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Abstract

Free-space optical (FSO) communication links provide high data rates, however, their reliability
is heavily dependent on weather conditions. This paper presents our experimental, urban 1.87-km
FSO link based on a customized commercial system and develops a library of channel measurements
in clear and light rain weather conditions. A channel model for the link is proposed and exper-
imentally quantified. Channel measurements are obtained by modulating a 60-mW laser source.
At the receiver, a 2-GSa/s data converter is used and 16 fast-Fourier transform (FFT) cores are
implemented in hardware to improve noise immunity. The resulting signal-to-noise ratio (SNR) of
the channel samples is around 40 dB under clear weather conditions. Fitting with the log-normal,
gamma-gamma, and Erlang distributions are presented and the scintillation index and coherence
time are measured. A computationally-efficient finite-state Markov chain is derived for the channel
to model both distribution and autocorrelation of the fading and is verified by the measurements.
The Markov models and channel measurements in a variety of atmospheric conditions are available
for download to permit easy verification of communication algorithms on this urban FSO channel.

I. INTRODUCTION

FREE-space optical (FSO) communication links are a potential solution to the last-mile
problem since they combine the flexibility of RF networks and the high data rates of

optical links. However, FSO communications are adversely affected by weather conditions
such as fog, rain, and snow. Even under clear sky conditions, the non-homogeneity in the
atmospheric structure caused by spatial and temporal temperature gradients causes random
variations in the refractive index at optical wavelengths. Such non-homogeneity induces
fluctuations of the signal intensity at the receiver termed as scintillation [1].

In order to characterize the terrestrial FSO communication link, many experimental inves-
tigations have been done, starting from early astronomical studies [2]. More recently, focus
has been placed on the development of communication channel models based on experimental
measurements. In [3], a 1.5-km link operating at 1550 nm is used to estimate fading distribu-
tion for a variety of receiver aperture sizes. The fitting parameters for log-normal and gamma-
gamma fading distributions are compared between the analytical model and experimental
data as a function of receiver diameter. All measurements were done using an unmodulated
continuous-wave source only 2.1 m above the ground and irradiance measurements made
at a rate of 10 kHz in clear weather. The noise was not directly estimated, but rather,
an estimate of its mean is removed from all measured samples. Channel measurements
on a 1550-nm, 12-km FSO system are reported in [4] to develop estimates of parameters
of fading distributions. The transmitter is an unmodulated continuous-wave source and
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received irradiance were sampled at 10 kHz and noise statistics are measured. Under the
assumption of known noise statistics, they develop estimators for parameters of log-normal
and gamma-gamma fading distributions considering fading and noise jointly. In [5], channel
measurements of attenuation on a 1-km FSO link operating at 1550 nm are reported during
a rain event. Although measurement data and atmospheric data are provided, no channel
model is presented. A recent work [6] presents measurement results of a 1-km FSO link
at 785 nm. The received photocurrent is sampled at 10 kHz for 3-sec intervals. The key
contribution of the paper is the development of a Butterworth spectral fit to model the
autocorrelation of the atmospheric fading model. The fitting is parameterized by temperature
and rain level to give a family of spectra. A good fit in spectra is presented over a wide range
of conditions, however, for convenience, the fading is modelled as being gamma distributed
and not with more accepted log-normal or gamma-gamma models. In [7], pulses with a
frequency of 6 MHz are transmitted for channel measurements over a 2.7-km FSO link.
The received samples are bandpass filtered, rectified, and averaged to represent the received
optical intensity. Although this process adds more complexity, a key advantage is attained
by transmitting away from the DC region with possible coupling issues. The work presents
plots of channel scintillation and attenuation but does not provide a comprehensive model
for the channel.

