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Abstract. Nowadays and mainly in the near future the wireless point-to-point or point-to-multipoint
connections are operating in high frequency. These systems are applied in feeder network for future cel-
lular mobile communication systems or BFWA (Broadband Fixed Wireless Access) networks. Besides the
obvious benefits of the applied high carrier frequency there is a significant disadvantage, the considerable
attenuation caused by precipitation, especially by rain. For accurate planning of the proposed microwave
links the statistics of the expectable rain attenuation is highly important. Applying our previous research
results the this work provides a general N-state Markov Chain model to generate rain attenuation time series
on a proposed microwave link according to the link parameters. The first and second order rain attenuation
statistics of the generated time series can be derived directly from the Markov model parameters, so the
N-state Markov model can be applied for prediction of rain attenuation on the proposed link even in the
early planning phase. With our proposed model very accurate realization of the physical fade process can
be achieved.

Keywords: Rain attenuation measurement, fade slope modeling, N-State Markov Chain model, time series
generation

1. Introduction

Modern communication systems are operating at high carrier frequency, therefore the wave
propagation is highly influenced by precipitation especially by rain. To investigate wave
propagation phenomena, a countrywide rain attenuation and weather data measurement
system was established in Hungary. A number of point-to-point millimetre wave link oper-
ating in the frequency bands of 13, 15, 23 and 38 GHz were deployed for research purposes.
Some meteorological parameters, such as rain attenuation, temperature etc., are measured
together with the received IF signal powers using weather stations at each measuring node.
The mobile operators also use microwave links operating in this frequency bands in their
feeder networks. For accurate planning of their feeder network the ability of estimating the
CCDF of attenuation on the proposed links is very important. In our previous works an
N-state Markov Chain model was used to generate a rain attenuation time series (Héder,
2006/1), (Héder, 2006/2), (Héder, 2005), (Héder, 2006/3). The model is applicable for
estimating the first and second order statistics of attenuation. The model parameters
were derived from fade slope statistics of attenuation measured only on a given terrestrial
microwave link. The modelling of attenuation or rain rate with time series generation
is very popular. A four state semi Markov model is applied for rain rate generation in
(Núñez, 2004), while a classical and on-demand rain attenuation time series synthesiser is
described in (Lacoste, 2006). A partitioned Fritchman model (Fritchman, 1967) is utilized
for attenuation time series generation and fade duration modelling of terrestrial (Csurgai,
2006/1) and land mobile satellite links (Csurgai, 2006/2). The novelty of the present
contribution based on generalization of our previous result leading to a universal N-state
Markov model by refinement of model parameter estimation. Several yearly attenuation
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Table I. Parameters of the investigated links

Site Name Location
Frequency

Pol
Length Applied data interval

[GHz] [km] From To

HU11 Budapest 38 H 1.50

HU32 Pécs 23 V 23.36 1st 31th

HU35 Pécs 15 V 23.36 January December

HU36 Pécs 38 V 1.69 2005 2005

HU51 Győr 15 V 12.30

HU62 Szeged 23 V 7.79

Hypothetical Miskolc 23 V 1.00 - -

time series measured on different microwave links with different length, polarization and
frequency are considered simultaneously by the model parametrization. This paper fully
describes the model and a corresponding method, how it can be used for rain attenuation
estimation in microwave radio network planning. In this work the model parameters are
determined from high frequency measurements, where the rain causes the most significant
attenuation. Hence only time series related to high frequency links can be generated with
the provided exact model, but naturally the parameters of the N-state Markov model can
be determined for another frequency band and for another type of propagation channel
as well, for instance the multi-path and shadowing fading can be also modelled (Héder,
2006/3). Besides that the described method works for any time series, not only for radio
wave propagation related attenuation time series, but any type of measured time series.
The paper is organized as follows. Section 2 presents the examined terrestrial microwave
link that are used to calculate the model parameters, Section 3 provides the necessary data
transformation method. Section 4 presents the considered N-State Markov chain model,
while Section 5 deals with the model parametrization. Simulation results are given in
Section 6 and Section 7 describes an example how the described model and method can
be applied for estimating the first and second order statistics of the expectable attenuation
on a microwave link in the early planning phase. Conclusions are given in Section 8.

