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Abstract: This paper proposes the bit error generation algorithm based on data from experi-
ments. According to the rain intensity, it uses the received signal, the coefficient of variation and
the variation of the coefficient of variation during its processing stage. The generated and raw
bit errors are compared. The proposed algorithm is an important element for the development of

in-door experimental test environment.
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1. Introduction

Low cost and high data-rate communication link
for real-time multimedia and internet application
is becoming more in demand. Therefore the Ka-
band(30/20 GHz) and above frequencies satellite
links are now considered for the achievement of high
data-rate and error-free services. However, these
frequencies are subject to severe climatic effects, es-
pecially rainfall, which sometimes disable any com-
munication for a period of time and bring down an
efficient use of automatic repeat request (ARQ) pro-
tocols on satellite link.

In some existing systems, the fading problems are
solved by providing an extra power margin to the
system. The required link margin is about 10-20dB
at these frequencies with a large fade duration de-
pending on the rain region. If this power is supplied
for a long period of time, the system will turn out to
be inefficient. Other solutions to this problem are
offered by the development of new protocols or the
improvement of existing one. In order to develop
such protocols, it is necessary to conduct some ex-
periments. However, the experimental condition is
not permanently available and the experiments on
satellite links are costly. Therefore, an indoor appa-
ratus, which can simulate the satellite links, can be
used efficiently as the key tool for the development
and improvement of satellite compatible protocols.
Since simulators used for modern digital communi-
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cation systems are mostly based on the occurrence
of the bit error during the transmission process, we
need a satellite link-like bit error model.

For this purpose, many time-series satellite link-
like received signal generators have been presented
in Ref. 1) and are successfully used for other sim-
ulation routine such as diversity simulator?. Some
satellite link-like bit error simulators have been de-
veloped and presented. However, these simulators
use an Additive White Gaussian Noise (AWGN)
to generate the channel error®®; as a result, they
are not necessarily suitable for practical cases. We
therefore need an efficient channel model of rain fad-
ing for computer simulation. As the frequency in-
creases, the rain fade dynamic on the propagation
path becomes complex and difficult to be modelled
using a simple time-series generator based on a dis-
tribution function. A. Paraboni et al.¥) observed
two types of simultaneous fade duration phenom-
ena (as well as rain fade phenomena): fast phenom-
ena and slow phenomena. Each of these phenomena
is characterized by a specific distribution and both
cannot be modeled by a single fade probability dis-
tribution function.

This paper aims to present and evaluate a bit
error generation algorithm based on the statistical
analysis of the received signal level from experi-
ments.

2. VSAT Experimental System

As shown in Fig. 1, the experimental system used
for the data acquisition consists of one rainfall in-
tensity sensor and three Very Small Aperture Ter-
minal (VSAT) of 1.8 m diameter directed toward
JCSAT-1B communication satellite at the geosta-
tionary orbit of longitude 150°E. These terminals
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Fig. 1 Experimental system’s location.

are located in Hakozaki Campus of Kyushu Uni-
versity, Fukuoka, and are being used to conduct
several experiments for earth-satellite link clarifica-
tion in Ku-band (14/12 GHz) since 1997. To avoid
multipath fading contribution, the VSATs and the
rainfall intensity sensor are installed on top of 2
buildings and separated by about 200 m as shown
in Fig.1. In this paper, these stations are called
Station JI, Station JII, and Station Z.

3. Data Collection and Analyzed Data

During experiments, one of the VSAT's is used for
data transmission to the satellite and all of them
receive the returned signal. The modulation mode
used is the Quadrature Phase-Shift Keying (QPSK)
with coding rate » = 1/2 and the transmission rate
is 64 Kbps. The experimental system observes and
records the rainfall intensity every second through
a rainfall and the received signal level every 0.2
second using a spectrum analyzer. Occurred bit
errors are recorded every 2 seconds during which,
the first 1 second is utilized for data transfer, and
another 1 second is used for data processing and
storage. It is assumed that the occurred bit er-
rors are due to the entire signal level within data
transfer period; hence, the received signal level cor-
responding to the occurred bit error is obtained by
averaging out the signal level within the instant of
data communication. Collected data are stored in
two personal computers. Since the data transfer
takes place every second, the system sents 64 Kbits
within this period. The occurred bit errors are the
total bit errors collected within the data transfert
period. Hence the Bit Error Rate (BER) in this
paper is obtained by using the following equation:
BER = BitError/64 - 10%.