This paper presents measurements of a 1.87-km FSO link in an urban environment. Unlike
previous work which was done with laboratory equipment or for relatively short periods of
time, our measurement system uses customized commercial FSO terminals coupled to a high-
speed digitizing system which is able to record continuously. The digitization system uses
2-GSa/s data converters and high-speed FPGAs to collect and filter the incoming samples to
improve SNR. After processing, the effective sampling rate is over 100 kHz for a continuous
period of nearly 9 hours. An initial library of channel measurements is developed in clear
and light rain weather conditions. This library is open for download [8] and will permit more
realistic verification of communication algorithms on a commercial urban FSO channel. This
work is the initial step in an ongoing campaign of channel measurement in different weather
conditions which will be provided to the research community. In addition, a simple Markov
model is developed to jointly represent the channel fading distribution and autocorrelation.
With a small number of states, it is possible to generate long sequences of fading amplitudes
which are close to measurements. Thus, this model will allow for simulation studies of FSO
systems without resorting to coarse modelling assumptions of slow, block-independent fading.

Section II presents details of the experiment while Sec. III presents measurements and
a channel model for the FSO transceivers. In Section IV, the procedure and measurement
results are reported at different time scales and estimates of the fading distribution and
coherence time are obtained. In addition, fitting with the log-normal, gamma-gamma, and
Erlang distributions are presented. Section V gives a finite-state Markov chain model for
the channel which is compared to measured results. Finally, concluding remarks are given
in Section VI.

II. EXPERIMENTAL DETAILS

Given that the objective of this study is a long-term channel measurement in a Cana-
dian environment, the basis of our measurement setup is a commercial FSO terminal, the
SONAbeamTM-1250-M [9]. This unit was jointly customized with the manufacturer to permit
analog transmission and reception functions in addition to the standard digital operation. In
addition, two TritonTM-V5-VXS digitizer boards [10] are employed on each end of the link.
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Fig. 1. Aerial view of the FSO link locations (MIP Lat.: 43◦ 15′ 23.75′′ N, Long.: 79◦ 54′ 2.06′′ W, BH Lat.: 43◦ 15′ 57.47′′ N,
Long.: 79◦ 55′ 10.99′′ W) (satellite image c©2012 DigitalGlobe Inc. [11]).

A. FSO Terminals

The customized FSO terminals were deployed in August 2010 across McMaster University
campus in west Hamilton area as illustrated in Fig. 1. One terminal is installed on the
rooftop of the McMaster Innovation Park (MIP) building (approx. 21 m high) while the other
terminal is installed on the rooftop of the Brandon Hall (BH) student residence (approx. 40 m
high) at the north-west corner of McMaster University campus. The distance between the
two terminals is approximately 1870 meters and the link passes over a major highway and
many residential and commercial buildings.

1) Transmitters: Each terminal has four laser diodes at 1550 nm for transmission. Each
laser has an independent driver and can operate at one of seven discrete power levels. The
maximum radiated optical power of each laser is 60 mW after lenses and filters. The angle
of divergence is 2.5 mrad full width at half maximum (FWHM). The optical head satisfies
IEC Class-1M eye-safety standards. Only a single laser allows the analog transmission of an
electrical signal provided by a standard 50-Ω, single-ended, AC-coupled SMB plug. Permitted
input signal levels are ±500 mV.

2) Receiver: The receiver aperture is 20 cm in diameter and has a 2.3-mrad field-of-view.
Two spatial and two spectral solar filters are used to minimize the background and radiation
noise. An avalanche photodiode (APD) receiver is used. The photodetector is followed by
a transimpedance amplifier (TIA) with automatic gain control (AGC). For the experiments
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Fig. 2. The experimental setup: (a) site-views, (b) block diagram.

reported here, the AGC is disabled and a fixed gain is set via control software. The output
voltage is provided directly from the transimpedance amplifier operating in linear mode
through a 100-Ω differential output via a pair of SMB connectors. Typical output levels are
±30 mV at a TIA gain of 2000 V/A.

B. Digitizer Boards
The core processing units are three VirtexTM-5 FPGAs from Xilinx [12]. Each FPGA is

supported by two 512-MB DDR3 SDRAM memory banks, giving a total storage capacity of
3 GBytes on-board memory. The analog I/O front-end is supported by a 10-bit, 2-GSa/s ADC
and a 12-bit, 2-GSa/s DAC output.