2. Terrestrial microwave links under investigations

In our work six terrestrial microwave links are considered. Each link deployed in Hungary
but in different locations, with widely different length and they are operating in three
different high frequency bands with two different types of linear polarizations. All of the
measured data are time discrete, the sampling rate is 1 Hz. The exact parameters of the
links are listed in Table I.

The reason why our method needs a theoretical link is described below in Section
III. The location of the hypothetical link is only necessary to consider the appropriate
rain intensity statistics. A three hours part of the measured received signal level and the
corresponding rain intensity and air temperature measured in Budapest, on link HU11
in 2005 are depicted in Figure 1. The received signal level decreases due to a rain event
while the temperature falls back. In Figure 2 the yearly attenuation CCDFs (Complement
Cumulative Distribution Function) of the measured data on the different link are depicted.

springer_bh_jb.tex; 5/03/2007; 10:57; p.2



3

04:40 05:00 05:20 05:40 06:00 06:20 06:40 07:00 07:20 07:40

−80

−70

−60

Time

S
ig

na
l L

ev
el

 [d
B

]

04:40 05:00 05:20 05:40 06:00 06:20 06:40 07:00 07:20 07:40
0

50

100

Time

R
ai

n 
In

te
ns

ity
 [m

m
/h

]

04:40 05:00 05:20 05:40 06:00 06:20 06:40 07:00 07:20 07:40

17

18

19

Time

T
em

pe
ra

tu
re

 [°
C

]

Figure 1. Part of the measured received signal level, rain intensity and air temperature on link HU11, 22th

of July 2005.
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Figure 2. Attenuation CCDFs of the measured data.

The CCDFs are very diverse, because of the different path lengths, operation frequencies
and polarizations.

3. Evaluation of general model

In our work our goal was to get a general model in order that it can be applied during
planning phase independently from path length, polarization and operational frequency,
therefore several different microwave links were considered. It is noticeable in Figure 2,
that the first order statistics of attenuation could be very diverse because of the different
link parameters. To eliminate this effect of variegation all of the measured data had to be
transformed into a hypothetical link with parameters listed in Table I. The transformation
is given by Eq. (1) and Eq. (2) and based on the ITU-R P.530 recommendation (ITU,
2005).
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Figure 3. The schematic representation of the N-state Markov Chain model with state probabilities and
state transition probabilities (Héder, 2006/2).

Ah(t) =
kh · Lh

1 + Lh/d0
·

Am(t) ·
(
1 + Lm

d0

)
km · Lm


αh
αm

(1)

d0 = 35 · e(−0.015·R0.01) (2)

where Ah(t) and Am(t) are time dependent attenuation on the hypothetical and mea-
surement links, kh, αh, km and αm are polarization and operating frequency dependent
variables according to the ITU-R model, for the hypothetical and the measurement links,
respectively, d0 is the path reduction factor. The geographical location dependent rain
intensity (R) is higher than or equal to R0.01 in 0.01 percent of the year. In order to transmit
data, R0.01 must be known from the ITU-R recommendation or from own measurement.
For determining R0.01 in different geographical locations where the considered microwave
links are deployed (Table I), we utilized our own several yearly rain attenuation statistics
comes from our countrywide measurements. The R0.01 related to the hypothetical link is
determined considering the location of Miskolc.

4. The considered N-State Markov Chain Model

To be able to generate attenuation time series with an N-state Markov model, the states
have to represent attenuation levels, so there are many states according to the number
of attenuation levels (Héder, 2006/2), (Castanet, 2003). In the considered time discrete
model each state represents an attenuation level with 0.05 dB resolution, so the model
is discrete in states as well. This resolution can be chosen finer, but according to our
investigations 0.05 dB is appropriate for our goals. With this Markov chain time series can
be generated quantized with resolution of 0.05 dB.

