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Abstract:

Introduction/purpose: The paper presents the theory and design issues of
a discrete-time communication system used for discrete-time pulse
transmission with and without filtering. Signals are analyzed in both the time
domain and the frequency domain.

Methods: The system is theoretically analyzed using block schematics

expressed in terms of mathematic operators and the system simulation is
performed to confirm the theoretical findings.

Results: Discrete-time signals are presented in the time domain and the
frequency domain as well as confirmed by a simulation designed in Matlab.

Conclusion: The results of the paper contribute to the theoretical modeling
and design of modern discrete communication systems.

Keywords: discrete communication system, system design, discrete
pulse transceiver, filtering, correlation receiver.

Introduction

Most of the analyses of modern telecommunication systems are
based on the presentation of signals in the continuous-time domain, i.e.,
as continuous functions of time. Consequently, these systems are known
under the name of digital communications systems (Haykin, 2001; Proakis,

However, signals of modern communication systems are

represented by discrete-time functions and are known under the name of
discrete communication systems (Rice, 2009; Berber, 2021; Abramowitz
& Stegun, 1972).

This paper aims to present the theoretical base of a discrete
communication system assuming that the modulating signal is a
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rectangular discrete-time pulse. The content of the paper will include the
issues of mathematical modeling and design of a discrete communication
system that includes a transmitter, a transmission channel, and a receiver.
The signals processed in the system will be presented in the discrete-time
domain represented by functions of the discrete-time variable. The system
operating in the continuous time domain is named the digital system, while
the system operating in the discrete-time domain is hamed the discrete
system (Miao, 2007; Benvenuto et al, 2007).

Modern designs of transmitters and receivers in a communication
system are based on digital technology, primarily on FPGA and DSP
platforms. These technologies are in extensive use replacing the analog
technologies that are used to implement signal processing functions inside
both the baseband and intermediate frequency transceiver blocks. These
trends in the design of communication systems became possible due to
advances in the theory of discrete-time signal processing, and particularly
by the development of the mathematical theory of discrete-time
deterministic and stochastic processes (Manolakis et al, 2005; Berber,
2009).

In this paper, all signals inside the transmitter and receiver blocks are
analyzed in both the discrete-time domain and the frequency domain. Two
different structures of the receiver are analyzed; the first with a low-pass
filter and the second with a correlator receiver. To understand the
consequences of signal filtering, the transceiver is separately analyzed for
the case when a filter is used to reduce the spectrum of the modulating
signal, and, consequently, to limit the bandwidth of the modulated signal.
The presented system structures are expressed in terms of mathematical
operators and their operations are explained using exact mathematical
expressions. The designed system is simulated to confirm the theoretical
model (Quyen et al, 2015; Ingle & Proakis, 2012).

The related powers and energies of the related signals are precisely
calculated for an ideal transmission of signals in the noiseless channel and
their filtering. These calculations allowed a clear understanding of the
transceiver operation and possible losses in signal power caused by signal
processing in the transmitter and receiver blocks.

The theory of discrete-time communication systems is of vital
importance for researchers, practicing engineers, and designers of
communications devices because the design of these devices is
impossible without a deep understanding of the theoretical principles and
concepts related to their operation in the discrete-time domain (Rice, 2009;
Berber, 2021). Modern communication devices, like wireless and cable
modems, TV modems, consumer entertainment systems, and satellite
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modems are based on the use of digital processing technology and the
principles of the discrete-time signal processing theory.

Discrete-time communication system structure and
operation

A discrete-time communication system, including the basic operation
of signals, is presented in Figure 1. The system is composed of a
transmitter, a band-pass noise generator, and two types of receivers. The
first receiver will demodulate the received band-pass (BP) signal using a
low-pass filter (LPF). The second receiver will use a correlator to
demodulate the received discrete pulse and generate binary zero (0) or
binary one (1) at the output. These two receivers will be separately
analyzed. In the case of the system simulation, a band-pass noise
generator should be used to generate BP discrete-time noise that will be
added to the modulated discrete-time signal. The BP noise generation and
application for the system investigation is a separate topic.