C. Experimental Setup
A block diagram of the entire experimental setup at both locations is shown in Fig. 2.

Each FSO terminal is connected to a PC via an RS-232 port for control. For redundancy,
each optical head has another connection to the McMaster University campus LAN via an
Ethernet switch in case the roof PC fails. For data connections, each terminal is connected
to a digitizer board where the DAC and ADC are connected to the FSO terminal analog
transmitter and receiver, respectively. The digitizer board is connected to the PC via an
optical Gigabit Ethernet link using an optical SFP to establish a UDP/IP connection for
data transfer between the on-board memory and the PC as well as for controlling the board
operation. The input to the ADC and DAC sampling clock is driven by an ultra low-noise
2-GHz crystal oscillator. A 4-channel, 20-GSa/s digital scope is used for visualizing signals. A
weather station is fixed on top of the optical head at MIP. The weather station has software
to log temperature, pressure, wind speed, wind direction, and rain level at 5-min intervals.
The entire system at both locations is managed remotely from the FOCAL lab on campus.

III. TRANSCEIVER MEASUREMENT AND CHARACTERIZATION

This section presents measurement results to characterize the bandwidth and noise char-
acteristics of the FSO link. The frequency response is used to ensure correct scaling of
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Fig. 3. Proposed channel model for the FSO link.

measured fading. Characterization of the noise is necessary to permit future simulation of
communication systems.

A. Channel Model
A proposed general channel model for the link is shown in Fig. 3. The received signal r(t)

can be expressed as

r(t) = RGhg hl hsc(t) [fLD [s(t) ∗ hTx(t)] ∗ hRx(t)] + w(t), (1)

where R is the photodetector responsivity, G is the transimpedance amplifier gain, hg is
the geometrical loss, hl is the average atmospheric loss, hsc(t) is the scintillation, fLD(·) is
the laser transfer function taking non-linearity into consideration, s(t) is the transmitted
signal, hTx(t) is the impulse responses of the laser driver, hRx(t) is the impulse responses of
the receiver, and w(t) is an additive white Gaussian noise (AWGN). Laser non-linearity was
measured and found to be negligible for the signal levels and frequencies used. Therefore,
fLD [x(t)] ≈ b x(t), where b is a constant that is assumed unity without loss of generality, and
Eq. (1) can be rewritten as

r(t) = RGhg hl hsc(t) [s(t) ∗ hTx(t) ∗ hRx(t)] + w(t),

which is simplified to
r(t) = h(t) [s(t) ∗ hTxRx(t)] + w(t), (2)

where h(t) = RGhg hl hsc(t) is the total channel gain and hTxRx(t) = hTx(t)∗hRx(t) is the equiv-
alent transceiver impulse response. In the following subsections, the frequency response,
receiver noise, and optical power loss are experimentally quantified before presenting the
channel measurements.

B. Frequency Response
The atmospheric channel itself has a very wide bandwidth. Frequency limitations arise

mainly from the electronic components that make up the transmitter and receiver. The
equivalent amplitude frequency response of the analog transmitter and receiver together, i.e.
the magnitude of the Fourier transform of hTxRx(t) in (2), is obtained by estimating the power
spectral density (PSD) of the received signal with a broadband input signal. To approximate
such a signal, 101 equal amplitude sinusoids with frequencies from DC up to 1 GHz with 10
MHz step are transmitted simultaneously. The received waveform is sampled at 2 GSa/s. The
resulting normalized PSD, shown in Fig. 4, is estimated using Welch’s periodogram method
[13]. Notice that the system acts as a low-pass channel with 3-dB cutoff frequency around
200 MHz.
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Fig. 4. Normalized magnitude frequency response of the FSO link.

C. Noise

In FSO systems, the dominant noise sources are background radiation and circuit thermal
noise at the receiver. Background and thermal noise is usually modelled as an additive and
Gaussian distributed.

To obtain the noise statistics for the available setup, the laser transmitter is turned off
and the receiver output is sampled at 2 GSa/s. Figure 5 shows the histogram of the noise
samples, representing the background and thermal noise, along with the Gaussian fit using
the maximum likelihood method [13].