The number of states in the model is dependent for the minimum and maximum attenu-
ation values occurred in our measured data. The minimum attenuation value is important
as well, because we obtained measured attenuation time series from the measured signal
level (see Figure 1) with choosing the measured median value as zero attenuation level.
The schematic representation of the model is depicted in Figure 3 (Héder, 2006/2). In
Figure 3 the number of states is N , the state probabilities zi gives the probability of
Ai attenuation level and can be arranged into the state probability vector z as given by
Eq. (3). The state transition probabilities pij can arranged into the transition probability
matrix P as expressed by Eq. (4).
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Figure 4. State separation of the Markov model to a fading and inter-fading states (Héder, 2006/4).

z = [z0, z1, z2, · · · , zN ] (3)

P =


p11 p12 · · · p1,N−1

p21 p22
. . .

...
...

. . . . . .
...

pN−1,1 · · · pN−1,N−2 pN−1,N−1

 (4)

From the transition probability matrix of the general N-state Markov chain model
(P , the CCDF (P (A ≥ Ai)) of generated attenuation time series can be calculated as the
steady state probability distribution of the Markov chain according to Eq. (5) and Eq. (6).

P (A ≥ Ai) =
N−1∑
j=i

zj (5)

z = P
T
· z (6)

To calculate the fade and inter-fade duration statistics of the generated time series, the
states of the N-state Markov model must be sorted into two classes, into the fading and
inter-fading states. The derived two-state Markov chain model is depicted in Figure 4, if
fade or inter-fade duration is considered at attenuation level Ai.

The zF fading state probability, zI inter-fading state probability and the pIF , pFI ,
pII and pFF probabilities are determined from the N-state model parameter using the
expressions Eq. (7) - Eq. (12) (Héder, 2006/4).

zI =
i∑

k=0

zk (7)

zF =
N−1∑

k=i+1

zk (8)

pIF =
i∑

k=0

N−1∑
m=i+1

zk

zI
· pkm (9)

pFI =
N−1∑

k=i+1

i∑
m=0

zk

zF
· pkm (10)

pII = 1− pIF (11)
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pFF = 1− pFI (12)

The fade and inter-fade duration probabilities for different attenuation levels and dura-
tion intervals can be calculated with Eq. (13) and Eq. (14), where pfd (Ai, t) and pid (Ai, t)
gives the probability of a fading and inter-fading respectively at Ai attenuation level with
duration of exactly t seconds.

pfd (Ai, t) = pt
FF · pFI (13)

pid (Ai, t) = pt
II · pIF (14)

Determining pfd (Ai, t) or pid (Ai, t) for different t duration values at the investigated
Ai attenuation level, the CCDF of fade or inter-fade duration can be calculated.

5. Parametrization of general model

By calculating model parameters all transformed data must be considered simultaneously,
therefore data series were concatenated as if we had one six years length measurement.
In the following this transformed and concatenated data will be mentioned as data of
hypothetical link. The state transition probability parameters of the model are determined
from the fade slope statistics of the hypothetical link data A(t).

5.1. The fade slope

Fade slope (ς) is a relevant second order statistics for planning purposes of e.g. appropriate
fade mitigation techniques, gives the gradient (in dB/s) of the fading at a given Ai . The
simulation time unit (STU) gives the time interval in seconds between two measured
attenuation values. Considering the time discrete measured attenuation data and STU,
the fade slope can be calculated with Eq. (15) and Eq. (16). The unit of fade slope is
dB/STU, tn is the nth time instant. In our case STU equals to 1 second because of the 1
Hz sampling frequency (see Section 2)

ς [dB/STU ] =
A(tn+1)−A(tn−1)

2

∣∣∣∣
A(tn)=Ai

(15)

tn = n · STU, n ∈ N (16)

5.2. The Gaussian fade slope model

The P (ς|Ai) (Conditional Probability Density Function (CPDF)) of fade slope can be
approximated in different ways. Max Van de Kamp provides an approximating expression
for satellite links in (van de Kamp, 2003). We carried out, that the CPDF of fade slope at
each different attenuation levels can be estimated well with simple Gaussian distributions
as given by Eq. (17) (Héder, 2006/2).

