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Abstract: The aim of this paper is to study the performance of a matched filter for baseband binary .
transmission when subjected to Gaussian noise. A BER performance simulation model is created which -
consists of a BPSK encoder, a transmission SQRC filter, a Gaussian noise generator, a receive SQRT s
filter and a BPSK decoder. A Monte Carlo simulation technique is used to determine the dependency  «
of BER performance on the signal to noise ratio. A MATLAB program and a MATLAB SIMULINK s
program was written to generate the required data. The MATLAB results show good agreement with
statistical theoretical predictions. 7

Keywords: matched filter; baseband binary transmission; gaussian noise; BER performance; BPSK ¢
encoder; BPSK decoder; SQRC filter; signal-to-noise ratio (SNR); Monte Carlo simulation; MATLAB
simulation; MATLAB SIMULINK; statistical predictions 10

1. Introduction 1

High-speed digital transmission of baseband data has become an important part of communication
systems. However, when data are transmitted at high speeds over long distances, the signal is subjected 1
to noise levels, which can affect the signal output and cause errors in the received data. To reduce errors, 1
matched transmission filters and reception filters are commonly used in high-speed transmissions 1
such as a matched SQRC filter [1]. 16

The purpose of this paper is to investigate the effect of noise on a baseband transmission line that 1
is filtered at both ends. This will involve the simulation of a binary transmission, which is represented 1

by the block diagram shown in Figure 1 [1]. 19

Binary in

.| BPSK {Ak} | Upsample | Transmitter Raised
{bk} "| Encoder g "| Cosine Filter

y

» BER AWGN

| Counter Channel
Jok BPSK JAKE | sample | Receiver Raised
Binary out Decoder Cosine filter

Figure 1. Baseband binary simulation.

The simulation will involve passing a binary signal through a BPSK encoder which converts the 2
signal into polar data. The signal is then upsampled and passed through a matched transmission =«
SQRT filter. An AWGN noise signal is added to the transmitted data, using various values of SNR, =
and is received by a matching SQRT filter. The received filtered data is then sampled and converted to 2
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binary data a Maximum Likely rule. To determine the BER value for various values of SNR, a Monte 2
Carlo method is used in which a large random sample of input data is generated [1,2]. 2

This paper considers two simulations. The first baseband binary simulation will be carried out by =
creating a MATLAB [3] program to produce BER data. The second simulation will be carried out using =
SIMULINK to produce BER data. 2

Both experimental simulations show good agreement with each other and the theoretical predic- 2
tion. The theoretical prediction is discussed in the following section. 20

2. Theoretical Prediction of BER a

The simulation of matched filtering for baseband binary transmission initially involves the =
conversion of unipolar binary data into bipolar data [4]. A sequence of unipolar data b is converted s
into a polar data sequence A by the formula: N

A;j=2bj—1, i=1....N

where i is the i element of the sequence and N is the length of the sequence. 35
For example the sequence b = [101101] is converted to the sequence A = [ 1-1 1 1 -1 1. =
The data is then passed through a transmission raised cosine filter, which is used to pulse shape the
signal and minimize InterSymbol Interference (ISI) [5]. The theory involved in this type of filter is s

described in the following section. 39
2.1. Raised Cosine Filter Theory 40
A raised cosine filter has a frequency spectrum given by the formula [6]: a
T 1< 5P
1- 1- 1
H(f) = §[1+cos(BL[If1- %E])] HE <1< HE 1)
0 , otherwise
where f is a roll-off factor in the range 0 < § < 1, and T is the reciprocal of the symbol rate. a2

The impulse response P(t) = F~![H(f)] of the raised cosine function for values of = 0.0,0.5
and 1.0 is shown in Figure 2 (as produced on a Maple package). a4
It can be seen in Figure 2, P(t) has zero values at the normalized sampling times T = 1,2,3,...,
which leads to zero ISI values being zero at all sampling points provided delay is taken into account 4
[7/8]‘ 47

Impulse response of Raised Cosine Filter

o I _U ! "\___.-"'
%ample Time
beta=0
beta=0.5
beta=1.0

Figure 2. Impulse response of a raised cosine filter.
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A raised cosine filter is commonly used at both ends of a transmission line. In practice a matched 4
filter system is used at both ends in order to maximize signal-to-noise ratios and hence minimize the 4
bit error rate (BER) [9]. In this paper a pair of square-root raised cosine filters is chosen at both ends,
which is equivalent to the signal being subjected to a single raised cosine filter [1]. 51