BP Noise
Generator
s.(n) =cos(£2n) s.(n) =cos(£2n)
s(n)=m(n)-cos(2n)| é sn(n) [Cpr] | Ma(n)
m(n) —aé :{} > > *) >
M@ | S{(Q)  S(Q) S(Q)  Sm(@) Me(2)
Transmitter Receiver

s, (n) = cos(42n)

DC
sm(Nn) mq(N) Bit
— > Z >0 ——»1, 0

SQ) Sn@ T py) L5°

Correlation Receiver

Figure 1 — Discrete communication system
Puc. 1 - [duckpemHas cucmema ces3u
Cnuka 1 — [JuckpemHu menekoMyHUKalyuoHU cucmem
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Transmitter operation

Suppose the output of the transmitter is a product of a modulating
discrete-time (dt) rectangular pulse m(n) and the discrete-time carrier

S.(N) =cos£2n resulting in a dt modulated signal s(n), expressed in this
form

s(n) =m(n)cos.2n, 1)

as shown in Figure 1. We are to find the expression in the time domain
and in the frequency domain of the modulated signal and all signals
involved in signal processing, assuming that the dt rectangular pulse is of
an amplitude A and a duration N while the frequency of the carrier is (2c.

The rectangular pulse in the time domain and the frequency domain.
The graphs of the dt rectangular pulse in the discrete-time domain are
presented in Figure 2. The rectangular pulse in the time domain can be
expressed in terms of Koronecker’s delta function as a convolution of the
signal and the delta functions, i.e.,

A 0<n<N-1 0 N-1
m(n) = {0 eraice }= 37 m93() = 3 m)5(0-) (2

for its amplitude A = 2 and duration N = 8 as shown in Figure 2. The pulse
values are defined for each whole number n and have no values in the
intervals between neighboring numbers. We can say that the signal does
not exist in these intervals. The intervals are used to process the discrete
signal values.

m(n)

0 N

Figure 2 - Discrete-time modulating signal for N =8 and A = 2.
Puc. 2 — Modynupyrouwutl cueHan ¢ duckpemHbim epemeHem O N =8 u A =2
Cnuka 2 — Modynuwyhu cueran duckpemHoea epemeHa 3aN=8 u A =2
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To find the amplitude and magnitude spectral densities of the pulse,
we need to find the discrete-time Fourier transform (DTFT) of the
modulating signal which is a discrete-time rectangular pulse. Based on the
property of Kronecker’s delta function, the DTFT of the dt pulse that has A
values in the interval from 0 to (N-1) can be expressed in the following
form (Berber, 2021)

o0 o0

M(2)=> mnye’"=> Elm(k)é(n-k)e‘m”

n=—o0 n=—c0 k=0

N-1 o _ Nl NI NP €)
= mKk) D sn-k)e " =D Ae M = ' Ae I

k=0 —s k=0 k=" 2o

Then, the amplitude spectral density can be calculated as
M (_Q) :NZ_lAe’jgk _ &P Aeion _ Al—e_j_QN _ AeiaN-D2 sin(2N / 2)
e~ k=n & 1-e @ sin(2/2)
AN Q=+2kz,k=0,1,2,3.. -(4)
T Agriemnr SIn(2N /2) otherwise
sin(£2/2)

Having the amplitude spectral density, we can calculate the
magnitude spectral density expressed as

AN 0Q=+42kr,k=0,12,3,...
M .Q == i ’ 5
| ( )| A w otherwise ®)
sin(£2/2)
and the phase spectral density is expressed as

L2

argM (2) = 5 (N —1)+argM

sin(2/2)
which are presented in Figure 3 for the case of N = 8 and A = 2. Note that
the amplitude value of M (£2) for 2= 0 is equal to AN, which can be easily

(6)

obtained by calculating this value from the defining expression for the
DTFT. The magnitude spectral density M(£) is a periodic function with a
period of 27. The zeros crossings in this function occur for the condition
sin(QN/2)=0, i.e., for &N/2 =kz, k=1, 2, ..., N-1. For N = 8, we may

have £ = +2kz/N = tk#/4, and k =1, 2, ..., N-1. The phase discontinuities
of zradians occur at the same frequencies.
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Figure 3 — Magnitude and phase spectral densities of the modulating signal
Puc. 3 — CnekmparnbHasi nomHocms KonebaHull u ¢hadbl MOOYIUPYOUEe20 cusHana
Cnuka 3 — CnekmparHa eycmuHa mazHumyoe u ¢ghase modynuwyhee cueHana

The power and energy of the pulse can be calculated in the time
domain and in the frequency domain. In the time domain, the power is

