics on
the percentage of time that a given
rain rate is exceeded are presented in
Figure 8. For comparison, the ITU-R
rainrate distribution [8] for K zone
(ITU-R repartition of rain climate re-
gions on the globe) is also drawn in
Figure 8; it is in agreement with the
measured curve.

Figures 9 and 10 show simultaneous
recordings of rainfall intensities, re-
ceived signal level, and bit error rate.
The impact of the rainfall on the trans-
mission quality is obvious: the receiver
threshold value is exceeded during pe-
riods of rainfall. Signal degradation re-
sult from scattering effects. We ob-
served occurrences of sporadic bit er-
rors due to small rain-drops. Simula-
tion of the observed phenomena show
that small drops of water of the same
order of size as the outgoing laser
beam can deflect the laser beam, giv-
ing rise to received signal attenuation
and BER <1073, or can cause wavefront
distortions without received signal at-
tenuation, but with BER >1073. In order
to reduce the impact of such scattering
effects on the received signal, the dia-
meter of the receiver collecting lens
can be increased, or/and the diameter
of the outgoing laser beam can be ex-
panded prior to collimating.

Effects of foggy weather

Depending on its density, fog reduces
or obstructs the optical visibility be-
tween the transmitter and the receiver.
A typical measurement of the effects of
fog on the received signal is shown in
the paper-recorder chart in Figure 11a.
This plot of a 5-h observation period
shows very fast variations in the re-

CoMTEC 5/1997
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at the wavelength of 780 nm and a transmission rate of 2.048 Mbit/s on a 600-m path length
Observation period: 24 hours, starting at 00.00.00 on 7 May 1994

Fig. 6. Simultaneous recordings of water vapour density in air, atmospheric refractivity,
amplitude fluctuations of the recieved signal, and bit error ratio on 7 May 1994.
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Fig. 7. Simultaneous recordings of water vapour density in air, atmospheric refractivity,
amplitude fluctuations of the recieved signal, and bit error ratio on 12 May 1994.

39



TRANSMISSION

PERCENTAGE OF TIME

ceived signal level on a time scale of a
few seconds as well as a flat fade of
about 6 dB. The flat fade value is time
varying depending on the behaviour
and the density of the fog. When the
density of the fog is such that the re-
ceiver cannot ‘see’ the transmitter, it re-
sults in an outage (period of time with
BER >107%). Depending also on wind
conditions, long periods of dense fog
may periodically be alternated with
very short periods of light fog.

Effects of snowfall

Figure 11b shows typical effects of
snowfall on the received signal for an
observation period of 5 h. The record-
ed snowfall lasted throughout that
day. The rain-equivalent snowfall rates
were between 0.1mm/h and 1.3
mm/h. Depending on the snowfall rate
and the size of the snow flakes, snow-
fall also reduces or obstructs the visi-
bility between the transmitter and the
receiver. Due to the behaviour of the
received signal it became obvious (Fig-
ure 11b) that long periods of snowfall
were from time to time alternated
with short periods of slight snowfall
during which the receiver was able to
‘see’ the transmitter. The impact of
snowfall on the transmission quality is
evident from the statistics of BER
shown in Figure 11 for an observation
period of 24 h.
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Concluding remarks

Advantages of point-to-point commu-
nication links with an atmospheric
laser system were mentioned in the in-

Date : 17.5.1994 Begin: 0.30.00

Effects of rainfall on the received signal and BER

1.0E-0 | Fig. 8. Percentage

of time the rain rate
is exceeded.

troduction; however, based on the re-
sults obtained so far with the 0.78-um
laser-based system over 600 m path
length, the following limitations on
the system performance have also
been observed:
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Fig. 9. Simultaneous recordings of rain rate, recieved signal, and bit error ratio on 17 May 1994.
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List of symbols
Prx [dBm]

D [m]

A [m] = clf
c=3-108m/s

f [Hz]

8 [mrad] = (di— dn)/D
Arx [m?] = 7t - (dry/2)?
Arx[m?] = 7w - (drx/2)?

Ay [m?] = xt - (di/2)?

Prx [dBm]

Prxseu = =31 [dBm]
L [dB]

Lx [dB]

Lgx [dB]

L¢ [dB]

Ls = exp(~as [A] - D [km])*

3.91 A [um]?
as =3 b et st
V [km] 0.55
V-55km

0=00585V"- 103

L, = exp(-ca [A] -f D [m])*

’ w
0a =0.0305: of—
D [m]

w=D:-p-103[mm]

QRX
Qi

d=

Arx
Qrx = — [s1]
DZ

Ay
Qi = — [sr]
D2

radiated transmitter power

length of the optical path

wavelength

speed of light

frequency

beam divergence

surface area of the receiver collecting lens

surface area of the transmitter collimating lens
equivalent circular section of the beam’
at the receiver

receiver power level

receiver power threshold at BER = 1-103
system losses budget

transmitter lens attenuation

receiver lens attenuation

loss due to turbulence

loss due to scattering

scattering coefficient

average optical visibility

loss due to molecular absorption
absorption coefficient

equivalent water content along thé optical

attenuation due to beam divergence
solid angle subtended by Agx

solid angle subtended by Ay

* Weichel H.: Laser Beam Propagation in the Atmosphere, SPIE's Tutorial
Texts in optical engineering, Vol. TT3, 1990.
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- Dense fog, heavy snowfall and at-
mospheric turbulence strongly re-
duce the availability and the quality
of the system.