P (ς|A) =
1√

2πσς(A)
· e

− 1
2
·
(

ς
σς (A)

2
)

(17)

where A is the attenuation in dB, ς is the fade slope in dB/s. Because of the char-
acteristics of the fade slope, the expected value of the normal distribution is zero while
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Figure 5. The fitted and approximated attenuation dependent standard deviation of the Gaussian dis-
tribution function on the left and CPDF of fade slope for different attenuation levels calculated on the
hypothetical link and from the Gaussian fade slope model on the right.

Table II. The experimental parameters of
the Gaussian fade slope model

a 8.914·10−3

b −1.018

c 4.983·10−3

d 0.2874

the standard deviation parameter (σς(A)) depend on the given attenuation level A. An
approximation of the continuous function (σς(A)) can be made by curve fitting from the
standard deviations of P (ς|Ai), which are calculated from the hypothetical link data for
each investigated Ai attenuation level.

As obtained from the left of Figure 5 the attenuation dependent standard deviation of
the Gaussian distribution function can be estimated by power functions. In order to get
a quite good fitting the investigated attenuation levels had to be split into two intervals.
The well fitting exponential functions for the negative and positive attenuation levels are
expressed by Eq. (18). It must be mentioned that negative values are also existing because
the median of the data was chosen as zero level attenuation.

σς(A) =

{
a · ebA , A < 0dB
c · edA , A ≥ 0dB

(18)

The values of experimental parameters a, b, c and d are listed in Table II.
Unfortunately at high attenuation levels there aren’t many recorded points in the mea-

sured data. In this case, the calculated CPDF of fade slope is inappropriate for estimating
the standard deviation of the Gaussian distribution function at this level, so the applied
estimation algorithm gives faulty standard deviation value which should be ignored before
fitting. In Figure 5 on the right the CPDF of fade slope is depicted for different attenuation
levels, 2 dB, 5 dB and 8 dB, respectively. The solid lines show the CPDFs calculated
directly from hypothetical link data with Eq. (15) and Eq. (16), while the dashed lines
show the CPDFs calculated with the Gaussian fade slope model. This Gaussian fade slope
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Figure 6. Determination of the state transition probabilities from the CPDF of fade slope (on the left)
with two signed states of the Markov Chain.

model fits to the calculated CPDF of fade slope well for medium attenuation level as
obtained in Figure 5. At very low and very high (according to the maximum value of the
hypothetical link data) attenuation levels the Gaussian model fits not so well at fade slope
values farther from zero. This is not problem because as it is described in subsection C the
Markov model will go over maximum one state in the next step with highest probability,
therefore in our model parametrization method the most important fade slope values are
close to zero.

5.3. Markov model parametrization with Gaussian fade slope model

Determining the P (ς|Ai) (Conditional Probability Density Function (CPDF) of fade slope)
with the Gaussian fade slope model for every Ai attenuation levels as conditions, cor-
responding to the ith state, the pij transition probability (from state Ai to state Aj)
corresponds to the P ((ς = (Aj −Ai)/2|Ai) value. In Figure 6 in the right a typical CPDF
of fade slope at Ai attenuation level P (ς|A = Ai) is presented. Two states of the N-State
Markov Model with transition probabilities according to the CPDF of fade slope are also
depicted in Figure 6 in the left, where ςj = (Ai+j −Ai)/2. As it is presented in the figure
as well, the pi,i+j probability corresponds to the P ((ςj = (Ai+j −Ai)/2|Ai) value. If the
CPDF of fade slope is a continuous function, we get the exact value of the transition
probability with an integral around the proper fade slope value. In our discrete case a sum
is used instead of the integral.

6. Simulation results

6.1. First order statistics of hypothetical link data

As obtained from Figure 7, the attenuation CCDF of the generated time series fits very
good to the attenuation CCDF of the hypothetical data. The Markov model parameters
are calculated with the Gaussian fade slope model, so the CCDF estimation with the
provided N-State Markov Chain model works very well.