To demonstrate the effect of an SQRT filter on input polar data, a 30 symbol random sampleis s
selected, as shown as message data in Figure 3. The filtered output of an SQRT filter is also presented s
in Figure 2 which has been upsampled by a factor of 16 and is compared with the message data, which s
have been shifted by a delay factor of 4 [10]. The output data from the transmit SQRT filter (without s
further upsampling) are passed through the receive SQRT filter, which has an output shown in Figure s

4. It can be seen that zero ISI values occur when the input message is delayed by 8 [11]. 57
The MATLAB program presented in Appendix 1 was used to generate the data presented in s
Figures 3 and 4 respectively [12]. 59
I Fire ‘ I T i Deskt Wird Hely Q@S]
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o Message data (delayed by 4) and Transmit Filtered data _
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Figure 3. Square root raised cosine transmitted data (roll off factor B = 0.5) compared with message data (shifted

by a delay factor 4 symbols).
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Figure 4. Square root raised cosine received data (roll off factor f = 0.5) compared with message data (shifted by

a delay factor of 8 symbols).

2.2. Gaussian Noise 60

When noise is introduced in the transmission line, the ISI will no longer be zero at the sample &
points, and depending on the magnitude of the signal-to-noise ratio can lead to bit errors at the e

receiving end [13]. The theory for predicting BER rates as a function of SNR is as follows. 63
Consider an input signal S;(t) to a matched filter system over an AWGN channel with an output  «
signal S, (t) + Ny (t), where Ny (t) is the noise function as shown in Figure 5 [1,14]. o5

To simulate noise, a Gaussian distribution is used to model the noise level in the transmission line, ¢
which is assumed to have a zero mean. A Gaussian function with a mean of +A volts and a Gaussian ¢
function of mean —A volts are shown in Figure 6 [15,16]. o8
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Si(t) So(t)+Ny(t)
Figure 5. Diagram of a Matched filter.
I 1 I
Green Area in which Blue Area in which code

code 1 is mistaken as -1 -1 is mistaken as 1

Figure 6. Gaussian distribution.

As shown in Figure 6, the probability that code 1 is mistaken as code —1 corresponds to the area
of the green section and the probability that code —1 is mistaken as code 1 corresponds to the area of
the blue section [13,17].

From the Gaussian distribution, these probabilities are represented by [13,16]:

(Probability of bit 1 mistaken as -1) = )2/20% 1 (2)

0\/_

and (Probability of bit -1 mistaken as 1) = —(x AP /207 g (3)

a\/_

The probability of a bit error occurring in a transmission line subjected to Gaussian noise is given

by:

P, = (Probability of bit =1) x ( Probability of bit Imistaken as -1)

4
+ (Probability of bit =-1) x (Probability of bit -1 mistaken as 1) @

Since (Probability of bit = 1)= (Probability of bit = —1) = 0.5 then probability of a bit error is:

P, = 0.5 x (=412 43 0.5 x —H A2 gy 5
4 0_\/— 0_\/— ( )
Using symmetry:

P —(x+A)2 /20?7 dx 6

On making the substitution: u = #, then

1 b 2

P, = —/ e 424y 7
¢ V2 JA o @)

69

70

71

72

73

74

75

76

7

78


https://doi.org/10.20944/preprints202501.1252.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 January 2025 d0i:10.20944/preprints202501.1252.v1

50f17
A
ie, P,= Q<0> where 79
1 ®© 71/!2 /2

X) = — e du 8

QM) = | ®)
For a polar signal of £A volts, the mean signal power S = A2. 2
For a Gaussian distribution, normalized Gaussian noise, for a zero mean, is equal to the expected &
value: 1 o 8

N =E(x?) = / 2o 2 gy = o2 9

( ) OV27m J—o0 ®)
Hence on substituting A = /S and ¢ = /N into Equation 8 give the probability of a bit error as [17]: s
For a polar signal, 84

S

P.=Q N = Q(VSNR) (10)
where SNR is the ratio of signal to noise. &
3. Simulation Model Using MATLAB Programming 8