The estimated mean and variance of the noise Gaussian distribution are given by µw =
0.62142 mV and σ2

w = 0.62906 µV2, respectively.
To quantify the effects of the background noise and thermal noise separately, the receiver

aperture was covered to remove the background noise, however no difference in the noise
statistics was observed. Also no difference was observed between day and night measure-
ments. Therefore, noise at the receiver comes mainly from the thermal noise of the receiver
electronics. The PSD of the noise was also investigated and showed that it has a first-null
bandwidth in excess of 1 GHz. Thus, a reasonable model for the noise in the measurement
system is AWGN.
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Fig. 5. Thermal plus background noise samples at the receiver along with the Gaussian fit.

D. Power Loss Estimate

The maximum average optical power transmitted from the analog laser is 60 mW. At
the receiver, the average received optical power for an unmodulated transmission in clear
weather conditions (visibility is more than 24 km [14]) is 12 µW. Therefore, the average total
loss in optical power at the receiver is approximately 37 dB. Out of many possible sources
for the loss, propagation loss and the average atmospheric loss can be roughly estimated.

The propagation loss hg can be estimated by [15]

hg ≈
D2
rx

(Dtx + θtxL)2
≈ D2

rx

(θtxL)2
, Dtx << θtxL, (3)

where Dtx is the transmitting lens diameter, θtx is the transmitted beam divergence angle, L is
the propagation distance, and Drx is the receiving lens diameter. For the available FSO link,
θtx = 2.5 mrad, L = 1.87 km, and Drx = 0.2 m. Therefore, the propagation loss is approximately
27 dB. In clear weather conditions, the average atmospheric loss is approximately 0.5 dB/km
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[16]. Other possible sources of the power loss are alignment loss, receiver filters and lens
loss, and coupling loss. Therefore, the total loss in the channel can be factored as

37 dB︸ ︷︷ ︸
Power loss

= 27 dB︸ ︷︷ ︸
Propagation loss

hg

+ 1 dB︸ ︷︷ ︸
Atmospheric loss

hl

+ 9 dB︸ ︷︷ ︸
Other

losses

.

IV. CHANNEL MEASUREMENTS AND DATA ANALYSIS

A. Measurement Procedure
Unlike previous work [17], [4], an optical intensity-modulated sinusoid is transmitted

through the channel to measure the loss and fading, h(t) in (2). At the receiver, an FFT is
applied as a notch filter to the received samples to minimize the impact of noise corruption.

A block diagram of the signal processing system at the receiver is illustrated in Fig. 6.
A sinusoid of frequency 117.187500 MHz is transmitted through the atmosphere from the
analog laser. The received signal is sampled at 2 GSa/s and 8192 = 16 × 512 consecutive
samples are buffered at a time. These samples are divided into 16 non-overlapping groups
where each group undergoes a 512-point FFT implemented in an FPGA [18]. Notice that the
transmit frequency is selected so that exactly 30 periods are applied to each 512-point FFT
block. The following 11456 samples are discarded due to the latency in the FFT block.

For each FFT block, the real and imaginary coefficients corresponding to the bin containing
the 117.187500-MHz frequency are selected to calculate the magnitude frequency response.
Finally, the magnitudes of the 16 segments are averaged and buffered to the on-board memory
with an 8-bit resolution. Bit growth during calculations is shown in Fig. 6 along the data
path. Using the above measurement parameters produces channel samples at the rate of
101.8 kSa/s.

The FFT acts as a narrow band notch filter which rejects a large portion of the interfering
noise. Measuring the spectral density of the received signal in clear weather shows that the
average SNR is approximately 40 dB. The FFT bin width can be made narrow by increasing
the length of the FFT at the expense of processing time and reduced sampling frequency. As
a compromise between noise performance and FFT latency, the data samples are divided into
16 segments with parallel 512-FFT cores instead of a single 8192-FFT core. Such division
reduces the overall latency by a similar factor of 16 allowing more samples to be processed.

B. Irradiance Fluctuations
Channel measurements using the technique described in Sec. IV-A have been collected

during October and November 2011. The BH site was used as a transmitter while MIP was
the receiver. The channel state h is captured at the rate 101.8 kSa/s at 8-bit resolution. Using
all the available on-board memory (3 GBytes) permits continuous recording of the channel
state for approximately 8 hours and 47 minutes. Then, a 24-min idle period is required to
move the data from the board to a PC before capturing new samples.

