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I. Introduction
Since more than a decade an increasing demand for high bandwidth transmission capabilities
can be noted, which should be flexible, allow quick and easy installation at low costs. Among
other technologies, this has attracted much attention for wireless optical point-to-point
transmission which is also known as Free Space Optics, FSO. This trend was supported by the
development of several new optical components and the dramatic increase of data rates in
wide area fiberoptic networks, which outperforms any other transmission technology today.
As one consequence to this situation, a number of start up companies was founded in this
time, offering FSO equipment. Conference sessions dedicated to these topics like Free-Space
Laser Communication Technologies (SPIE Photonics West), Atmospheric Propagation (SPIE
Security & Defense), Wireless Optical Communications (SPIE Photonics East) saw a huge
extension, and voices of the different manufacturers present arguments, why their special
technology would perform best in typical ambient conditions. It is one deficit of the rapid
development, that a major independent research network in this field is still missing, and new
measurements are often related to a company´s interest.
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Just in the very last time some attempts are in progress for standardization in wireless optical
communications. For safety concerns, the IEC 60825: Safety of Laser Products was extended
by IEC 60825-12: Safety of free space optical communications systems used for transmission
of information (2004). This norm explains the safe installation and operation of FSO systems.
Another standard is the ISO 21214 CALM standard Intelligent Transport Systems –
Communications, Air Interface, Long and Medium Range (CALM) – Infra Red Systems
prepared by the TC 204 / WG 16 working group. It describes the physical layer of a high data
rate wireless optical channel for traffic telematics. More focused on network applications of
FSO as physical layer connection for SDH, ATM or Ethernet transmission is the ITU draft
WD 16-5, Contribution D917R1 from ITU study group 15. All of those require accurate
models for propagation impairments due to the channel.
In the frame of the COST 270 action Reliability of optical components and networks two
groups are doing research in the field of FSO, which is considered in Working Group 1
Reliability of optical Networks and Systems Including Free Space Communications. As a
follow-up to STSM-4 in 2003, where the theoretical background of fog attenuation and the
link budget calculation for FSO systems was considered and applied to long time availability
measurements on an installation in Graz, in this Short Term Scientific Mission 7 practical
measurements in dense maritime fog were performed in South France. From June 23 to 30
Michael Gebhart of group OptiKom visited the test facility of France Telecom R&D at La
Turbie, for measurements together with Maher Al Naboulsi and Herve Sizun. The existing
instrumentation at the facility was extended by a measurement system developed by the
OptiKom group at Graz, and with the help of staff members at the facility measurements were
made until July 5th. This report describes the measurement system based on RF Marker
Technology and the calibration, and it discusses the fog measurement results.

A. Reliability and Availability in the field of Free Space Optics

Once a new technology is mature enough to achieve the required performance to allow
desired applications, reliability aspects get very important. It is not sufficient for a technology
to operate correctly at the time point when it leaves the manufacturer, it must allow the
required performance for a longer time period. Following Birolini [1], Reliability is the
probability that an item can perform a required function under given conditions for a stated
time interval.
The first and most precise idea for the concept of reliability exists for mechanical parts.
Sudden and permanent failures may occur, for example considering optical components, if an
optical fiber breaks due to mechanical forces, or a laser diode fails due to a voltage peak. But
there are also effects of slow degradation and aging, which finally cause a component failure,
when the tolerance limit for specified performance is not achieved. For example, fiber
attenuation can slowly rise with the dosis of hard ray exposure, and the output power of
optical emitters slowly decreases with time.
Free Space Optic systems like Fiber Optic systems consist of several components which have
a certain reliability. But in addition to fiberoptic links, terrestrial free space links suffer from
ambient influences, which are mainly
-

ambient sunlight,
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-

scintillation and beam deviation caused by turbulences in air and

-

attenuation due to precipitation and fog.

Ambient influences can cause temporary performance decreases or link failures, which are
described by the availability of the system. Following again Birolini, the so-called point
availibility is the probability that an item is in a state to perform a required function under
given conditions at a given instant of time, assuming that the required external resources are
provided. Availability in general refers to a temporal degradation or failure in system
performance which will disappear afterwards by itself or after repair.
Sudden failures or gradual decreases of performance can also appear in FSO systems,
resulting from typical parts. For example, dust on the front window can introduce additional
attenuation in the range of 1 dB within a year, ice, snow or condensed water even more during
some time. In practice, slight changes in the direction adjustment can also cause a decrease of
the link power margin. Sunlight or temperature can change the transmission characteristics of
optical band pass filters and laser diodes or APDs at the receiver frontend can fail due to
voltage peaks or heat. As can be seen, the given ambient conditions are of special importance
for FSO systems.
Several different realizations for the FSO concept exist in parallel today, so it is not an easy
issue to find a unique description for system reliability in this field. Some approaches use
simple but robust components which are quite reliable by themselves, others have
sophisticated solutions, which are more sensitive to ambient influences like temperature
variations and therefore require additional subsystems to isolate the sensitive parts from
ambient influences.
For terrestrial FSO links the most important influence is light attenuation caused by fog. In
the conventional concept the average availability of an installation can be calculated
considering the link power budget of the installation and the visibility statistics of the
location. Basically, if the specific power margin of the FSO installation exceeds the specific
light attenuation in the moment, the FSO link will be available at the specified performance
[2]. Visibility is measured at 550 nm center wavelength, in the visible range of light. Light
attenuation by small particles like fog however basically is dependent on the spectral and
spatial properties of the system. For this reason, a certain system concept could offer higher
availability than another one featuring the same power margin. Due to the complexity of the
matter, models to calculate light attenuation from visibility statistics in fog like the Kruse or
the Kim model, are still under discussion today. New measurements, as described in this
report therefore may be an important contribution to the development of more reliable FSO
network connections.
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II. Measurement concept using RF Marker Technology