A random number generator is used to generate a source of binary data for transmission through &
a filtering system. Before filtering, the binary data are first converted to Non-Return to Zero (NRZ)
bipolar data using a BPSK decoder [1,14]. A raised cosine-matched SQRC filter is used at the transmis- &
sion end and at the receiver end in the simulation model. This type of matched filter has the advantage
that the shape of the waveform does not cause Inter-Symbol Interference (ISI) of the signal between o
the transmitter and receiver [7,8,13]. 02

3.1. Simulation Using Programming 93

A MATLAB program was written to generate BER vs. SNR data for a matched filtering of o
baseband binary transmission using the Monte Carlo method as shown in Appendix 2 [1,11,18]. o
A sequence of 50,000 unipolar data points, denoted by b, was created using a random number
generator. The data is then converted to polar data, denoted by A, using the formula A; =2 xb; —1, o
where b; and A; are the i elements of the sequences b and A respectively [2,4]. %
The MATLAB command RCOSFLT was used to generate transmission output data from a square
root raised output filter using an upsampling value of 16, a delay of 4 and a roll-off factor of 0.5. The 10
MATLAB RCOSINE command was not used in this program, since this function is incorporated into 1
the MATLAB RCOSFLT function [1,8]. To generate Gaussian noise data from the transmission output, 10
the command AWGN was used, which was set to SNR values ranging from 1 to 12 [1,2]. 103
The received square-root raised cosine filter used in the program was also generated from the 1
MATLAB RCOSFLT function, which was set without further upsampling [6,11]. The received filtered 105

data was converted to unipolar data by using the Maximum Likelihood rule: 106
1 ifA" >0
by = { 0 1 fAl <0 involving the MATLAB if statements. (11)

In order to computerize the BER values, the first 8 symbols of the output sequence were removed 107
from the output data to compensate for the delay of 4 in each of the two raised cosine filters [18]. 108
The BER value was obtained by comparing the truncated output sequence with the input sequence 10
using the MATLAB sumerr function which counts the number of non-matching bits occurring between 10
the input and output sequence [4-6]. m
To ensure an accurate estimation of the bit error, a random sample of 50,000 symbols was 1w
generated for the input sequence. A loop was used to generate BER data for SNR values ranging from w3
1to 12 [9,10]. 114
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Theoretical BER values were also computed in the MATLAB program for comparison purposes. us

The results of this program are discussed in the results and discussion in Section 4. 16
3.2. Simulation Using SIMULINK 17
A SIMULINK program [3,18] was developed to simulate the BER vs SNR values for matched s
filtered baseband transmission as shown in Figure 7. 119
] bpskdoc15 FEX
File Edit VYiew Simulation Format Tools Help
DEE&E & & = » 50000  |Nomal FEEREE R
[Matched Filtering using Monte Carlo Simulation |
Binary " " Square root
Bernoulli Binary BPSK Raised Cosine - Complex to
Generator Modulator Transmit Filter e(w) Real-Imag
Baseband
AWGN
L T AWON Channel
Eror Rate
alculation >
[ i
Error Rate Calculation o) ,
ptay
BPSK u+iK Real-Imag to
Demodulator T |complex
Baseband
AL
(1 ) BPSK > —«/\, >
Out! Square root
Raised Cosine
Receive Filter
Ready 100% odedS

Figure 7. Matched Filtering using Monte Carlo Simulation Demonstration for a 50000 random bit sequence, with
AWGN set to SNR = 2 dB.

In the SIMULINK block diagram, the Bernoulli binary block was used to generate binary data 12
using random seed of 61. To generate polar data from the binary data, a BPSK modulator block was 1
used in which the phase offset was set to pi [6,8]. This ensured that the binary code 1 was encoded as 1
1 and the binary code 0 was encoded as —1. The upsampling of the data was incorporated into the 12
SQRT transmit filter using an upsampling ratio of 16 : 1. The roll-off factor was set to 0.5 with a chosen 1
delay of 4 [5,6]. 125

It should be noted that the output from the BPSK encoder and the SQRT filter is represented as 12
a complex number in which the imaginary part is zero [2,18]. In order to avoid the AWGN channel 1r
creating noise on the real part and the imaginary part of the complex number output, a real part s
converter was placed before the AWGN block channel as shown in Figure 7. A real number conversion 12
to a complex number block was required after the AWGN channel for consistent matching of the data 1
in the matched receive filter [5,8]. 131

The receive cosine filter was set to 16 input symbols per second with group delay of 4 and roll-off 1z
factor of 0.5. 133