Bit errors and received signals used for the de-
velopment of a bit error generation algorithm have

Fig. 2 Bit error and signal level cause-and-effect rela-

tion under rainfall.
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Fig. 3 Scatter plot representing the random variation
of bit errors collected as a function of signal level
during rainfall. The collection is made within 1
second with bit rate 64 Kbps.

been collected from June to September in 2001
and 2002 (Four months each year). These periods
have been chosen according to the raining map of
Kyushu, Japan, which is known to be the rainiest
in the sub-region. In our analysis, we also use the
rainfall data to ensure that the attenuation of signal
level is due mostly to rainfall. All along the follow-
ing evaluation, we note that the standard level is
defined as the minimum value of the monthly stan-
dard level of the received signal level under no rain
condition during the period of studies and for each
station.

4. Description of the Statistical Link
Model

To model a statistical relation between bit errors
and received signal levels, we made two observa-
tions: 1) The received signal was mostly attenuated
by the local rainfall (Fig. 2), and 2) The bit errors
occurred during the attenuation.

From the aforementioned considerations, the re-
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ceived signal level (S1) and the corresponding bit
error (BE) are collected and depicted in Fig. 3 for
the periods of study. As shown in this figure, it
may be impossible to obtain a relationship describ-
ing the behavior of these two parameters using para-
metric regression because of their randomness under
rainfall. Thus, the appropriate method to be used
in this case is the smoothing method (nonparamet-
%), This method is used to the case
where the parametric regression is not appropriate
and helps us to extract among the data only those
that are suspected to be right points.

Let us denote (BEZ, Sl;) as a set of fitted points
expressed by the occurred bit error and its corre-
sponding received signal level. The time dependent
subscript ¢ represents a point defined by BE and
Sl. The nonparametric regression model is defined
by

ric regression)

BE; =m (SL) + ¢ (1)

The regression curve m (SI;) is the conditional ex-
pectation defined by m (Sl;) = E(BE|SI = Sl;)
and ¢; is the noise contribution of the received sig-
nal due to scintillation. Here € is a set of normally
distributed random parameter defined by
E(e|Sl=5l;)=0and V (e | Sl = Sl;) = 0% (SI;),
where E(-) and V(-) are the expectation and the
variance of the normal random set of variable, re-
spectively. Many methods have been proposed for
the estimation of m (SI;). For our estimation, we
choose the simplest in application called averaging
method or moving average filter® . According to the
method, m (SI;) can be described by

k
1
m(Sk) = > BEyy, i>k (2)
j=—k

where N = 2k 4 1 is the window size. In this pa-
per, the best window size is found to be N = 41.
It comes out that this value is optimal for our data
because the random white noise is reduced while
keeping the sharpest step response (Chap. 15, in
Ref. 6)).

The smoothed data are fitted plotted in Fig. 4
using an optimal fucntion described by

m (SL) = a + BSL; +vS1; 3)

where «, § and -y values are given in Table 1.
Then, by applying BE; —m (SI;) to the raw data,
we obtain the normally distributed ¢; for each sta-

Table 1 Expectation function fitting parameters per

station.

L [ o« [ 8 [ 7 |
JI | -47463.93 | -1620.55 | -12.57
JIT | -47957.78 | -1601.46 -12
7 -45007.20 | -1540.35 | -11.91

Table 2 Parameters of the normal distribution of ran-

dom errors for each station.

€ JI JIT Z
Standard deviation | 2920 | 3039 | 2830
Mean -89 -85 -96

Table 3 Standard signal level and threshold level esti-
mated value for each station.

JI JII Z
Standard signal
level(SI) (dBm) | -46.74 | -47.10 | -46.16
Threshold level
Slip, (dBm) -57.34 | -57.17 | -56.47

L 10°F E
£
L J
L] STATION JI
S STATION JlI
> STATION Z
2 L I 1
19 —60 -55 -50 —45

Received Signal Level (dBm)

Fig. 4 Evaluation of the expected function obtained
from the statistical analysis using the received

signal level data.

tion with the parameters given in Table 2. There-
fore, when a signal level is given, the occurring bit
errors can be estimated using the following relation:

BE(Sl) =m (Sl) + ¢ (4)

5. Bit Error Generation Algorithm

Bit error appearances can be located using two
parameters. These are
e The threshold level Sliy,, which represents the
minimum attenuation below which bit errors
occur quasi-continuously. The obtained thresh-
old levels for each station are given in Table 3,
and
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e The coefficient of variation (COV') which is
the mean of a signal over its standard devia-
tion. The standard deviation becomes signifi-
cant when comparing with the mean (Chap. 2
in Ref. 6)).