A. Arguments for measurement with RF Marker Technology
The measurement of light attenuation by fog in the natural environment requires a different
concept as in laboratory measurements. First of all, it should allow to suppress any
background illumination or other light sources, because the phenomenon of fog is daytime
dependent and precise measurements during daytime and during night should be possible. The
concept should allow a flexible and portable measurement setup, and as the results are
intended for FSO communication systems, it should be easily possible to integrate the concept
into typical FSO systems technology without too many changes. Though a precise attenuation
measurement is the main requirement, especially for one light wavelength relative to another,
the price of the measurement system should be kept as low as possible, to allow a wide range
of applications. These considerations lead to the use of RF Marker Technology for the
measurement.

B. System concept

For the attenuation measurement, several optical wavelengths are transmitted over the same
path of fog in free air to a receiver, measuring the power of every wavelength. The RF marker
technology takes advantage of modulating every optical wavelength with an individual carrier
frequency, allowing the receiver to separate it from all other wavelengths by using electrical
signal filters. In detail, the following concept was realized:
A Quartz oscillator produces a precise frequency signal of rectangular shape. This signal is
coupled into the LED or Laser driver electronics, which is part of a typical FSO system. In
this case, there were two frequencies for two wavelengths only. 6 MHz were modulated on a
850 nm LED source, and 5.545 MHz were modulated on a 950 nm LED source, switching the
optical transmitters on and off completely with 1 : 1 duty cycle.

Tr an sm it t ed L ig h t
OSCIL L A TOR

DRIVER + L ED / L D

Fig. 1: Transmitter Concept.
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The receiver consists of a typical FSO system frontend, using a collimating lense to focus
incoming light onto a PIN photodiode with broadband sensitivity, which is coupled to a
transimpedance amplifier (TIA). All transmitted wavelengths are detected by the same
receiver frontend, and no optical filters are used to separate them.
CHANNELS B, F

CHANNEL D

DCA

Received Light

TIA

DCA

Rectifier

Rectifier

6.0 MHz

6.0 MHz

VA 1

VA 2

PIN
5.545 MHz

5.545 MHz

Rectifier

Rectifier

PIN..... PHOTODIODE
TIA..... TRANSIMPEDANCE AMPLIFIER

DCA

DCA

VA ..... VIDEO AMPLIFIER (RF)
DCA.... DC SIGNAL AMPLIFIER
CHANNELS A, E

CHANNEL C

Fig. 2: Receiver Concept.

The received modulation signals are then AC coupled in a structure using electrical bandpass
filters to select the modulation frequency of one individual optical wavelength and represent
its optical power by an appropriate DC voltage signal, which can be measured. For better
measurement dynamics, each frequency (representing one optical wavelength) is measured
with two stages, each covering about 15 decibels of optical power range. So for example, for
the 850 nm wavelength, there is a higher power measurement channel referred as channel A,
and a lower power measurement channel referred as channel C, which both give out a DC
voltage signal corresponding to the received optical power. In the practical, computer aided
measurement, the measurements of the two stages with their slightly overlapping ranges are
combined to one uniform range offering about 20 – 25 dB of dynamics for each optical
wavelength power. To find the correlation between DC output signal and the optical input
power, a calibration measurement was made for every channel in laboratory.

COST 270 Short Term Scientific Mission 7 Report (2004)

page 5

Measurements of light attenuation at different wavelengths in dense fog conditions for FSO applications

C. Receiver calibration measurement
To determine the exact relation between the received optical power and the DC measurement
output of the receiver channels, calibration measurements have been performed in laboratory.
The complete receiver circuit board was mounted on a sledge and positioned in a way, that a
fiberoptic test source with a variable optical attenuator was radiating modulated light onto the
PIN photodiode from a distance of 5 millimeters. For one measurement point, first the
radiated average optical power was measured with an optical power meter, and then the DC
voltage of the considered two receiver channels (high power stage and low power stage for
the specific modulation frequency) were measured with a digital voltmeter. To avoid
disturbations, the laboratory room was kept dark during measurement, and the room
temperature was constant. The fiberoptic test source was a LED operating at 850 nm nominal
center wavelength and 70 nm spectral width. For each modulation frequency the resulting
points were noted in a table and then plotted in a curve with logarithmic axes. More detailed
data on the calibration measurement is as follows:
Instruments:

Voltmeter Voltcraft M-3850 (Accuracy 0.3 % + 1 digit)
Opt. Power Meter Advantest TQ 8210 + Sensor TQ 82017
Auxiliary Fiberoptic Source (LED 850 nm) with Quartz Modulator at 6 MHz
and at 5.545 MHz for the other partition.

