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Abstract

This manuscript is intended for providing solutions to mobile fading channel simulations. The first part gives problem
formulation and requirements of the simulators. Secfiowill give a detail description of Time-Domain and Frequency-Domain
method to simulate mobile fading channels. Sectiowill present the main steps in the simulation and the choices of key
parameters. Sectiohshows the simulation and verification results based on theory. In the final part, a conclusion will be drawn.
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|I. SIMULATION REQUIREMENTS
AND mobile fading channel simulator- In this problem, | will create a computer program to generate realizations of a
Rayleigh fading process based on the frequency domain method and time domain method described in the class. In order
to test the simulation program, generate a realization of a fading process where the maximum Doppler(fdtz.ighen
the following results will be presented:

a) Plot the power spectral density of the fading signal.
b) Plot a single realization of the amplitude and phase process using a sampling tat&téz for a time span ofl00

msec.
c) Calculate the average rate (in crossings per second) at which the fading amplitude crosses flterfaseX (10 dB

below its rms level) in the positive going direction. Compare it with its theoretical value given in the class.
d) Calculate what fraction of the time the amplitude of your fading process is morel ta below its rms value. That
is if X is the amplitude of the complex random process, what fraction of the time is

X2

Then measure this quantity based on the simulator and compare it with the theoretical value obtained in the class.

| will also create a computer program to generate realizations of a Rayleigh fading process based on the time domain method.
Start by creating a third order filter as described in the class. Use the same parameters as given in Frequency Domain Method
Then present the following results:

a) Plot its autocorrelation function.
b) Repeat b, ¢, d from Frequency Domain method requirements.

Il. PREVIOUS WORK

A. Frequency Domain Method

Firstly we should define the intended realization of the mobile fading channel’'s observation window in time domain. i.e.,
represented as(¢t),t € (0,T). By reproducingz(t) everyT seconds to generate a period signal which has a fourier series

n=oo
T

representation of the repeated sigiéd) = > "—~  x(t —nT) and PSD.
The fourier transform of:(t) is given by

Bt) = > Xpelh 1)
k

and power spectrum density function (PSD) is given by

Sax(f) = Y ord(f = kfo) 2)
k

Your name is with xyz Department. ..
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whereo? = E || X;|?].

However thes? can be chosen to shape aribitrary shape of desired PSD. In Modeling of Wireless Channed$, see
get the PSD of the Rayleigh fading channel is

P 1
T\ 1= (f/fa)

where f; is the maximum doppler spread.

By se-zlectinga,%, taking form of W
constraints.

to match the bathtub shape and e}, 07 = 1 to satisfy the unit power

B. Time Domain Method

Time domain method is supposed to create desired channel simulator by carefully designing a filter. We generate white
Gaussian process with zero mean and unit variance to pass through the filter, the autocorrelation of the output will be denoted
as

(I)X)((T):CDNN(T)*h(T)*h(—T):h(T)*h(—T) (4)

The rayleigh fading channel’s autocorrelation function is well known td§iér f;7), the central point of time domain method
is to carefully design a filter whose autocorrelation function takes fornf é&r f;7) as much similar as possible. If we use
3 order IIR filter for simulation, it can be constructed as drerder and one-order filter's concatenation.

2
0 Hy(s) =

s+ wp’

w
H — - *
1(5) 52 4 28wos + w?

and
w
$3 + (28wo + wo)s? + (w§ + 26wd)s + w

The continous time filter can be mapped to discrete time filter by this transform

H3(z) = Hs(s)|

Hs(s) = (%)

=2r (152

For 3-order transfer function
H ( ) X(Z) b0+b1271 +62272+b3273
A = =
3 N(z) ap+arz7!+azz72+azz=3

The coefficients are listed as follows
bo = bg :wg,bl = b2 = 3&)3

ap = 8f3 + Nidf2 + No2f, +wi
ay = —24f3 — M4f2 + Xo2f, + 3w
ag = 24f3 — M4f? — \o2f, + 3wp
az = =82 + \4f2 — M2fs + wj
A= wo(1 +26), Ao = wi(1 + 2¢)

The 3-order filter can be realized dsorder and2-order system’s concatenation.

hs(t) = /OO e Uyt — 7)e” 7 sin(Br)u(r)dT
_ e “u(t)(=1 + cos Bt)
= 3 (6)