1) Coherence Time: To gain insight into the channel behaviour during short time scales,
consider Figures 7 (a), (b), (c), and (d) which plot the measured channel gain h during periods
of 1 msec, 10 msec, 100 msec, and 1 sec, respectively.

The coherence time Tc measures the time duration wherein two received signals show high
amplitude correlation. To estimate the FSO channel coherence time Tc, the autocovariance
is calculated. The zero-mean channel gain h̃ is given as

h̃ = h− 〈h〉 = h− 1

N

N∑
i=1

hi, (4)
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Fig. 6. Block diagram of the measurement system used at the receiver.
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Fig. 7. Measured channel fluctuations at different time scales: (a) 1 msec, (b) 10 msec, (c) 100 msec, (d) 1 sec. (Oct. 30,
2011, 23:32 hrs, clear weather)

where hi is the ith channel sample and N is the total number of samples used for the
calculation. The autocovariance Rh̃h̃ is estimated by

Rh̃h̃(m) =

{ ∑N−m
n=1 h̃n+mh̃n N − 1 ≥ m ≥ 0

Rh̃h̃(−m) −N + 1 ≤ m < 0
. (5)

The normalized autocovariance R̂h̃h̃ is obtained by

R̂h̃h̃(m) =
Rh̃h̃(m)

Rh̃h̃(0)
. (6)

Figure 8 shows the normalized autocovariance computed via (6) from N = 8 MSa collected
over 82.5 seconds on Oct. 31, 2011. The weather during this period of time is clear with
temperature 7◦ C and wind speed 7.2 km/h. By considering the coherence time at 1/e of the
peak at zero lag [19], i.e.

R̂h̃h̃(Tc) = 1/e, (7)

the estimated coherence time Tc ≈ 6.5 msec. Such coherence time justifies a slow-fading
channel model for transmission rates in the megabit or gigabit per second ranges.

2) Scintillation Index: Scintillation index (SI) is the normalized variance of the irradiance
fluctuations. For FSO channels, it is a measure of the optical turbulence strength that
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Fig. 8. Normalized autocovariance of the irradiance fluctuations. (Oct. 30, 2011, 23:32 hrs, clear weather)

causes random fluctuations of the received signal. The SI can be estimated from the channel
measurements through

SI =
〈h2〉 − 〈h〉2

〈h〉2
, (8)

where

〈h2〉 =
1

N

N∑
i=1

(hi − 〈h〉)2 and 〈h〉 =
1

N

N∑
i=1

hi,

where N is the number of measurements used in estimate.
For the sake of illustration, Figures 9 (a) and (b) show the average channel gain 〈h〉 (in mV)

and the corresponding SI during a 14-hour period on Oct. 31, 2011 starting from midnight.
Each measurement of SI or average gain is calculated using N = 32 MSa measurements, i.e.,
every 5.5 min.

Note that the gaps in the plots are the 24-min periods required to download the samples
to the PC before a new collection of samples can be recorded. The average received value
is relatively constant over the measurement period. Although the weather was clear, small
changes are to be expected due to changes in wind speed, direction, pressure, as well as
changing particulate density. Notice that at night (between 00:00 and 09:00 hrs), the tem-
perature was in the range of 4−7◦ C and the wind speed was less than 2 km/h. Afterwards, the
temperature increased to 11◦ C as did the wind speed between 8 and 16 km/h. In general,
higher temperature and wind speeds correspond to stronger atmospheric turbulence and
higher scintillation index.

C. Log-Normal, Gamma-Gamma, and Erlang Fitting
Many mathematical models for the FSO channel have been proposed since 1970s, however

none of them can be universally applied due to the non-stationary nature of the atmospheric
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Fig. 9. Average intensity (a) and scintillation index (b) of the irradiance fluctuations during a 14-hour duration (Oct. 31,
2011, starting from 00:00 hrs until 14:00 hrs).

turbulence [1]. In this section, the measured channel gain is fit to some candidate distribu-
tions. As stated in the introduction, the aim of this work is to allow FSO communication
designers to test the robustness of their algorithms directly using measured channel data,
however, fitting to established distributions is useful to link with previous results.