Separation:

Unmodulated ambient light of 100 µW results in no receiver voltage change at
the value of 0.678 µW modulated light.

Crosstalk:

Channels B and D remain at 0.010 Volts DC for all measured points.
Additional modulated light at 5.545 MHz causes a slight reduction of the
measured DC voltage.
Channel B

Channel A

Reduction in dB

0V
1V
4V

1.012 V
1.012 V
1.007 V

0
0.0134 dB

Tab. 1: Crosstalk for the high power channels of the 1st receiver
Channel D

Channel C

Reduction in dB

0V
1V
2V
3V
4V

1.011 V
0.995 V
0.978 V
0.960 V
0.943 V

0.044 dB
0.092 dB
0.143 dB
0.193 dB

Tab. 2: Crosstalk for the low power channels of the 1st receiver

A brief measurement did show very good separation of the modulated light from unmodulated
ambient light. A measurement with two auxiliary optical sources modulated at 6 MHz and
5.545 MHz did show a slight crosstalk between the two measurement channels, especially for
the low power channels. In the fog attenuation measurement however, all wavelengths are
attenuated much more and quite equal, so that the effect can be neglected. The complete
calibration results for all measurement channels are shown on the following pages:
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Receiver Calibration measurement for the 1st receiver, 6 MHz partition
Optical Power
µW*
122.3
27.45
23.91
23.41
20.27
18.15
15.70
13.18
10.42
6.99
4.61
2.76
2.31
1.801
1.630
1.465
1.319
1.180
1.012
0.678
*….. measured units
**… calculated unit

Optical Power
Channel A (6 MHz Hi)
dBm**
Volts*
- 9.13
4.78
- 15.62
4.76
- 16.21
3.92
- 16.31
3.67
- 16.93
3.022
- 17.41
2.530
- 18.04
2.021
- 18.80
1.510
- 19.83
1.012
- 21.56
0.504
- 23.36
0.238
- 25.59
0.107
- 26.36
0.079
- 27.45
0.049
- 27.88
0.041
- 28.34
0.032
- 28.80
0.027
- 29.28
0.024
- 29.95
0.017
- 31.67
0.010
Tab. 3: Measurement table

Channel C (6 MHz Lo)
Volts*
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.12
3.395
2.933
2.633
1.924
1.050

Received modulated Optical Power Level in dBm

-10 dBm

Channel A
-20
DC Amplifier Offset

Channel C

-30

Amplifier Overload
-40

-50
0.01

0.10

1.00
Analog DC Voltage Output

10.0 V

Fig. 3: Receiver characteristics channel A and C.
Date: 10. 6. 2004
Time: 15.00 – 17.00 UTC
Place: Linz, Home Lab M. Gebhart
Temperature: 25 – 30 °C
Ambient Light: approx. 10 nW
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Receiver Calibration Measurement for the 1st receiver, 5.545 MHz partition
Optical Power
µW*
69
13.40
10.05
8.31
6.48
4.18
2.835
1.860
1.265
1.030
0.995
0.759
0.506
0.335
0.232
0.162
0.115
0.075

*….. measured units
**… calculated unit

Optical Power
Channel B (5.5 MHz Hi)
dBm**
Volts*
- 11.61
4.78
- 18.73
4.78
- 19.98
3.99
- 20.80
2.944
- 21.88
2.021
- 23.79
1.017
- 25.47
0.520
- 27.31
0.252
- 28.98
0.149
- 29.87
0.104
- 30.02
0.099
- 31.20
0.062
- 32.96
0.034
- 34.75
0.026
- 36.35
0.022
- 37.91
0.016
- 39.39
0.015
- 41.25
0.015
Tab. 4: Measurement table

Channel D (5.5 MHz Lo)
Volts*
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.77
4.27
3.176
3.053
2.000
1.022
0.507
0.253
0.125
0.062
0.033

Received modulated Optical Power Level in dBm

-10 dBm

Channel B

-20
DC Amplifier Offset

Channel D

-30

Amplifier Overload
-40

-50
0.01

0.10

1.00
Analog DC Voltage Output

10.0 V

Fig. 4: Receiver characteristics channels B and D.
Date: 10. 6. 2004
Time: 20.00 – 21.00 UTC
Place: Linz, Home Lab M. Gebhart
Temperature: 25 – 30 °C
Ambient Light: approx. 25 nW
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Receiver Calibration Measurement for the 2nd receiver, 6 MHz partition
Optical Power
µW*
81.6
5.45
4.60
3.39
2.79
2.32
1.36
0.93
0.665
0.460
0.395
0.284
0.127
0.091
0.064
*….. measured units
**… calculated unit