Thus corresponding autocorrelation function would take form as (Verified by Map)e

ha(t) * hg(—t) = /OO hs(t + 7)hs(T)dr

—00
B e(=at) (232 + cos(|t|3) 32 + 202 + 33sin(|t|B)a — 2 cos(|t|B)a? %
N da(4a? + 52)(a? + 32)
The autocorrelation in Fig.is drawn by takem = 27y, 8 = 2 fo\/1 — &2, hereé = 0.175, fo = 10Hz. The discrete
autocorrelation function is calculated by inverse Z transforntgfz) to gethi(n), then computéi(n) x h(—n).
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I1l. METHODOLOGY
A. Frequency Domain Method

a) The first step of frequency domain method is to determine the number of the frequency component to represent the
bathtub-shaped PSD. Herein we hafe= 100 Hz, f, = 10 kHz, T' = 100 ms, fy = 10 Hz. ThusM = H—” = 10.
We need to generat2M + 1 = 21 iid. complex Gaussian random variables with

g _ p

BIXi] = 0, B[ X4 = of = = — ®
f3 = (kfo) (M fo)” = (kfo)
— (M-1)p
The slope a{M — 1) fy can be denoted a8 oar—1)275 thus the truncated value af f, should be
o B (M-)p _ pEM-2) ©
M VoM — 1 fo(2M —1)3/2 — fo(2M — 1)3/2
Thus
k=M M—1
3M — 2
S o= B . B( ) LB

b S ap)? —hpp)? PEM DY Mo

In order to unify the output power, we should chogse- 3.221615. We can use Matlab’s build-in function e&ndnto
generate zero mean, unit variance complex Gaussian distributed random variable. Here we génerate= 21 iid.
Gaussian distributed random variables with variamg¢eespectively.

b) The sencond step is to sum up the complex random variables to form a random process for time(itEjval

k=M .
X(t)= > Xpel?™r (10)
k=—M

Then we can sample gt = 10kHz to get the desired’/T, = f./fo = 1000 samples.

k=M ‘
X[i] = X(iT) = > X, o2 (12)
k=—M

B. Time Domain Method

a) Here we havef; = 100Hz, f; = 10kHz. The first step of time domain method is to determine the ARBJAY
system function. Substitute, = 27 f;/1.2 and{ = 0.175 to the equations representing coefficients of numerator and
denominator.

b) Inverse Z transform of{3(z) to get the time domain filter coefficients(n). We definen, as #ﬂ% < 0.01, we
will truncate infinite length IR filter to FIR. By substituting, £ into the coefficients representatni'on gormular we get:

+0.1328287684e—1+1+(.9895688730—0.5104903619¢—1x1)"™ —0.1585969046¢e— 1x(.9895688730+0.5104903619e¢—1+1)"

—0.1328287684e — 1 % I * (.9895688730 + 0.5104903619¢ — 1 % )"

, by checking Fig., the desiredhy would around230.
c) NormalizeH (z) by let 851/ 5."=""" h2(n) = 1 to have unit power or unify the autocorrelation sequehe) * i.(—n)

atn = 0, we getg, = 23.2838 .
d) Creat an input sequence with zero mean unit variance complex Gaussian distribution, the leggihdsrun the input
to the filter to get rid of any transients by usifgTrans Zi] = filter(B, A, XTrans).
e) Generate the input sequence with number00imsx 10kHz =1000 zero mean unit variance complex Gaussian variables,
run through the filter and take the output as a single realization of the fading process. Note that we will use matlab

built-in filter function in way like:[Y, Zf] = filter(G2 B, A, X, Zi).

C. Test of Fading Simulators

Theoretically speaking, the average number of times per second that the magriitudé the fading process crosses some
thresholdp/a,.,s in positive going direction satisfy the following equation:

Nr =V 27rfdpe_”2,arms =/ E[a?] (12)
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The average period of time for which the received signal remains below a specifieg Jeygl; should be
\ = e’ 1
V2mpfa
In this simulation, thez,.,s = 1Watt, p would be1/1/10, thus Ng = 71.72 and A = 0.13268%.
In my simulations, we sample &t thus only get discrete sampling points. We define positive going accross predefined

threshold occurs iffa(i) < Thresholda(i + 1) > Threshold. The average fade duration is calculated as consecutive sampling
points whosex(i) < Threshold.