In the weak-turbulence regime, the log-normal distribution is widely accepted because
of the considerable match with the experimental measurements. Moreover, it is defined
by a single-parameter making it mathematically tractable and permits obtaining closed-
form expressions for error-rates. A log-normal distributed normalized fading channel (optical
intensity) is described by [1]

pĥ,LN(ĥ) =
1

√
2πσln ĥĥ

exp

−
(

ln ĥ+ 1
2
σ2

ln ĥ

)2

2σ2
ln ĥ

,
ĥ > 0, 〈ĥ〉 = 1,

(9)

where σ2
ln ĥ

is the log-gain variance and ĥ is the normalized channel samples given by ĥ =
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h/〈h〉. The scintillation index is calculated by

SILN = exp (σ2
ln ĥ

)− 1. (10)

Under moderate-to-strong turbulence conditions, however, the log-normal distribution usu-
ally fails to give good fit with the measurements and doubly-stochastic distributions are
applied [1]. The gamma-gamma distribution was proposed in [21] and has been shown to fit
with the channel measurements under a wide range of atmospheric conditions. The PDF of
a gamma-gamma distributed normalized channel fading ĥ is given by [21]

pĥ,GG(ĥ) =
2(αβ)

α+β
2

Γ(α)Γ(β)
ĥ

(α+β)
2

−1Kα−β(2

√
αβĥ),

ĥ > 0, 〈ĥ〉 = 1,

(11)

where Γ(·) is the gamma function, Kv(·) is the vth-order modified Bessel function of the
second kind, and α and β are the effective parameters related to the large-scale and small-
scale atmospheric fluctuations, respectively (refer to [21] for a detailed explanation). The
scintillation index can be obtained from

SIGG =
1

α
+

1

β
+

1

αβ
. (12)

Erlang distribution was suggested in [22] to model the atmospheric channel fading. The
Erlang distribution is given by

pĥ,ER(ĥ) =
λθ

(θ − 1)!
ĥθ−1e−λĥ,

ĥ > 0, λ > 0, θ ∈ {1, 2, 3, ...}.
(13)

In this paper, we will consider fitting with these three distributions to link our channel
measurements with previous work.

Fitting with the log-normal distribution (9) can be obtained using the maximum likelihood
method [13] by finding σ̄2

ln ĥ
that maximizes the log-likelihood function

N∑
i=1

ln

 1√
2πσ2

ln ĥ
ĥi

exp

−
(

ln ĥi + 1
2
σ2

ln ĥ

)2

2σ2
ln ĥ


.

The value of σ̄2
ln ĥ

is given by

σ̄2
ln ĥ

=
1

N

N∑
i=1

(
ln ĥi −

1

N

N∑
i=1

ln ĥi

)2

, (14)

where ĥi is the ith normalized channel sample. For the gamma-gamma distribution (11),
the pair {ᾱ, β̄} that maximizes the log-likelihood function can not be found analytically and
numerical optimization techniques should be used. For Erlang distribution (13), estimating
{θ̄, λ̄} using the maximum likelihood method involves solving a mixed-integer optimization
problem which is usually difficult to solve. Instead, {θ̄, λ̄} can be found using a simple search
algorithm. The integer parameter θ is substituted by θ∗ = 1, 2, 3, ...... and the corresponding
λ∗ that maximizes the log-likelihood equation

N∑
i=1

ln

{
λθ
∗

(θ∗ − 1)!
ĥθ
∗−1
i e−λĥi

}
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is calculated by

λ∗ =
Nθ∗∑N
i=1 ĥi

= θ∗.

Notice that 〈ĥ〉 = 1
N

∑N
i=1 ĥi = 1 for normalized channel samples. The value for θ∗ is incre-

mented until the maximum is obtained for the log-likelihood function where the required
pair {θ̄, λ̄} is found.

Figures 10 and 11 show the histograms of the normalized channel samples ĥ along with the
log-normal, gamma-gamma, and Erlang fits in clear weather for large and small SI values,
respectively. For both figures, the measurement duration is 165 sec (16 MSa). It can be seen
from Fig. 10 that, for a relatively large SI value, the log-normal distribution deviates from the
measurements histogram and fails to capture the tails at both small and large gain values.
Notice that, in general, the gamma-gamma and Erlang distributions, give more accurate fits
especially at low gains which are of greatest importance to communication designers. For
the small SI value in Fig. 11, the three distributions are almost identical and show good fit
with the measurements.