Optical Power
Channel E (6 MHz Hi)
dBm**
Volts*
- 10.88
4.76
- 22.64
4.37
- 23.37
3.475
- 24.70
2.037
- 25.54
1.492
- 26.35
0.995
- 28.67
0.521
- 30.32
0.248
- 31.77
0.124
- 33.37
0.065
- 34.03
0.045
- 35.47
0.023
- 38.97
0.002
- 40.41
0.002
- 41.94
0.002
Tab. 5: Measurement table

Channel F (6 MHz Lo)
Volts*
4.75
4.75
4.75
4.75
4.75
4.75
4.75
4.75
4.75
4.20
3.366
2.031
0.493
0.242
0.111

Received modulated Optical Power Level in dBm

-10 dBm

-20
Channel E

DC Amplifier Offset

-30
Channel F

-40

Amplifier Overload

-50
0.01

0.10

1.00
Analog DC Voltage Output

10.0 V

Fig. 5: Receiver characteristics channels E and F.
Date: 4. 8. 2004
Time: 9.30 – 11.00 UTC
Place: Linz, Home Lab. M. Gebhart
Temperature: 25 – 30 °C
Ambient Light: approx. 20 nW
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Based upon the calibration curves, models were derived for each channel allowing to
calculate the received optical power in decibels per milliwatt (dBm) from the measured DC
voltage. Furthermore, an appropriate power level was defined for switching from the high
power channel to the low power channel to form a uniform power range for one modulation
frequency, which corresponds to one transmitted optical wavelength. These models are
Channel A:

POPT = − 19.83 dBm +

Channel C:

POPT = − 31.8 dBm +

10 log(Voltage)
dBm
1.69

10 log(Voltage)
dBm
1.57

Switching level: - 28 dBm

Channel B:

POPT = − 23.8 dBm +

10 log(Voltage)
dBm
1.60

Channel D:

POPT = − 32.5 dBm +

10 log(Voltage)
dBm
1.74

Switching level: - 29.5 dBm

Channel E:

POPT = − 26.4 dBm +

Channel F:

POPT = − 37.1 dBm +

10 log(Voltage)
dBm
1.77

10 log(Voltage)
dBm
1.84

Switching level: - 34 dBm

In these conversion formulas, Voltage represents the measured DC Voltage of the considered
receiver channel, and POPT gives the corresponding received optical power at one wavelength.
It should be noted, that the calibration performed at 850 nm wavelength, and the fog
attenuation measurements performed at 950 nm or 650 nm nominal wavelength may lead to a
deviation in the absolute received power due to a wavelength dependency in the sensitivity of
the photodiode. However, since the fog attenuation is measured relative to the maximum
received value, the precise absolute power value is not important. For the relative
measurement, the trend of the curve is of major importance.
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III. Measurement of fog attenuation

A. Location and measurement setup
The measurement of fog attenuation at different light wavelengths was performed at the
France Telecom R & D test facility at La Turbie. The village of La Turbie is situated in the
south of France, about 20 km from Nice and 7 km from Monaco. The village name originally
has the meaning of a “bad view”, referring to fog and low clouds which are often covering
this area, in the mountains close to the sea. The warm air at the coast gets saturated with water
vapour, which condenses when the air raises over the mountains and cools down in this
procedure. Maritime fog or advection fog, theoretically described in STSM-4 in chapter II,
consists of water droplets of larger diameter in the order of 20 µm and can cause visibilities as
low as 40 meters.

Fig. 6: La Turbie, location for the measurement of maritime fog.

A la tête de chien, at the “head of the dog”, on top of a characteristic mountain just behind the
state of Monaco, there is a test facility of France Telecom R&D, mainly specialized on wave
propagation and antenna design. Since few years there are also measurements of maritime fog
performed. The setup there includes a Transmissiometer on a fixed mount, a container for the
measurement devices and computers, and a commercial Free Space Optic link over 111.5 m.
This link was planned to contribute to the measurements with data at 1550 nm, but due to
service it was not operational.
The Transmissiometer manufactured by Degreane Horizon (Toulon) is a precise system of the
same type as it is used at many airports to deliver visibility information, the so-called “runway
visibility range” (RVR). It uses a lamp at 550 nm center frequency and a receiver with an
optical bandpass filter with 250 nm spectral width centered at 550 nm, to measure the
transmission over a path of free air at 27 meters distance. The visibility range is defined as the
COST 270 Short Term Scientific Mission 7 Report (2004)
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distance, over which the transmission would drop to a 5 % treshold. This is calculated
according to the formula
V ( m) =

ln(TTHRESH ) ⋅ d LINK
ln(TMEAS )

≅

− 3 ⋅ 27 m
.
ln(TMEAS )

where V………….Visibility distance in meters,
dLINK ..….... Link distance, here 27 meters,
TTHRESH ….. Threshold of Transmission, here 5 %,
TMEAS……..Measured percentage of Transmission at the minute.