6.2. First order statistics on the measurement links

The attenuation CCDF of the generated time series calculated from the Markov model
parameters (Figure 7) belongs to the hypothetical link data. With our N-state Markov
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Figure 7. The attenuation CCDFs of the hypothetical link data and of the generated time series. The pij
parameters are derived from the Gaussian model.

chain model time series can be generated which are typical of the hypothetical link. This
time series realization must be transformed with the inverse of Eq. (1) to be typical of a
given measurement link. Obviously the attenuation CCDF can be transformed as well, so
in order to get the estimation of the CCDFs belong to a measurement link, this CCDF
function is to be transformed with the inverse of Eq. (1). First of all the occurred maximum
measured attenuation value for each links must be considered. The transition matrix of the
N-state Markov model is available from the absolute minimum to the absolute maximum
attenuation value occurred in our measurement. To estimate the measured attenuation
CCDF of a link, only the appropriate part of the transition matrix (P ′) must be considered,
which can be calculated with Eq. (19)-(21).

P
′
= {Pij | m < i, j < M } (19)

m =
Am,min −Ah,min

0.05
(20)

M =
Am,max −Ah,min

0.05
(21)

In the expressions m is the minimum, while M is the maximum state number belong
to the minimum (Am,min) and maximum (Am,max) attenuation level occurred in the mea-
surement after attenuation transmormation described in Section 3. The absolute maximum
and absolute minimum attenuation level occurred in the hypothetical link data series are
signed with Ah,min and Ah,max. From P ′ the estimated CCDF can be calculated with
Eq. (5) and Eq. (6). The results are depicted in Figure 8. Please note, that the CCDF of
the generated time series estimates very well the yearly CCDFs of the measured data in
case of every links.

Additionally the measured data series are only realizations of stochastic processes. If
we don’t consider the maximum and minimum values of the measured data, we will get
the widely usable predicted CCDF related to the given link. This method is described in
details in Section VII, which deals with prediction of first and second order statistics of
arbitrary links.
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Figure 8. The yearly attenuation CCDFs of the measured data and of the generated time series. The pij

parameters are derived from the Gaussian model.
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Figure 9. Fade (on the left) and inter-fade (on the right) duration statistics of the hypothetical link data
and of the generated time series belong to the hypothetical link.

6.3. Second order statistics of the hypothetical link data

Fade and inter-fade duration are very important second order statistics, fade duration gives
the length of the time interval during which attenuation exceeds a given threshold, while
inter-fade duration gives the length of the time interval during which attenuation is lower
than or equal to a given threshold. In order to profusely compare the generated and the
measured time series second order statistics of attenuation must be also examined besides
the CCDF of attenuation. In our investigations fade and inter-fade duration statistics
were considered (Héder, 2006/4). The fade and inter-fade duration statistics belong to the
hypothetical link data for different attenuation levels are depicted in Figure 9 for 2 dB
and 5 dB, respectively. The diagrams show the probability of a fading or an inter-fading
longer than the abscissa.

The fade duration statistics of the generated time series estimate quite well the fade
duration statistics of the hypothetical link data. At high attenuation values for example
for 10 dB the estimation is a worse. The main reason of this phenomenon is the very few
recorded data at these high attenuation value. The maximum of the hypothetical link data
is approximately 13 dB, because the link frequency is only 15 GHz and the path length is
1 km, so the rain attenuation is less remarkable than in case of higher frequency link with
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Figure 10. Fade duration statistics of the measured data and of the generated time series belong to HU11
(in the left) and HU36 (in the right).

longer path length. Unfortunately the inter-fade duration statistics of the generated time
series is almost the same at every attenuation level, therefore only one curve is noticeable
on the diagram, so the inter-fade duration estimation with this method is not usable. The
reason of the evolved very similar inter-fade duration CCDFs is the calculation method. In
(14) pII is very close to one, while pIF is very close to zero irrespectively of the attenuation
level. Therefore in the following we don’t deal with inter-fade duration statistics. However;
for higher attenuation levels the inter-fade duration CCDFs of the generated time series
estimates quite well the measured CCDFs up to 500 seconds duration.

6.4. Second order statistics on measurement links

The second order statistics of the generated time series belong to the measurement links
can be calculated with (1) from the statistics of the hypothetical link data. The fade
duration statistics belong to the HU11 and HU36 links for different attenuation levels are
depicted in Figure 10. In case of the measurement links 15 dB is a medium attenuation
level, the fade duration approximation is the best in such an attenuation threshold. At
attenuation levels 5 and 10 dB, especially at 5 dB attenuation level the fade duration
CCDF approximation is not so good. The fade duration statistics are also calculated for
the other measurement links but because of the limited volume of the paper their result
are only concluded in Table III.