The BPSK demodulator was set with phase offset of pi to decode the polar bit —1 as 0 and to 1
decode the polar bit 1 as 1. 135

The Error rate calculation block, was set with a received delay of 8 (since each of the two matched 13
filters were each set with a delay of 4). The computation delay was set to 0. The target number of 1
errors and the maximum number of symbols in the Error rate calculation block was set to infinity [7,8]. 13

4. Discussion and Results 130

A MATLAB program was written to generate BER data vs SNR values ranging from 1to 12as o
shown in Appendix 2. A sequence of 50,000 random data bits was generated to ensure sufficient 1
accuracy with the theoretical data, which is also produced in the same program [1]. The graphical 1
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output and tabulated output generated by the computer program are shown in Figures 8 and 9,

respectively.

10°
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Figure 8. Experimental and Theoretical BER versus SNR (dB).

Command Window
SNR {dB) BER (Exp] BER (Theory)
1.0 1.315e-001 1.309e-001
| 2.0 1.038e-001 1.040e-001
3.0 7.882e-002 7.890e-002
4.0 5.570e-002 5. 650e-002
5.0 3.628e-002 3.7682-002
6.0 2.278e-002 2.301e-002
7.0 1.328e-002 1.259e-002
5.0 5.800e-003 6.004e-003
9.0 2.760e-003 2.413e-003
10.0 9.200e-004 7.827e-004
11.0 2.200e-004 1.940e-004
12.0 6.000e-005 3.430e-005

>

Figure 9. Tabulated Experimental and Theoretical BER versus SNR (dB).

Figure 8 shows good agreement between the theoretical and experimental data. Some discrepancy
in the experimental data occurs at high values of SNR which is to be expected since the BER values
are in the region of 10*. To improve accuracy for higher values of SNR, a simulation run of at least
10/BER = 10/10~% = 10° should be used in the program.

A MATLAB SIMULINK program was also run with a symbol size of 50,000 random binary data.

As seen in Figure 7, a bit error rate of BER = 0.1034 was obtained when SNR = 2 dB. This value is
very close to the tabulated theoretical value of 0.1040 shown in Figure 9, which confirms the accuracy
of the SIMULINK program [17,19].

In order to visualize the bit error dependence of the matched filter baseband transmission on

SNR values, eye diagrams were constructed using a computer-generated program (see Appendix 2).

A SIMULINK program was also used to generate an eye diagram by including a Discrete-Time Eye
Diagram Scope block in the program (see Appendix 5) [18].
Figure 10 shows the eye diagram of the signal after the transmit filter and also the eye diagrams

of the signal after the receive filter when subjected to values of SNR = 20 dB and SNR = 8 dB [20].

The eye diagrams for after the transmit filter and receive filter show minimal time variation and low
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signal distortion when the signal to noise ratio is large. Time variation and noise levels after the receive 1
filter are larger than those of the receive filter (with SNR = 20 dB) since the signal is passed through 1
an extra filter. No bit errors occurred in the SIMULINK program when SNR = 20 dB [21,22]. This can 1
be confirmed by inspecting the eye diagram, as the eye has a wide opening at the sampling points of 16
t =0,1,2 seconds when SNR = 20dB. 164

In the case when SNR = 8 dB, a bit error rate of 0.5% was recorded in the SIMULINK program. s
This result is consistent with the eye diagram representation shown in Figure 10 when SNR = 8 dB. A 1
bit error rate of 0.05% corresponds to one trace error in 200 traces occurring at a sampling point. The 1

eye diagram clearly shows one or two traces closing the eye near a sampling point. 168
169
) eye2/Discrete-Time Eye Diagram Scope E]E]
File Axes Channels Window Help ~
Eye Diagram after Transmit Filter

e e e R SE I

o
w

0.1

In-phase Amplitude
o |

04 06 08 1 12 14 1B
Time (s)

) eye2/iscrete-Time Eye Diagram Scope1

File Axes Channels Window Help ~
Eye Diagram after Receive Filter (SNR=20)

In-phase Amplitude

Time (s)

) eye2/Discrete-Time Eye Diagram Scope1 Q@
-~

File Axes Channels Window Help

Eye Diagram after Receive Filter (SNR=8)

In-phase Amplitude

Time (s)