— Due to its small fade margin (9 dB)
the receiver threshold (Prx=-31
dBm at BER = 1073) is almost always
exceeded for long periods of time.

- The wavelength (A = 0.78 um) under

test is not appropriate for terrestrial

long distance (more than 500 m)
communication through a turbulent
atmosphere or important aerosol
concentration. Longer wavelengths
(A >10 um) should be considered for
future investigations.

Furthermore, in order to reduce the

beam intensity losses due to scatter-
ing, the diameter of the outgoing laser

beam should be expanded prior to col-

limating, and the diameter of the re-

Effects of rainfall on the received signal and BER
Date : 5.7.1993 Start time: 21.45.00
T
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Fig. 10. Simultaneous recordings of rain rate, recieved signal, and bit error ratio on 5 July 1994.

Numerical
evaluations for standard
atmosphere

H=60%; To=15 G:P- 1013 hPa:
p=750m ' ,

Prx [dBm] = Prx [dBm] — L [dB]
=22 [dBm]

L=Lrx+Lg+Le+ Lo+ Ly + Lpx
=~ 34.4 [dB]

Prx =13 [dBm]

Lrx =3 [dBm]

Ly = 23.8 [dB]

L= 3 [dB]

L:=1.3 [dB]

L. =03 [dB]

Lrx = 3 [dB]

D = 600 [m]

A =0.78 [um]

6=1.2-1073 [rad]

Arx=1.7 - 103 Im?

Ax = 785 -10° [mz]

A= 0.41 [m2]

Prx = —22 [dBm]

Qrx = 4.72 - 107 [sr]

Q=452 10°/sr]

aa =2.64-1073

o5 =05
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Fig. 11. Effects of dense fog on 16 February 1993 (a) and wet snowfall on 23 February 1993
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(b) on the recieved signal.
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ceiver collecting lens should be in-

creased (limit is given by the cross-sec-

tion of the radiated beam at the re-

ceiver plan), so as to intercept as much

power as possible.

— Nevertheless, the system under test
can be used for a short path length

ZUSAMMENFASSUNG

Lasergestiitzte
Direktverbindung
durch die Atmosphare

In einem Feldversuch wurde der Einfluss
des Wetters auf die Ubertragungsqualitét
einer lasergestiitzten Direktverbindung
durch die Atmosphare ermittelt. Die
Beurteilung des iiber ein Jahr lang
betriebenen Versuchsaufbaus erfolgte
gemass ITU-T Rec. G.821. Dabei zeigte
sich, dass dichter Nebel langere Unter-
brechungen der Verbindung zur Folge hat
und Schneefall die Ubertragungsqualitét
stark vermindert. Die Richtlinien der
Telecom PTT erfiillt das untersuchte
System erst bei sehr kurzen Ubertra-
gungsstrecken.
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MEASURED DATA
Observation period: 24 hours from 00:00 february 23, 1993
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Fig. 11c.

transmission, e.g. 250 m. Such a
path-length shortening will result in
an increase of the fade margin,
which will satisfy the performance
objectives of Telecom PTT.
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Cardline TWIN
V.34 Modem + ISDN

Kommunikation ohne Einschréinkung mit dem
Cardline TWIN. Es kann als ISDN Terminal-
Adapter (TA) und dls vollwertiges 28'800er-
Modem verwendet werden. Schliessen Sie das
Cardline TWIN einfach am analogen oder
digitalen (ISDN) Telefonnetz an!

Cardline TWIN, aktiver Terminaladapter mit V.34,
Modem, DSP (Digital Signal Processing; Technologie
zur Verarbeitung analoger Signale, wie Ton oder
Sprache, durch das Betriebssystem), 33'800-
128'000 bps, DTE 480000 bps.

Swissmod TWIN
ISDN + Modem

Mit den neven Swissmod TWIN knnen Sie
ihre bewtihrten Modemprogramme mit der
Leistung und Geschwindigkeit von ISDN nut-
zen. Einfach aussen am PC anschliessen,
ohne einen Eingriff im Rechner.

ISDN-Terminal Adapter mit Modemfunkfionen,
Telefonoption, ISDN 64'000/128'000bps, Data/Fax
Modem V.34, 28'000bps over ISDN, AT-
Modembefehle, Betriehssystem unabhiingig

Bestellen Sie jetzt beim Fachhéndler im
Telecom-Shop oder direkt bei:

TELEL
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TELELINK AG
GEVVERBESTRASSE 11
CH-6330 CHAM
TEL. 041 748 10 80
FAX 041 748 10 81

hitp://www.telelink.ch
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