These parameters are defined and discussed below.

The bit errors generally occur under certain be-

havior of the received signal level. Most of the time
it appeared when the signal level was lower than
Slin,. This state is described by

Sl < Shiy, (5)

We observe that although the received signal level
is less than Sli,, bit errors do not occur continu-
ously. Moreover, some rare bit errors are shown in
the upper part of the threshold level. In order to
locate the appearance of bit errors, we introduce a
parameter which can measure the variability of SI
in relation to the mean of the S! in a short period
of time AT'. The statistical parameter COV is used
to compare the relative dispersion in a set of data
as shown in Fig. 5 and defined by

d (St
COV = m x 100 % (6)
(SOHar
with
o AT: a short period of time before the evalua-
tion of COV,

o std (Sl) 4+ the standard deviation of Si, and

o (Sl)ar: the mean of Sl in AT second.
From Fig. 5, we can see that the COV has a par-
ticular variation and does not follow absolutely the
variation of the received signal. This parameter sud-
denly increases with the signal impairments. Fur-
thermore, it keeps a low value with low attenua-
tion or high and quasi constant attenuation. In this
work, we take AT as 30 s. This value is found from
the observation that, using our database, the COV
curve is not greatly altered below 30 s. This may
be related to the coherence time of the rain fading.
Using the COV and with the respect of Eq. (5), we
observe that although the signal keeps a high level,
bit errors mostly occur if the Eq. (7) is satisfied.

COV < COViax (7)

Here COVpay, is the maximum COV below which
bit errors occur quasi-continuously. From the ob-
servation of the experiment data, we estimate the
COVpax to be 15.086 %.

e Received signal fevel j———————
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Fig. 5 Example of coefficient of variation and the re-
ceived signal level interdependence.

Algorithm 1 Step-by-step description of dif-

ferent processes of bit generation
1. Set COVinax

2: Set Sl
3: Set AT
4: repeat
5: Input ¢, St
6: Do Moving Average
7: Compute BE(Sl), COV
8: Compute § = ACOV/AT
9: if Sl < Sl then
10: if COV < COVipaz then
11: Goto 16:
12: else
13: Be «= 0 {No generation of bit error}
14: end if
15: else
16: if £> 1 then
17: Be' < BE(Sl) {Generation of Bit
Error}
18: else
19: Be <« 0 {No generation of bit error}
20: end if
21: end if
22: Print ¢, Be

23: until end of Sl input

We observe generally for both SI > Sl and
Sl < Sl that bit error occurrence during a sud-
den fluctuation of the signal level (sudden abrupt
change of COV') is guided by the following equa-
tion.

COV; — COV;

ACOV = —1
jar="Fmm > B @®)

Equation (8) gives the time-to-time variation of the
signal due to rainfall attenuation. It measures the
amount of noise added to the signal for a short
period of time. In this algorithm, the quantity
ACOV /a7 is estimated to be 13.6 [s7!] in the up-
per part (SI > Sly,) of the threshold level, and
23.9 [s7!] in the lower part(S! < Sky). By com-
bining Eqgs. (1), (3), (5), (7) and (8), we derive the
bit error generation algorithm described by Algo-
rithm 1. This algorithm describes, step by step,

- the bit error generation processes. We note that

it uses a FIFO buffer to temporarily collect the re-
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ceived signal level for the evaluation of the COV.
A relaxation time of AT is indispensable for the
setup of initial parameters. Then, many tests are
performed in order to detect the appearance of the
bit error and evaluate its size. We note that param-
eters such as Sl and the COVy,,x depend on the
local site and should therefore be determined and
set up for each station.