(13)

IV. RESULTS
A. Simulation Results

Figure 2 shows the frequency domain method wiy,changing simutaneously at every time instant and time domain
without eliminating filter delay’s impact on the output.We can see that for frequency domain method, the frequency component
is Gaussian distributed with corresponding variance, the values changes very quickly, actually | just ddavypaint sampling
of a rayleigh distributed random process. Thus we only need gen&ratence for the frequency domain method. For the
time domain method, we need to eliminate any transients.

The filter coefficients for its first000-taps after inverse Z transform come out to be shown in following figure

It tells us we can estimate the filter if realized by FIR, the filter tap may as well dee80asp FIR filter if definen, as
% < 0.01. In my simulation, | choosey to be 600.

The output of frequency domain method and time domain method’s autocorrelation and corresponding PSD are drawn in
the following figure4.

From above figure, we can clearly see both method get a similar performance.

The matlab code for these two simulations are listed as follows:

function FadingCH_simulator
clear all;
close all;
format long;
fd=100; % Doppler Rate
fs=10000; % Sampling Rate
T=0.1; % Observation Interval
f0=10; % Base Frequency
beta=1; % Normalized Factor
M=floor(fd/f0); % Rays in Positive Axis
num_sample=floor(T*fs); % Number of samples in the observation interval.
ji=sart(-1);
X=zeros(1,2*M+1); %Gaussian distributed frequency component
EX=zeros(1,2*M+1); % Expectations of sigma_k"2
Y=zeros(1,num_sample+1); %Output of a single realization of rayleigh fading channel
%Expectations of sigma_k"2
EX(M+1:2*M)=1./sqrt(fd"2-((0:M-1)*f0).”2);
EX(2*M+1)=(3*M-2)/(f0*(2*M-1)"(1.5));
EX(1:M)=EX(2*M+1:-1:M+2);
beta=1/sum(EX);
EX=beta*EX;
%Generate Gaussian Random Variables with variance of sigma_k"2.
X=sqgrt(1/2)*(randn(1,2*M+1)+jj*randn(1,2*M+1));
X=X.*sqrt(EX); % Normalize to desired variance
for i=1:num_sample+1

Y (i)=sum(X.*exp(jj*2*pi*(i-1)*fO/fs*(-M:1:M)));
end
RMS_Y=20*log(sqgrt(sum(Y.*conj(Y))/size(Y,2)));
omega0=2*pi*fd/1.2; %Filter Parameters
xi=0.175; %kFilter Parameters
bO=omega0"3;
b3=omega0"3;
b1=3*omegal”"3;
b2=3*omega0"3;



THIS IS FOR LEFT PAGES

lambdal=omega0*(1+2*xi);
lambda2=omega0”2*(1+2*xi);
a0=8*fs"3+lambdal*4*fs"2+lambda2*2*fs+omega0”3;
al=-24*fs"3-lambdal*4*fs"2+lambda2*2*fs+3*omega0”3;
a2=24*fs"3-lambdal*4*fs"2-lambda2*2*fs+3*omega0”"3;
a3=-8*fs"3+lambdal*4*fs"2-lambda2*2*fs+omega0”"3;
B=[b0 bl b2 b3];
A=[a0 al a2 a3];
TransientXIn=sqrt(1/2)*(randn(1,250)+jj*randn(1,250));
[TransientYOut,Zi]=filter(B,A, TransientXIn);
Xln=sqgrt(1/2)*(randn(1,num_sample+1)+jj*randn(1,num_sample+1));
[YOut,zf]=filter(B,A,XIn, Zi);
RMS_YOut=20*log(sqrt(sum(YOut.*conj(YOut))/size(YOut,2))); %RMS Calculation
YCount=0;
YOutCount=0;
for i=1:num_sample

if (20*log(abs(Y(i)))<RMS_Y-10)&(20*log(abs(Y(i+1)))>RMS_Y-10)

YCount=YCount+1,;
end

if (20*log(abs(YOut(i)))<RMS_YOut-10)&(20*log(abs(YOut(i+1)))>RMS_YOut-10)
YOutCount=YOutCount+1,;
end
end
YPeriod=0;
YOutPeriod=0;
i=1;
while (i<=(hum_sample+1))
if (20*log(abs(Y(i)))<RMS_Y-10)
i=i;
while(i<=(num_sample+1))&(20*log(abs(Y(i)))<RMS_Y-10)

i=i+1;
end
YPeriod=YPeriod+i-j;
else
i=i+1;
end
end
i=1;

while (i<=(num_sample+1))
if (20*log(abs(YOut(i)))<RMS_YOut-10)
=i
while (i<=(num_sample+1))&(20*log(abs(YOut(i)))<RMS_YOut-10)

i=i+1;
end
YOutPeriod=YOQutPeriod+i-j;
else
i=i+1;
end
end
figure(1);
grid on;

plot((0:num_sample)/num_sample*0.1,20*log(abs(Y)),-);

xlabel([Time [sec] Level Cross Rate ' num2str(YCount) /1001 times’