Figure 10. Transmit Filter and Receive Filter Eye Diagrams (SNR = 8,20 dB).
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For completeness and understanding of the simulation process, a SIMULINK program was 1o
generated with time scopes positioned at 6 points of the simulation loop as shown in Appendix 3.
A random 30 symbol sequence was generated and the time scope displays at each of the 6 positions 1
is shown in Appendix 4 using a SNR value of zero. Appendix 6 also shows eye diagram outputs
generated by the MATLAB program presented in Appendix 2. 174

In conclusion of the paper, the performance of Matched filtering baseband binary transmission s
using a Monte Carlo simulation accurately predicts the theoretical values of BER over the range of s

SNR from 0 dB to 12 dB. 177
Conflicts of Interest: The authors declare no conflict of interest. 178
Appendix 1 179

180

1 181
2 | clear all;clc; 182
3 |% Program to create Cosine Filter data 183
4 |Delay = 4; DatalL = 30; R = .5; Fs = 8; Fd = 1; PropD = 0; 184
5 | % Generate random data. 185
6 |x = randint(DataL, 1, [], 1234);x=2*x-1; 186
7 |% at time O, 1/Fd, 2/Fd, ... 187
8 |tx = [PropD: PropD + DatalL - 1] ./ Fd; 188
9 |% Plot data. 189
10 | stem(tx, x, ’kx’); 190
11 |% Set axes and labels. 101
12 |axis ([0 30 -1.6 1.6]); xlabel(’Time’); ylabel(’Amplitude’); 192
13 |% Correct for propagation delay 193
14 | PropD = Delay * Fd;tx = [PropD: PropD + Datal - 1] ./ Fd; 194
15 |% Filter at the transmitter. 195
16 | [yc, tc]l] = rcosflt(x, Fd, Fs, ’sqrt’,R,Delay); 196
17 | % Plot data. 197
18 | figure (1) ; 108
19 | stem(tx, x, ’kx’); hold on; 199
20 |% Plot filtered data. 200
21 | plot(tc, yc, ’r-’); hold off; 201
2 |title(’Messagedata (delayed by 4) ,and Transmit Filtered data’); 202
23 | legend(’Messagedata’,’Transmit_ Filtered data’); 203
2% | % Set axes and labels. 204
25 |axis ([0 30 -1.6 1.6]); xlabel(’Time’); ylabel(’Amplitude’); 205
2% |% Filter at the receiver. 206
27 | [ydown, tdown] = rcosflt(yc, Fd, Fs, ’sqrt/Fs’,R,Delay); 207
28 | PropD = 2xDelay * Fd;tx = [PropD: PropD + Datal - 1] ./ Fd; 208
29 | figure (2); 209
30 | stem(tx, x, ’kx’); hold on; 210
31 |% Plot filtered data. 211
2 | %plot(tc, yc, ’r-’); hold off; 212
33 |plot(tdown, ydown, ’r-’); hold off; 213
4 |title(’Messagedata (delayed by8) ,and Receive Filtered data’); 214
35 | legend(’Messagedata’,’Receive Filtered data’); 215
3 | % Set axes and labels. 216
7 |axis ([0 30 -1.6 1.6]); xlabel(’Time’); ylabel(’Amplitude’); 3
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Appendix 2 219

220

1 221
2 | % Simulation of matched filtering for baseband binary transmission % Random unipolar 222
< data is generated, and encoded using a BSPK encoder, and % transmitted through a 223

— matched raised cosine filtering system which is % subjected to AWGN noise. 224

3 225
4 | % Experimental BER vs SNR data is generated using Monte Carlo Simulation 226
5 227
6 | % Theoretical BER vs SNR data produced from Gaussian Distibution function 228
7 229
8 230
9 | clear allj;clc; 231
10 232
11 | SNRmax=12; SNReye1=20; SNReye2=8; 7 SNR in dB 233
12 234
13 | $\mathrm{N}=50000%; % $\mathrm{N}$ is the number of symbols 235
14 236
15 |Fd=1; 7 Sample frequency in the output 237
16 238
17 |Fs=16; 7 Upsample and Downsample factor for cosine filter 239
18 240
19 |delay=4; % Delay selected for cosine filter 241
20 242
21 |[R=0.5; % Rolloff factor for cosine filter 243
2 244
23 | % Generate Random Unipolar Data and Convert to Polar Data (BPSK encoder) 245
24 246
25 247
2% |y=randint (N,1,[],1234); % Generate N random unipolar 248
27 249
28 | symbols 250
29 251
30 | $\mathrm{yb}=2 * \mathrm{y}-1 ; \quad$ 7% Convert symbols to polar symbols 252
31 253
32 | % Transmit Filter with Upsampling 254
33 255
u | $%$ 256
35 257
3 | [yup, xupl=rcosflt(yb,Fd,Fs,’sqrt’,R,delay); % Select Raised square root cosine filter 258
37 259
3 |% using Fs/Fd upsampling with delay 260
39 261
40 | for SNR=1:SNRmax % Start of SNR loop to generate BER data 262
4 263
2 |% Generate Gaussian Noise between transmit and receive filtered data 264
3 265
4 |yupl=awgn(yup,SNR); 7% Add AWGN noise for selected SNR value 266
45 267
46 | % Receive filter with downsampling 268
47 269
s | $%$ 270
49 271
50 | [ydown,xdown]l=rcosflt (yupl,Fd,Fs,’sqrt/Fs’,R,delay); % Raised cosine filter % without 272
<~ further 273