6.5. The estimation error calculation

Taking a look at a CCDF diagrams, where at least the vertical axis is logarithmic, the
difference between the calculated and the estimated CCDF seem to be approximately
of the same grade at lower and at higher attenuation levels. But at higher attenuation
levels the CCDF curves take very low values, so the subtraction of the measured and the
calculated value is also very low. However; by determination the goodness of the applied
model, this low error value is as important as the the high error value at lower attenuation
levels. To eliminate the abscissa dependency of the order of error, the fraction and a natural
logarithm of the calculated and measured CCDF’s values are used in the expression Eq. 22
based on the ITU-R recommendation (ITU, 2003).
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Table III. The r.m.s of the logarithmic error between the estimated and the calculated
CCDFs

Site Name
Attenuation Fade duration CCDF Inter-fade duration CCDF

CCDF 5dB 10 dB 15 dB 5 dB 10 dB 15 dB

HU11 55.85 65.73 93.01 30.75 28.46 27.74

HU32 63.41 151.22 89.83 83.27 150.99 80.22 32.80

HU35 45.87 163.75 80.78 98.97 113.40 67.92 45.63

HU36 83.42 129.78 74.17 81.92 109.65 13.79 16.59

HU51 141.74 106.67 102.37 243.64 94.02 66.28 16.92

HU62 142.97 126.38 73.19 82.91 121.79 33.23 14.50

2 dB 5 dB 10 dB 2 dB 5 dB 10 dB

Hypothetical 31.63 76.69 293.63 418.65 46.13 13.13 20.63

εi = 100cdot ln
(

Pc (x ≥ xi)
Pm (x ≥ xi)

)
(22)

where εi is the estimation error, Pc (x ≥ xi) and Pm (x ≥ xi) are the values of the
calculated and the measured CCDFs at abscissa xi, which can be Ai attenuation level or
ti duration for attenuation CCDF or fade duration CCDF, respectively. The r.m.s. (root
mean square) of the error can be calculated with Eq. 23.

r.m.s =

√√√√( N∑
i=1

ε2i

)
/N (23)

where N is the number of the examined attenuation levels. The values of r.m.s error
for the attenuation, fade and inter-fade duration CCDF estimation in Table III. In cases
of measurement links the errors are calculated according to the statistics of the measured
data, while in case of the hypothetical link the errors are calculated according to the
statistics of the hypothetical link data. By fade and inter-fade duration CCDF estimation
the error is calculated for different attenuation levels. For the hypothetical link lower
attenuation levels are considered because of the maximal attenuation on this hypothetical
link (See Figure 7). As obtained from Table III as well, the attenuation CCDF estimation
is very good. The error values are a bit higher only in case of links HU51 and HU62. This
values corresponds to the attenuation CCDF curves in Figure 7 and in Figure 8. As it is
expected, the fade duration approximation errors are highly depend on the attenuation
level because of the different amount of recorded data in each attenuation level. The more
is the available data at an attenuation threshold the better is the Gaussian approximation
of fade slope distribution so the better is the fade slope CCDF estimation. The best results
can be obtained at medium attenuation levels.

In case of approximation of fading and inter-fading statistics the error values are cal-
culated considering the fade duration CCDF values only from 1 second to 1000 second
durations. The inter-fade duration estimation error values are smaller, because in this
time interval the estimated CCDF curve is close to the measured (see Figure 9). If longer
duration were considered by error calculation, the error values would be higher.
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Table IV. Parameters of the
proposed link

Location Szeged

R0.01 [mm/h] 35.97

Frequency [GHz] 15

Polarization V

Length [km] 15.17

7. Estimating first and second order statistics of arbitrary links

In this section an example is presented how to use the above described model and method
to estimate first and second order statistics of microwave link in the planning phase.
The R0.01 value necessary to know related to the location where the new link will be
deployed. In this example the parameters of the proposed link are listed in Table IV IV.
It must be mentioned, that this is a valid link belongs to our countrywide measurements
system, but the measurement on this link is considered during the N-state Markov model
parametrization. So the measurement is only used for checking the predicted CCDF results.