'‘Average Fade Duration ' num2str(YPeriod/1001*100) '%);

ylabel('Magnitude [dB]’);

titte(Frequency Domain Method: A single realization of fading channel amplitude’);
figure(11);
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grid on;

plot((0:num_sample)/num_sample*0.1,20*log(abs(YOut)),-");

xlabel([Time [sec] Level Cross Rate ' num2str(YOutCount) /1001 times’

'Average Fade Duration 10dB below RMS ’ num2str(YOutPeriod/1001*100) '%7);
ylabel('Magnitude [dB]);

titte(Time Domain Method: A single realization of fading channel amplitude’);

V. CONCLUSIONS

In my fading channel simulator, both frequency domain method and time domain method work and output corresponding
single realization of rayleigh fading channel. The autocorrelation and corresponding PSD are draw. ifiH&geerification
purpose of cross level rate and average fade duration is calculated and further verifications needed to be done.
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Frequency Domain Method: A single realization of fading channel amplitude

20 T T T T T T T T

Time Domain Method: A single realization of fading channel amplitude

20 T T T T T T T T
* | VA A/\/\/\\/\/\Af/k\ /
v
o Il i I \ fife -20t+ .
LI I‘M Ji
L 1
~10 { ‘\|“ ’l’ “‘\“‘ “H‘H \M
= — -—60 T
)
S -20 } 5
] @
E S -8 1
= 2
& -30( %
=
= -100 - o
40 H
-120 .
50| 4
-140} 4
—60 [~ b 160} 4
=70 Il Il Il Il Il Il Il Il Il -180 L L L L L L Il Il Il
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time [sec] Level Cross Rate 207/1001 timesAverage Fade Duration 31.5684% Time [sec] Level Cross Rate 10/1001 timesAverage Fade Duration 27.8721%
Frequency Domain Method: A single realization of fading channel amplitude Time Domain Method: A single realization of fading channel amplitude
20 T T T T T T T T T 20 T T T T T T T
10 B
101 B
/ :
i | \/
— /\ — =20 b
o o
k=) k=)
3 ]
S -10- - 3 -30 b
g v Vi
= =
s s
—40 4
—20| 4
50 4
60| 4
—301 4
—70F 4
-40 I I I I I I I I I -80 I I I I I I I Il Il
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time [sec] Level Cross Rate 10/1001 timesAverage Fade Duration 32.1678%

Time [sec] Level Cross Rate 8/1001 timesAverage Fade Duration 26.2737%

Fig. 2. Frequency Domain Method Wit ; Changing with time Time Domain Method without eliminating initial transients.
Frequency Domain Method witl(;, generating once and Time Domain Method with elliminating Transients.



THIS IS FOR LEFT PAGES

0. 03 p\

0. 025

©
o

o
o

o o
o O
S =

I 1 YT T T = N T @ O I O\ I
—

m\

T 1T 1T 11 r 11 1T 1T 1 1T 1T"1T"1

| I
200 400 600 800 1000

o

(@) |

Fig. 3. Filter Coefficients for First 1000 tap (ABS Value)



THIS IS FOR LEFT PAGES

500

400 -

Magnitude

100

Magnitude

400

300

100 -

Magnitude

w

o

o
T

N

o

o
T

Magnitude
N
o
o
T

Frequency Domain Method: Output Autocorrelation

10

0
—1000

x 10

—800

—600

—-400 —-200 (0] 200 400
Time @10KHz

Frequency Domain Method: Output PSD

600

800

1000

10

0.1

0.2

0.3 0.4 0.5 0.6 0.7
Frequency

Time Domain Method: Output Autocorrelation

0.8

0.9

0
—-1000

—800

—600

—-400 —-200 0 200 400
Time @10KHz

Time Domain Method: Output PSD

600

800

1000

12

10

0.1

0.2

0.3 0.4 0.5 0.6 0.7
Frequency

Fig. 4. Frequency and Time Domain Method: Ouput’s autocorrelation and PSD

0.8

0.9