The measurement heads are mounted on massive columns in about 3.5 m height above the
ground, transmitter and receiver have small divergence and acceptance angles. The free-space
optic heads are connected to a computer system inside the container, which does the visibility
calculation and averages the measurement to one value per minute, which is stored in a list
together with further information about the system condition, and weather information.
During the measurements the setup was extended by two links of the OptiKom group
allowing attenuation measurements at 650 nm, 850 nm and 950 nm, and a computer with A/D
conversion card to log the measured voltage signals once a second. The systems were
mounted on portable tripods, allowing to change the configuration. In fact, such a change was
found to be necessary after a few days, to improve data quality.

111.5 m

Container

850 nm first setup, existing FSO link

Transmissiometer, 27 m
850 nm, 950 nm measurement, 28.3 m

(Antenna
test
chamber)

650 nm measurement, 29.13 m

Fig. 7: Sketch of the configuration in the test facility during measurement.

For recording of the measurement data, a computer with an A/D conversion card operating
with LabView software was prepared in advance of the mission. It allowed to record one
measurement value per second for every channel. The card was a PCI 6023E (12 bit, 200
kS/s). The measured DC voltage value of every channel was stored together with time and
date in a table.
To be able to compare the measurement data, some necessary data processing was performed
in Matlab according to the following procedure:
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The first step is to read the data from the text file second by second. This results in a vector
with the value of the received signal voltage. Every entry corresponds to one second, counted
from second No 0 at midnight to second No 86 600 at 24.00 hours. If there is no measured
value, or if the measured value is negative (this may occur because of the limited accuracy of
the A/D measurement card) the entry is “None”.
In the second step the voltage is transformed to the corresponding absolute received power
value in dBm according to a formula. This formula has the same structure, but slightly
different figures for every channel, and it was determined in the receiver calibration
measurement. The result is a dBm value every second, or a None, for every channel.
In the third step a continuous power range from the two receiver stages for each channel is
produced, the high power stage, and the low power stage. This allows a dynamic range of
approximately 25 dB. To do this, we introduce a power limit for the high power stage, which
was determined in the receiver calibration measurement. For Channel A the limit is – 28 dBm,
for Channel B the limit is – 29.5 dBm. If a value is below this limit, it will be replaced by the
value for the same second of the corresponding low power stage, which is Channel C for
Channel A, or Channel D for Channel B. The new vector now contains a value for the
measured power in dBm every second.
The Transmissiometer logs the visibility for every minute of the day. To be able to compare
the measured optical power levels with the visibility, the measured data is averaged to one
value for every minute. In case the entry is “None”, it is not considered to the average. This
results in a new vector of 1440 average values for every minute of the day. Again the count
starts at midnight with minute 0.
Looking at a plot of the visibility data of a day, it is possible to identify time intervals with
fog events, which have by definition a visibility below 1000 m. From the visibility data the
duration of the interesting fog event can be determined from the minute of start to the minute
of the end of the event.
To calculate the attenuation in the measurement, we take the maximum received power from
the averaged values as a reference in dBm, and we subtract the measured dBm value for the
actual minute. This gives the attenuation in dB. To get the more general value of specific
attenuation in dB/km, we multiply the attenuation by 1000 meters and divide by the path
length.
In addition it is possible to calculate attenuation according to a theoretical model. The
measured attenuation, and the model attenuation can then be plotted in a diagram depending
on visibility between 0 m and 1000 m for a fog event, showing the grade of coincidence.
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B. Fog attenuation models

The theoretical background of fog attenuation for light based on Mie scattering was already
treated in STSM-4 [2] and shall not be repeated here in detail. The relation of particle size to
light wavelength is the important parameter for attenuation. Different types of fog have
different particle size distributions, for example dense maritime fog typically consists of water
droplets with diameters around 20 µm, whereas convection fog rather consists of droplets
with diameters around 2 µm. In practice the particle size distribution is not known, but there
are visibility statistics available for most areas.
According to definition, visibility is the distance, for which transmission of air drops to 5 %
(13 dB attenuation) of the clear sky value. A Transmissiometer measures visibility at 550 nm
center wavelength and 250 nm spectral width. Fog is defined as visibility below 1 kilometer.
Several models exist which allow to calculate specific attenuation for different optical
wavelengths based on visibility data. The two most widely used models are the Kruse model
and the Kim model. According to these models, the specific attenuation can be calculated
from
−q
log⎛⎜ 1 ⎞⎟
T0 ⎠ ⎛ λ ⎞ − q 13dB ⎛ λ nm ⎞
⎝
⎟ .
⋅⎜
⋅⎜
a SPEC (dB / km ) =
⎟ ≅
⎝ λ0 ⎠
V km
V km ⎜⎝ 550nm ⎟⎠

The wavelength dependency in this expression is expressed by q, which is in the

if V > 50 km
.
⎧16
⎪
if 6 km > V > 50 km
Kruse model q = ⎨13
.
⎪0.585 V 1/ 3 if V < 6 km
⎩