6. Evaluation of the Model Using the
Received Signal Level

We generated bit errors for a short time period
using the received signal level according to the pro-
posed algorithm. Figure6 compares our result
with the corresponding experimental bit errors.
Let X, be the number of generated bit errors and
X ; be the number of generated bit errors matched
in position and almost in size with raw bit errors.
The Xy — X ; denotes the overestimated bit errors.
We define

e the percentage of matched or simulated bit er-

rors over the total amount of generated bit er-
rors by (Xg/Xg) x 100 and

e the percentage of overestimated or over-

generated bit errors by [(Xgy — X )/X,] x 100.
The algorithm used with COV has simulated 75%
of occurred bit errors while only 25% of generated
errors were overestimated. On the other hand, when
COV was not used, about 58% of raw data has been
followed, and about 42% of data are over-generated
(Fig.6). We can observe that, although bit errors
are extremely random in size, their position is well
located using the COV. Then the COV reduces
the continuity of the generated bit error under the
condition of S < Sliy,.

We carried out a long time simulation of the bit
error generation during the period of studies to test
our algorithm in a statistical point of view. Fig-
ure 7 displays the distribution of bit errors at the
three stations. In these figures, we compare the re-
sult of our simulation to the raw data distribution
and the log-normal fitting of the raw data. As well
known”, the received signal level data expressed
in dB and the collected bit errors mostly follow a
log-normal distribution with the probability density
function (PDF) defined by
exp [ _ %(log(BoE)*uy]

V2no2BE?

where the parameters p and o for each station are
given in Table4. We can observe that the ob-

PDF =

(9)
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Fig. 6 Short period simulation of the obtained algo-
rithm. The COVpax = 15.09 and the threshold
level Slgy, = —57.67 dBm with the same condi-
tion as in Fig. 3.

tained results are close to the fitted curve.

In order to present the analysis of the time de-
pendence of our model, we illustrate in Fig. 8 the
percentage of time exceeding abscissa of the total
bit error obtained by simulation and experiment.
Because of the random behavior of the bit error on
satellite link, it is really difficult to generate a bit er-
ror with the same distribution as the raw data. The
difficulty is due to the fact that some bit errors are
indirectly related to the received signal level fluctu-
ations. We can observe that the simulated results
agree well with those from raw data except for the
region below about 100 in size of bit errors. The dif-
ference comes from the fact that our model has been
developed using bit errors due to rainfall; therefore
the algorithm cannot generate small size bit errors
produced by a random fluctuation of the links. The
algorithm could be improved by the addition of an
AWGN algorithm for the generation of such a small
size bit error.

7. Conclusion

In this paper, we have presented and evaluated a
method to generate bit errors using incoming signal
level for a local station. The method produces the
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Table 4 Log-normal fitting parameters of bit errors in our station during the period of studies.

Station JI | Station JII | Station Z
Standard deviation o 1.564 1.551
Mean pu 6.952 6.810
the AWGN bit errors generation algorithm at the
14 -
! I Raw Data (Station .4 computer implementation.
42k f e L.ognormal Fitting of Raw Data

-
(=)
T

Percentage (%)
e

L R AR VAR
0 1500 3000 4500 6000 7500 9000
Bit Error

Fig. 7 Experimental and generated bit error distribu-
tions, where the experimental data was obtained
during June to September in 2001 and 2002 at
Kyushu University with the same condition as in
Fig. 8. Similar results were obtained for JII and
Z.

—e—- 2001-Generated

o 2001-Raw data

° -8~ 2002-Generated
o 2002-Raw data

0.03

0.021

0.01+

percentage of time exceeded(%)

It

10 10° 10° 10*
Bit Error

Fig. 8 Percentage of time exceed of the experimental
and generated bit errors, where the experimental
data are the same used in Fig. 7. Similar results
were obtained for JII and Z.

bit errors based on statistical parameters obtained
by analyzing the received signal threshold level and
the signal fluctuations. The results of simulations
have shown a good agreement with the experimen-
tal data except for small size of bit errors. The
method may be improved by taking into account

The proposed algorithm can also be used in satel-
lite link simulators as an active bit error generator
for a permanent observation and evaluation tool of
the link which will therefore accelerate the devel-
opment of efficient ARQ protocols and routines for
satellite link .

Our method has not yet been extended to other
regions in the world because it is difficult to find
an experimental station which can collect the 3
databases of signal attenuation, bit error and rain
fall. However, this analysis open a new horizon to
new experimental protocols and analysis.
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