For prediction of the expectable attenuation CCDF the transition matrix of the N-
state Markov model with the presented parameters (described in Section 5) is used. The
steady state CCDF of the Markov model (Figure 7) can be determinate from the transition
matrix with Eq. (5) and Eq. (6). Than this CCDF must be transformed with the inverse of
Eq. (1 to our proposed link with given parameters (Table IV). Additionally if the expected
maximum value of attenuation on the proposed link can be estimated, it can be also
considered by Eq. (19) - Eq. (21) during predicting the expectable attenuation CCDF.
In Figure 11 on the left the evolved expectable attenuation CCDF with and without
considering the maximum expectable attenuation value and the CCDF of the measured
one year length attenuation time series realization are depicted. The CCDF prediction is
very good for lower attenuation levels than 15 dB, if the maximum expectable attenuation
is not considered and we employed only the given link parameters for the transformation
of the steady state CCDF of the N-state Markov chain model.

Additionally with the fact in view, that the CCDF signed with dashed line belong to
one realization, so a CCDF of an other realization or a CCDF calculated from a long
term measurement should be closer to the predicted CCDF. Otherwise if the maximum
expectable attenuation value is considered, the CCDF prediction works very well. The
fade duration CCDF of the Markov model can be determined from the transition matrix
of our Markov model for a given attenuation level as it is described in Section 4. Than the
expectable fade duration CCDF related to the proposed link can be get with transforming
the attenuation threshold with Eq. 1 considering the link parameters. In Figure 11 on the
right the evolved expectable fade duration CCDFs and the fade duration CCDFs of the
measured one year length attenuation realization are depicted for different attenuation
levels. The fade duration CCDF prediction is quite good at 15 dB attenuation level,
especially that we only use the proposed link parameters and our general N-state Markov
model for predicting the fade duration CCDF. For lower attenuation levels the fade slope
CCDF prediction is not so good.
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Figure 11. Attenuation CCDF prediction (on the left) and fade duration statistics prediction (on the
right) with the N-state Markov model on a proposed link in Szeged and the CCDF of a one year measured
attenuation on the deployed link.

8. Conclusion

In this contribution we focused on providing a general N-state Markov Chain model
proposed for attenuation time series generation. With this model very accurate realization
of the physical fading process can be achieved. The model is applicable for estimating
the CCDF of rain attenuation on high frequency microwave links, which is highly im-
portant by planning microwave connections, for instance the feeder network of a cellular
mobile communication system, because the knowledge about the CCDF of the expected
attenuation helps for instance setting the fading margin correctly. In order to parametrize
the N-State Markov Chain model a measurement were considered, which was performed
on terrestrial microwave links operating in the 15-38 GHz frequency band. The model
parameters were derived from our Gaussian fade slope model. The attenuation dependent
deviation parameter of the Gaussian fade slope model was determined from measurement.
A comparison was given of both the attenuation, fade and inter-fade duration CCDF of
the generated time series and of measured data. These first and the second order statistics
related to the different measurement links were determined exactly from the Markov model
parameters. We found, that the CCDF estimation is very good and the fade duration
CCDF estimation is quite good at medium attenuation levels. The inter-fade duration
CCDF estimation is unfortunately doesn’t work because of Markov model characteristics.
Finally an example was provided how to predict the first and second order statistics of
a proposed microwave link in the early planning phase with our N-state Markov model.
The proposed model is planed to contribute to ITU-R recommendation as a potential
candidate for attenuation time series generator. As future work the size of the database
of the measured data should be increased, in order to get a more precise estimation of
the Gaussian fade slope model at every attenuation levels. We expect, that applying a
larger database of measured data the accuracy of the fade duration CCDF estimation
could be improved. Measurement data from other climate zones should be applied as well
in order to get a more general geographic region dependent model, which can be used in
other countries. Additionally, there is another possible Markov model parameter fitting
method by minimizing the r.m.s error between the measured and the estimated CCDFs.
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This method is described in (ITU, 2003). Applying it would lead to an other parameter
set.
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