Kim model

⎧1.6
⎪1.3
⎪⎪
q = ⎨0.16 V+0.34
⎪ V − 0.5
⎪
⎪⎩0

and in the

if V > 50 km
if 6 km < V < 50 km
if 1 km < V < 6 km
if 0.5 km < V < 1 km
if V < 0.5 km

The main difference between these models is that the Kruse model assumes a wavelength
dependency and the Kim model assumes wavelength independent attenuation for dense fog
conditions.
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As an example the difference can be shown for 30 m visibility at 950 nm wavelength:

According to the Kruse model the specific attenuation for this case is

aSPEC

13 ⎛ 950 ⎞
= ⋅⎜
⎟
V ⎝ 550 ⎠

−0.5853 V

≅

≅ 433.3 ⋅ (17272
.
)

−0.1817731

= 392.05 dB / km

According to the Kim model the specific attenuation for this case is

0

aSPEC

13 ⎛ 950 ⎞
= ⋅⎜
⎟ ≅ 433.3 dB / km .
V ⎝ 550 ⎠

So for these conditions, the difference between the Kim model and the Kruse model is about
41 dB/km, this means about 10 % of the calculated specific attenuation. The practical
measurements described in this report try to validate the models and therefore should lead to a
more accurate availability prediction for FSO links.
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C. Fog event at the evening of 24 June 2004
In the first setup the OptiKom attenuation measurement link was placed beside the existing
commercial FSO link over 111.5 m distance (drawn as the blue line in fig. 7). The transmitter
was installed in distance and the receiver was placed in front of the container and connected
over a 3 m chopper cable for every channel to the computer data acquisition system.

Fig. 8: Measurement receiver for 850 nm and 950 nm in the housing mounted on a tripod looking towards the
transmitter.

Fig. 9: View towards the Container, in front the commercial FSO Head and the OptiKom system on tripod, at
the right the Transmissiometer (note visible green light) and a small weather station.
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Immediately after the installation of transmitter, receiver and the measurement data logger
system Computer the first high clouds appeared, and sheets of fog were blown through the
link path. Even though at this time only one wavelength was adjusted and operational, we
decided to record this fog event from the start and to finish the adjustment of the second
wavelength after the event.

Fig. 10: View to the transmitter site in 111.5 m distance (left side system OptiKom, right side system Actipole,
not operational during measurement); appearance of light fog.

Only one wavelength was operational during this event, the transmitter used 4 Honeywell
VCSEL laserdiodes of the type SV 5637 at a nominal center frequency of 850 nm and a
spectral half width of 0.5 nm. Figure 11 gives an optical spectrum of the 4 transmitter
elements.

Fig. 11: Optical spectrum measured for 4 VCSEL transmitter elements, data for one VCSEL
(power level not to scale).

The recorded data from the Transmissiometer in figure 12 and 13 shows the visibility during
the full day and in detail for the fog event starting in the afternoon.
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Fig. 12: Visibility over the full day from minute 0 to minute 1440.

Fig. 13: Visibility in detail for the evaluated time period of minute 1000 to 1440.
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The transmitter was modulated at 5.545 MHz and the optical power was received by channel
B (high power stage) and channel D (low power stage) of the receiver. The measured voltage
of these two channels was stored by the Computer data logger system one value every second
in a table together with date and time.
For evaluation the measured voltage was processed as described in section III A. The voltage
values were converted to optical power in dBm according to the receiver calibration curve
first, then an average to one value per minute was calculated (to be able to compare the
measurement with the Transmissiometer data which also is given one average value per
minute) and finally the high power stage and the low power stage measurements were
combined to one uniform range of about 20 dB dynamics. Figure 14 gives a plot of the
received optical power over the minute of the day for the evaluated time period.

Fig. 14: Received optical power at 850 nm wavelength over time, averaged in one minute intervals.

Using the maximum received power as a reference value, the measured attenuation for every
minute can be calculated by subtracting the reference from the actual power level. In this case,
the reference is – 20 dBm. In comparison, the data of the Transmissiometer can be used to
calculate the attenuation according to a theoretical model like the Kruse or the Kim model.
Such a time series of both plots allows to compare the fluctuations in both links. In figure 15
the red curve shows the measured attenuation at 850 nm over the 111.5 m link, and the red
curve shows a calculation for the attenuation at 850 nm over the 27 m link of the
Transmissiometer.
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Fig. 15: Measured Attenuation of the 850 nm link (red curve) over 111.5 m distance in decibels and calculated
attenuation for 850 nm from visibility data for the same distance according to the Kruse model (blue curve).