N-1 n=7
Pm:—ZmZ(n):EZAZ:AZ, @)
N n=0 8 n=0
and the related energy is calculated as
N-1 n=7
Em:PmN :Zmz(n)ZZAZZSAZ (8)
n=0 n=0

The modulating signal m(n) is an energy signal. Therefore, its energy
spectral density can be calculated as

sin(2N /2)[° o
sin(2/2) |
This function can be calculated as the DTFT of its autocorrelation

function (Berber, 2019). The energy is the integral of the energy spectral
density calculated as (Integral calculator, 2023)

7r 2z : 2
Em:ijEm(Q)dQ:iJM
2r 7 2 ¢ |sin(€2/2)

E,(2)=|M(2) =A°

A2

dQ=—
27

167 =8A% | (10)
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and the power of the pulse is

E

2
LIrvala (11)
The energy inside the first arcade (Figure 3) can be calculated as
2 xl4 - 2 2
A | SN2 o A 45 6449550604908, (12)
2r 2,Isin(2/2) 27

and the energy inside both the first and second arcades is

A2 72| sinaq2 | A’
=— S— dQ =—48.29464599062311, (13)
2z Y,|sin(2/2) 2r
which corresponds to 90.81% and 96.08% of the total signal energy,
respectively. Therefore, if we are filtering the first arcade of the signal, we
will use only 90.81% of the signal power.

Em1—2

Discrete-time carrier in the time domain and the frequency domain.
Suppose the discrete-time carrier has a unit amplitude, i.e., it is expressed

as sc(n) =C0S£2Nn. Suppose the carrier has only N. = 4 samples per

oscillation. Therefore, we  can calculate its  frequency

Q=2xf 1 f,=2z/N,=x/2, and express it in the discrete-time domain as
s.(n)=cos2n=cos2zn/N_=coszn/2, (14)

which is shown in the graphical form in Figure 4. The carrier in the
frequency domain can be directly found for any N. simply applying Euler’s
formula on the time domain signal as

1, i 1, i 1, i _
S (n)z_[echn+e JQCn]Z_[ejZﬂ'n/Nc +e J27Tn/NC]=_[e127rn/Nc _|_e127m(Nc l)/NC].
¢ 2 2 2

For the case analyzed N; = 4 and {2 =12, we may express the
carrier in the time domain as

1. . _
Sc (n) — E[eymlz + ejzzn3/2] , (15)
and in the frequency domain as

SC(Q)z227”5(_(2+k-.Qc)=7z5(.(2+.(2c)+7r5(_(2—[%). (16)
k=+1

Because this signal is a periodic function of the continuous frequency
Q with a period of 217, it can be represented by a periodic stream of Dirac’s
delta functions (Papoulis & Pillai, 2002), as presented in Figure 4.
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Figure 4 - a) Waveshape of the carrier, b) related amplitude spectral density
Puc. 4 — a) ®opma Hecyujeli 80rHbI, b) omHocumesibHasi criekmparsbHasi 10MmHOCMb
KkonebaHuti
Cnuka 4 — a) TanacHu obnuk Hocuouya, 6) 0OHOCHa criekmparsnHa 2ycmuHa amraumyoe

Based on (14), the power of the carrier can be calculated in the time
domain as
n=3 n=3 n=3
|3C=12C032(7rn/2)=1 1(1+cos7zn)=l 1.1 (17)
4 n=0 4 n=0 2 4 n=0 2 2

The carrier is a power signal (Cavicchi, 2000; Berber, 2021).
Therefore, its average power is to be calculated in an infinite interval,

according to this expression

o1 1 &1 . 12a 1
P =lim— ) cos’(2n)=lim— Y =(1+coszn) =lim—=—==, (18
¢ aeooZaZ ( C) aawZazz( ) a0 g 2 ( )

n=-a n=-a 2
resulting in the same value as in (17). Because the carrier is a power

signal, its energy is expected to be infinite. We can confirm that by
calculating the energy of the signal in the frequency domain as
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2
1 % 1 % 27
E =— | 1S%(0Q)|do=— —0(02+kn dR
‘ 27[_'[0| ()] 27[_‘[0(1;12 ( C)]

:%T(52(Q+QC)+2§(Q+QC)§(Q_QC)+§2(Q_QC))dQ
P = » (19)