Figures 12 (a) and (b) show the channel in a rainy weather during a 1.29-sec and 165-sec
measurement durations, respectively. It can be seen from the bump in Fig. 12 (b) that the
channel statistics can vary considerably during rain due to changes in wind direction or rain
rate. Thus, over the 165-sec duration the data is not a good fit to established fading models
. However, a relatively better fit can be obtained for short durations as shown in Fig. 12 (a)
for measurements during 1.29 sec using only 128 kSa. Thus, the data sets provide from this
work capture the variation of channel gain in realistic changing rain environments allow for
verification of FSO communication algorithms.

Although not reported here, during a heavy fog condition, on Nov. 8, 2011 at 8:50 PM,
the visibility was less than 200 m and no optical power was received and all the obtained
samples were zero.

It should be noted that all the obtained SI values are relatively small. Even in very hot
days during July, SI never exceeded 0.15. Such reduced SI can be related to the relatively
large area of the receiver that alleviates the effect of the atmospheric turbulence on the
received signal due to the aperture-averaging effect [3].

V. MARKOV MODELLING

A finite-state Markov chain can be directly applied to model the time-varying behaviour
of discrete fading communication channels [23], [24], [25], [26]. The main idea is to divide
the set of channel measurements into a finite number of discrete levels which are mapped to
states. The transitions between states are then estimated using the measured data to yield
a homogeneous Markov chain representation of the fading process.

Let S = {s0, s1, s2, ..., sK−1} denote a finite set of K states and let Sn denote the state of
Markov process at time step n. The process {Sn} is assumed to be stationary in time. To link
the measured fading value h to the states, consider partitioning the set of received amplitudes
into K uniform intervals of size

∆ =
hmax − hmin

K
, (15)

where hmax and hmin denote the maximum and minimum received measurements in the data
set, respectively. At time step n, the measured channel value is hn and the state of Markov
chain is Sn = sk, where k is selected so that

hmin + k∆ ≤ h < hmin + (k + 1)∆ (16)
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Fig. 10. Histogram of normalized channel gain, ĥ, under large scintillation index condition along with log-normal {σln},
gamma-gamma {α, β}, and Erlang {θ, λ} fits in clear weather conditions (samples measured on Nov. 1, 2011 at 11:07 PM).

for k ∈ {0, 1, 2, ..., K − 1}. For each state sk, a representative output amplitude is assigned as
h(k) = hmin + (k + 1/2)∆.

Let T = [tj,k]K×K denote the state transition matrix of the Markov process. For a sufficiently
large total number channel measurements N , the elements of T can be estimated as

tj,k = Pr(Sn+1 = sk|Sn = sj) =
Nj,k∑K−1
l=0 Nl,j

=
Nj,k

Nj

,

j, k ∈ {0, 1, 2, ..., K − 1},
(17)

where Nj,k is the number of observed transitions from state sj to state sk and Nj is the total
number of times the channel measurement was at state sj.

For the sake of illustration, a group of N = 224 channel samples obtained during a 165-sec
measurement period with sampling rate 101.8 kSa/s are used to derive the Markov model.
These samples were measured on Oct. 30, 2011 at 11:32 PM during clear weather (the
same data set used to generate Figures 7 and 8). The full range of the samples (hmin =
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Fig. 11. Histogram of normalized channel gain, ĥ, under small scintillation index along with log-normal {σln}, gamma-
gamma {α, β}, and Erlang {θ, λ} fits in clear weather conditions (samples measured on Nov. 2, 2011 at 09:18 AM).

5.35 mV, hmax = 15.36 mV) is divided uniformly into K = 8 partitions. The entries of T,
obtained using (17), are shown in Table I.

It can be seen from Table I that, for any state, the probability of transition tj,k, j 6= k,
is always less than the self-loop probability tj,j, which is higher than 96%, due to the slow-
varying nature of the channel. Also these transitions only occur between adjacent states, i.e.
tj,k = 0, ∀|j− k| > 1, which is a typical property of finite-state Markov models for slow-fading
channels [23].