Fig. 16: Measured Attenuation of the 850 nm link (red curve) over 111.5 m distance in decibels and calculated
attenuation for 850 nm from visibility data for the same distance according to the Kim model (blue curve).
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As can be seen in the figures 15 and 16, there is basically a clear compatibility of the model
and the measurement plots, even though attenuation measured over the 111.5 m path in
general is less compared to the model curves calculated from visibility, and some events of
one curve do not appear in the other. The reason for this are the differences in the physical
link channels, and non-uniform patterns in the fog event. Also can be seen the limit of the
dynamic range of the measurement receiver which is in the order of 20 decibels here. This
type of curve also allows to find any time shift between different data records quickly.
Knowing the distance of the 850 nm measurement link installation, it is also possible to
calculate the specific attenuation in dB/km values according to the formula

aSPEC ( dB / km) = a ABS ⋅

1000
1000
= a ABS ⋅
.
111.5 m
d LINK

Where aSPEC…………Specific attenuation in decibels per kilometer,
aABS..................(absolute) attenuation in decibels,
dLINK.........…....Link distance in meters.
Figures 17 and 18 finally show a plot for the specific attenuation measured at 850 nm
wavelength over the visibility data measured by the Transmissiometer. Red points indicate the
measured values and the blue curve indicates the Kruse and Kim model curves.

Fig. 17: Specific Attenuation of 850 nm (red) over visibility compared to the calculated Kruse model (blue).
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Fig. 18: Specific Attenuation of 850 nm (red) over visibility compared to the calculated Kim model (blue).

Discussing and processing these first results, we found that the measurement system was
operating properly, and basically the time series (figures 15, 16) as well as the attenuation
over visibility (figures 17,18) do show coincidence to the theoretical model. In detail,
however, some aspects of the measurement were not satisfying.
First of all the limited dynamic range of about 20 decibels for the attenuation measurement
did not allow to measure points at very short visibilities in dense fog, and caused the
saturation at about 170 dB/km specific attenuation which can be seen for the left upper limit
of the red points in figures 17 and 18. Second, the measurement points in fig. 17, 18 are
spread in a cloud, showing a large divergence in the result. The reason for this is non-uniform
fog, which is blown through the different paths of the Transmissiometer and the attenuation
measurement. Some different fog events can also be seen in the time series in fig. 15. In
general, the attenuation measured over the 111.5 m path near the ground is much less than the
model which is calculated from visibility measured by the Transmissiometer, which is
mounted in approx. 3.5 meters height above the ground and measures a different path of 27
meters distance. For precise comparison with theoretical models we found these results not
yet appropriate, so we decided to make a change in the setup configuration at this point.
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D. Fog event on the 28th June 2004
After the measurement of a second, not satisfactory fog event, at June 26 we decided to
change the setup configuration and to move the link for attenuation measurement as close as
possible to the Transmissiometer link. This way we tried to get a much better coincidence for
the fog attenuation at the physical paths, and to increase the dynamic measurement range for
specific attenuation due to the shorter path length at a factor 4, of course at the expense of
reduced accuracy in the measurement range. The new configuration corresponds to the red
lines in figure 7, the distances were 27 m for the Transmissiometer, 28.3 m for the 850 / 950
nm attenuation measurement link, and 29.13 m for the 650 nm attenuation measurement link
in separate housings.

Fig. 19: Second installation configuration, looking from transmitter site to the receivers.

Fig. 20: Second installation, looking from receiver site to the transmitters (note visible red transmitters).
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Thanks to the flexible approach, the change was easily possible. To achieve almost equal
height than the Transmissiometers which are mounted 3.5 meters above the ground, the
receivers were placed on the rooftop of the container.

Fig. 21: Light beams of Transmissiometer (green) and 650 nm attenuation measurement (red) in dense fog.

Table 6 gives some optical properties for this measurement set up:
Type
LURR3000G3
L-7558-01 Hamamatsu
SFH495P Osram

Center Wavelength
Spectral width
Divergence angle
650 nm
25 nm
TX 2.5 °, RX 5 °
850 nm
50 nm
TX 2.4 °, RX 1.7 °
940 nm
30 nm
TX 0.8 °, RX 1.7 °
Tab. 6: Optical properties of the measurement set up

PIN diode
BPW34
SFH203FA
SFH203FA

Fig. 22: Spectrum of the 850 nm emitter (left) and the 950 nm emitter (right), power level not to scale.
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The next good fog event occurred in the night of the 28th to 29th June, nearly at the end of the
mission. Figures 23 and 24 show the visibility during the full day and in detail for the dense
fog event in the night.

Fig. 23: Visibility during the full day of 28th June 2004, fog event in the evening.

Fig. 24: Visibility in detail for the evaluated time period of minute 1000 to 1440.

Measurement results for the event are given in diagrams of the received optical power over
time, and as specific attenuation over visibility compared to the fog models of Kruse and Kim
for 650, 850 and 950 nm wavelengths at the following three pages:
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Fig. 25: Received optical power at 650 nm wavelength over time, averaged in one minute intervals.

Fig. 26: Attenuation over time for 650 nm measurement compared with the Kruse model

Fig. 27: Attenuation over time for 650 nm measurement compared with the Kim model
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Fig. 28: Measured specific attenuation (red) compared to calculated Kruse model (blue).

Fig. 29: Measured specific attenuation (red) compared to the calculated Kim model (blue).
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Fig. 30: Received optical power at 850 nm wavelength over time, averaged in one minute intervals.