51 274
52 | upsampling 275
53 | yout=downsample (ydown ,Fs/Fd); % Downsample by factor Fs/Fd 318
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278
1 |% Convert to unipolar data (BPSK decoder), count bit error, adjust for delay % 279
2 280
3 281
4 [ $\mathrm{yy}=(1+\operatorname{sign}($ yout $)) / 2 ;$\\ 282
5 |$y 1=y y(2 * d e 1 a y+1: 2 * d e 1 a y+N) ;$\\ 283
6 |$[B ER n um, BER(S N R)I=\operatorname{symerr}(y, y 1) ;$\\ 284
7 | end\\ 285
8 |% Convert polar to unipolar data.\\ 286
9 |% Delay output by $2 *$ delay\\ 287
10 | $%$ Count experimental BER.\\ 288
1 | % End of SNR loop to calculate BER data 289
12 200
13 |% Theoretical Calculation of BER 201
14 202
15 | $%$ 203
16 204
17 | $x t=[1: 0.1: S N R m a x] ; \quad %$ Generate sequence SNR=1 to SNRmax in steps of 0.1 | 295
18 206
19 | $d BS$ 207
20 208
21 | xtc=sqrt (10.\"{}(xt./10)); % Convert SNR(dB) to SNR(ratio) 299
2 300
23 | yt=qfunc(xtc); % calculate BER probability using Q function 301
24 302
5 | % [See Mosa(2007), page 67, equation (2.52)] 303
2 304
27 | $%$ Output data and plots 305
28 306
29 |disp(’,SNR(dB) BER, (Exp) BER,(Theory)’); 307
30 308
31 | SNRx=[1:SNRmax]; SNRxx=sqrt (10.\"{}(SNRx./10)) ;BERt=qfunc (SNRxx) ; 300
2 310
3 |for $j=1:$ SNRmax 311
34 312
3 | s=blanks (3-length(int2str(j))); 313
36 314
7 |disp(sprintf (’%s, %2.1f,%2.3e,%2.3e’,s, 315
38 316
9 |$\operatorname{SNRx}(j), \operatorname{BER}(j), \operatorname{BERt}(j))) ;$ 317
40 318
41 | end 319
2 320
13 | figure(1); % Plot the BER versus SNR (theory and experiment) 321
m 322
45 | semilogy ([1:SNRmax],BER,’*’); % Experimental BER vs SNR plot on log(y) 323
16 324
47 | scale 325
48 326
49 |hold on;semilogy(xt,yt,’r’); % Theoretical BER vs SNR plot on log(y) scale hold off; 327
50 328
51 | xlabel (’SNR,,(dB) ’);ylabel (’BER’); 329
52 330
53 | legend (’Experimental ;BER’,’Theoretical_ BER’); 331
54 332
55 | title (’Experimental BER,and Theoretical BER,vs SNR(dB)’); 333
56 334
57 | hold off; 335
58 336
59 | % Eye Diagrams 337
60 338
61 | eyediagram(yup(N/2-100\textit{16:N/2+100}16) ,32); 339
62 340
63 |title(’Eye Diagram after Transmit Filter’); 341
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64 342
65 | yupl=awgn (yup, SNReyel) ; 343
66 344
67 | [ydown ,xdown]l=rcosflt (yupl,Fd,Fs,’sqrt/Fs’,R,delay); 345
68 346
69 | eyediagram(ydown(N/2-100\textit{16:N/2+100}16) ,32); 347
70 348
71 | titlestring=strcat (’Eye_ Diagram after Receive Filter for 349
72 350
73 | SNR=’, int2str (SNReyel), ’dB’); 351
74 352
75 | title(titlestring); 353
76 354
77 | yupl=awgn (yup, SNReye2); 355
78 356
79 | [ydown ,xdown]=rcosflt (yupl,Fd,Fs,’sqrt/Fs’,R,delay); 357
80 358
81 | eyediagram(ydown(N/2-100\textit{16:N/2+100}16) ,32); 350
82 360
83 | titlestring=strcat(’Eye_ Diagram after Receive Filter for 361
84 362
85 | SNR=’, int2str (SNReye2), 363
86 364
87 | title(titlestring); ]