Note that the above steps can be taken for any number of states K. In order to see the
impact of K on the model, the steps were repeated for K = 64, however, the transition matrix
is not reported here due to its large size and can be found online [8].

Figure 13 shows the histograms of the measured channel samples and the samples gen-
erated by the Markov models. The good match with the resulting channel distributions is
noticed. Table II shows the average channel gain, scintillation index, and coherence time,
defined by (7), obtained from the measurements and simulation. Figure 14 shows the ability
of the Markov model to generate channel samples with autocovariance that fits well with the
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Fig. 12. Histogram of normalized channel gain, ĥ, along with log-normal {σln}, gamma-gamma {α, β}, and Erlang {θ, λ}
fits in light rain condition (temperature: 1.9 ◦C, wind speed: 24.46 km/hr, rain level: 0.9 mm/hr) during two measurement
durations (a) 1.29 sec and (b) 165 sec (samples measured on Nov. 23, 2011 at 12:34 AM)
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TABLE I
STATE-TRANSITION PROBABILITY MATRIX OF THE MARKOV CHAIN MODEL WHEN K = 8.

k = 0 k = 1 k = 2 k = 3 k = 4 k = 5 k = 6 k = 7
j = 0 0.9617 0.0383 0 0 0 0 0 0
j = 1 0.0016 0.9727 0.0257 0 0 0 0 0
j = 2 0 0.0038 0.9813 0.0149 0 0 0 0
j = 3 0 0 0.0097 0.9841 0.0062 0 0 0
j = 4 0 0 0 0.0205 0.9757 0.0037 0 0
j = 5 0 0 0 0 0.0274 0.9694 0.0032 0
j = 6 0 0 0 0 0 0.0301 0.9678 0.0021
j = 7 0 0 0 0 0 0 0.0292 0.9708

TABLE II
COMPARISON BETWEEN MEASUREMENTS AND THE MARKOV MODEL.

Experimental Markov (K = 64) Markov (K = 8)
〈h〉 9.4612 mV 9.4464 mV 9.4557 mV
SI 0.0113 0.0116 0.0123
Tc 6.5 msec 5.6 msec 0.74 msec

autocovariance of the measured channel samples when K = 64, however, the fit is loose for
K = 8. The comparison justifies that the obtained Markov model gives a good approximation
to the channel behaviour and can be used for generating channel realizations for simulation
purposes. The Markov model is simple and computationally-efficient since it is completely
defined by the sparse matrix T. Such a model can be used to accurately generate different
FSO channel realizations with correct distribution and autocorrelation.

VI. CONCLUSIONS

This paper presents measurement results and channel modelling of an urban FSO channel.
Unlike earlier work, we employ modified commercial transceivers and have collected a library
of channel measurements in clear and light rain weather conditions. Thus, all of the trade-
offs inherent in the design of a commercial FSO product are reflected in our measurements.
The measurement system was implemented on a high-speed FPGA board where FFT cores
were used to achieve measurement SNRs of approximately 40 dB. Fitting to the log-normal,
gamma-gamma, and Erlang distributions and measurements of the coherence time in clear
weather are also presented. The channel gain is measured in light rain and clear weather
conditions and a complete library of these measurements is available for download [8]. We
intend to post new channel measurements to this database on a continuing basis under
a greater variety of weather conditions. It is our sincere hope that this data set will aid
FSO communication system designers to evaluate the performance of their algorithms using
realistic channel data.

A finite-state Markov chain model is derived from the channel measurements and shown to
model both the distribution and autocorrelation properties of the turbulence-induced fading.
In particular the 64-state model showed good agreement and is also available for download
[8].

The developed channel measurement system will be run continuously throughout the
year to produce a large database of channel measurements under different weather condi-
tions. Such a database will be used to build comprehensive statistical models and empirical
formulas that directly relate the weather parameters with the channel statistics and the
performance of the communication link.
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Fig. 13. The histograms of the channel realizations obtained from the measurements and the realizations generated by
the Markov model (samples measured on Oct. 30, 2011, 23:32 hrs, clear weather).
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