Fig. 31: Attenuation over time for 850 nm measurement compared with the Kruse model

Fig. 32: Attenuation over time for 850 nm measurement compared with the Kim model
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Fig. 33: Measured specific attenuation (red) compared to calculated Kruse model (blue).

Fig. 34: Measured specific attenuation (red) compared to the calculated Kim model (blue).
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Fig. 35: Received optical power at 950 nm wavelength over time, averaged in one minute intervals.

Fig. 36: Attenuation over time for 950 nm measurement compared with the Kruse model.

Fig. 37: Attenuation over time for 950 nm measurement compared with the Kruse model.
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Fig. 38: Measured specific attenuation (black) compared to calculated Kruse model (blue).

Fig. 39: Measured specific attenuation (black) compared to the calculated Kim model (blue).
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Discussing the results of this fog event, we find a much better correlation between the
visibility and attenuation measurement as in the previous setup. Especially the 950 nm
measurement shows an excellent fit with the calculated curve according to the model of Kim,
and some more difference to the model of Kruse. This tendence is observed for the
measurement of all three wavelengths basically.
Still there is quite a large point divergence in all plots for measured attenuation over visibility.
Possible reasons for this effect are
-

non uniform patterns in the fog and small differences in the measurement paths,

-

a possible small time shift between the Transmissiometer data and the
measurement data, or differences in the averaging process,

-

Mie scattering and variations of mean particle sizes with time, causing differences
in attenuation for measurements at different wavelengths.

Due to this situation the measurement result is not a precise curve, it is only possible to find
an appropriate approximation for the measured points.
In addition it can be interesting to discuss the accuracy of the measurements at this point. For
this question the accuracy of the receiver calibration is just one contribution, and because of
the relative attenuation measurement the absolute error of the laboratory instruments can be
neglected (because it was equal for all calibration measurements) and just the trend of the
curves is important.
More important are influences of ambient light (which could be excluded in the calibration
measurement for the 850 / 950 nm receiver) and temperature during the full day. Basically
temperature variations can have an influence on all electronic and optoelectronic parts in the
transmitter and the receiver, they can cause slight changes in the optical output power or in
the gain or offset of amplifiers. A simple way to determine all temperature influences of the
complete measurement system is to have a look at the changes of the measurement voltage for
all channels during a day at clear sky conditions. Based upon measurement data, the following
variations were observed:

Nominal wavelength
950 nm
850 nm
650 nm

Variation of absolute attenuation
0.3 dB
0.6 dB
2 dB

Variation in specific attenuation
10 dB/km (28.3 m)
20 dB/km (28.3 m)
68 dB/km (29.13 m)

Tab. 7: Typical temperature dependent variations of attenuation measurement during full day.

The major temperature dependent contributions can be seen at the change from daytime to
night. In the processing of the measurement data this effect can be minimized, if the reference
attenuation value is chosen during equal ambient temperature conditions as the fog event.
In practice, there are additional effects which may have an influence, but can be seen in the
evaluation. Among others condensed water or dust on a glass window or on a lens could cause
additional temporary attenuation, as well as vibrations or movements at the mount due to
heavy wind.
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E. Summary and Conclusions

During the measurement period from 23rd June to 7th July 2004 several events of low clouds
and dense maritime fog could be observed. Attenuation measurements were performed at 950,
850 and 650 nm wavelength with RF Marker Technology and compared to visibility data
from a Transmissiometer. Visibilities as low as 30 meters were observed, corresponding to
specific attenuation in the order of 500 dB/km.
The most commonly used light attenuation models of Kruse and Kim could be compared with
measurement data for dense fog conditions. All measurements indicate a preference for
wavelength independent attenuation as predicted by the Kim model at low visibilities for
specular light in the 500 – 1500 nm spectral range, which is used for FSO applications. The
most accurate results could be achieved at 950 nm wavelength, which among the measured
wavelengths is the case of the largest difference between the models. A very good fit between
measurement and calculated model curve was achieved for this case.
In addition, several other properties of fog and low clouds can be shown in the data, for
example an altitude dependency (typically much lower attenuation close to the ground), and
fog density variations with time and distance.
Furthermore, the feasibility of the RF Marker Technology for this type of measurement could
be shown in practice. This is a lower cost alternative to other measurement concepts like the
log-in amplifier, direct optical power measurement using narrow band optical filters or the
synchronous detector, and it also has the advantage that it can be directly applied to any
typical FSO transmitter without changes in the electronics.
Last but not least, typical values for a successful fog measurement set up could be determined
during the mission, especially for the link distance and the required receiver dynamics, and in
general for all types of ambient influences and the required accuracy of the measurement.
As a future perspective it may be interesting to perform complementary measurements for
other types of fog and to extend the measurement to much longer wavelengths like 10 µm
which is not currently used for FSO but due to progress in component development may gain
attention in the near future. Especially for short distance links it also may be interesting to
consider the spatial characteristics of the links.
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