Appendix 3 307

& bpskdoc15 * [:J@@

File Edit Yiew Simulation Format Tools Help
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Generator Modulator Transmit Filter Real-Imag
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Error Rate Caloulati
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Ready 100% ode45
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Figure A1. Matched Filtering using Monte Carlo Simulation Demonstration for a 30 random bit sequence, with
AWGN set to SNR = 0 dB. Labels 1-6 show position of times scopes.
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Appendix 4 08
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5
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Time offset. 0 Time offset: 0

Figure A2. Simulation Demonstration of a 30 symbol input sequence with SNR = 0 dB.

Time scope displays 1-6 are taken at scope points 1-6 as shown in Figure 8 respectively In- s
put sequence = [110011000011011101101110011011] Output sequence (after delay of 8 bits) = o
[11011100000100110110111] Difference in input and output sequence shows 3 error bits in 23 bits
giving BER = 0.1304 372
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Appendix 5 s

374
1 375
2 | clear allj;clc;\\ 376
3 | close allj;\\ 377
4 | SNRmax=12; \% SNR in dB\\ 378
5 |N=12000; \% N is the number of symbols\\ 379
6 |Fd=1; \% Sample frequency in the output\\ 380
7 |Fs=16; \% Upsample and Downsample factor for cosine filter\\ 381
8 |delay=2; \% Delay selected for cosine filter\\ 382
9 |R=0.5; \% Rolloff factor for cosine filter\\ 383
10 | y=randint(N,1,[],61); \% Generate N random unipolar\\ 384
1 | symbols\\ 385
12 | yb=2xy-1; \J% Convert symbols to polar\\ 386
13 | symbols\\ 387
14 | [yup,xupl=rcosflt(yb,Fd,Fs,’sqrt’,R,delay); \% Select Raised square root\\ 388
15 | cosine filter\\ 389
16 | \% using Fs/Fd upsampling with\\ 300
17 | delay\\ 301
18 | \%hl=eyediagram(yup (803:end) ,80) ;\\ 392
19 | SNR=30; \’% Start of SNR loop to generate BER data\\ 303
20 | yupl=awgn(yup,SNR); \/ Add AWGN noise for selected SNR value\\ 304
21 | [ydown ,xdown]=rcosflt (yupl,Fd,Fs,’sqrt/Fs’,R,delay); \/ Raised cosine filter\\ 395
2 | \%eyediagram(ydown ,16) ;\\ 396
23 | \% without further upsampling\\ 397
24 | yout=downsample (ydown ,Fs/Fd); \% Downsample by factor\\ 398
25 | FS/Fd\\ 399
26 | h=commscope.eyediagram(’SamplingFrequency’,10,’SamplesPerSymbol’,32,’Symbol\\ 400
27 | sPerTrace?’,1, ’Number0fStoredTraces’) ;\\ 401
23 | update (h,real (ydown)) ;\\ 402
29 |h.SamplesProcessed\\ 403
3 |h.SamplingFrequency\\ 404
31 |h.PlotType=’>2D,Line’ <\\ 405
2 [plot(h,’r-2);\\ 406
3 |disp(length(yup));disp(length(ydown)); 49%



https://doi.org/10.20944/preprints202501.1252.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 January 2025 d0i:10.20944/preprints202501.1252.v1

15 of 17

Appendix 6
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Figure A3. SIMULINK eye diagram generator for Matched Filtering of Baseband Transmission.
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Appendix 7 a0
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Figure A4. MATLAB program generated eye diagrams after transmit filter and after receive filter with SNR = 8 dB
and SNR = 20 dB.
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