=% [ 5(Q+QC)5(Q+QC)dQ+0+%ja(g—gc)é(g—gc)dg

- %(5(—90 +02)+6(0Q,-Q,)) = 75(0) = o

because the integral of the product of the two delta functions is zero and
the integral of the delta function squared can be considered infinity. The
infinite energy value can be confirmed by its calculation in the time domain
as
e ) o1 . 2a
E, =lim > cos’(&2,n) =lim > §(1+ cos zn) = IIm?:oo . (20)
a—w a—w
n=-a n=-a

a—oo

Modulated signal in the time domain and the
frequency domain

Plot the graphs of all signals in the frequency domain assuming that
the number of samples of the rectangular pulse is N = 8 and there are two
oscillations of the carrier inside the pulse, i.e., one oscillation of the carrier
is represented by N. =4 samples. The rectangular pulse in the discrete-
time domain has already been expressed by (2). With a precise definition
of the modulating signal m(n) in the time domain, the modulated signal can
be expressed in terms of Kronecker delta functions as

N-1 N-1
s(n) =m(n)cos 2n =cos 2n > m(k)S5(n-k) = > m(k)S5(n-k) cos 2n
k=0 k=0 y (21)
N-1
=AY S5(nk)cos2n
k=0
and graphically presented as in Figure 5. We may get the amplitude
spectral density of that signal as the convolution of the modulating signal

and the carrier in the frequency domain (Berber, 2021), which will give the
modulated signal as
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S(.Q):M(Q)*SC(Q)zziT M(A)-S,(2-2)dA=

7[—00

=iT M(/1).2_”5(Q+Q -A)dA +i]g |\/|(,1).2_”5(_Q_Q ~2)dA-(22)
272'_Oo 2 ¢ 27[_Oc 2 ¢

:%M(Q+_QC)+%M(.Q—QC)

Based on the expression for the amplitude spectral density of m(n)
(5), the required frequency-shifted components in (22) can be expressed
as

EM (.Qi‘.(%) :ée*i([)*-@)(’\‘*l)/z Sln((QiQ)N /2)
2 2 sin((2+2)/2) 03
AN /2 Q+Q =+2kr,k=0,12.3,..] (23)
=)Ao siry((!)i.q) N/2) otherwise
2 sin((2+Q2)/2)

The magnitude spectral density of the modulated signal is presented
in Figure 5.

s(n)=m(n)-sc(n)

a)

2|S(Q)I/AN

b)

-7 -2 -md4 O A4 A2 344 7 54 372
'QC QC
Figure 5 - a) Discrete-time waveshape, and b) magnitude spectral density of the
modulated signal
Puc. 5 — a) ®opma 805HbI ¢ duckpemHbIM epemeHeM U b) criekmparibHasi nr0mHOCMb
MOOYNuUpPO8aHHO20 cu2gHara o 8eNlu4uUHe
Cnuka 5 — a) TanacHu obnuk y duckpemHoM epeMeHy, 6) criekmpasiHa 2ycmuHa
MacHumyde mModyrnucaHo2 cueHana
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The magnitude spectrum is a periodic function with a period of 2.
The two-sided spectrum of the sighal can be investigated inside the
bandwidth around the carrier frequency of #/2. We can calculate the signal
energy and power in the time domain

N-1 n=7
E, =P -N=)s°(n)=>) s*(n) =4A (24)
n=0 n=0
and the power is

P,=E,/N=4A%/8=A"/2. (25)

The energy calculated in the frequency domain confirms calculations
in the time domain, i.e.,

17 NP | ~ )
Es=§j|3<a)| d2=2- [15M@-2)+M(2+Q)IF d2
T T ) (26)
z A? T sm Q+Q | A )
j||v|(g 2)F d.Q_4—j”‘5m (2:9)] ‘dQ_ 167 = 4A

The modulated signal is an energy signal having finite energy. The
power calculated in the signal interval is finite.

However, if the average power is calculated in the infinite interval, it
would be of zero value which complies with the definition of the power
signals.

Simulation of the transmitter operation

We performed a simulation of the transmitter presented in Figure 1
(Ingle & Proakis, 2012).

The signals are generated in the time domain and the frequency
domain.

The modulating signal and the carrier obtained by simulation in the
time domain and the frequency domain are presented in Figure 6.

They are equivalent to the signals obtained by calculations and
presented in Figures 3 and 4, respectively.
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Figure 6 — Magnitude and phase spectra: a) the modulating signal, b) the carrier
Puc. 6 — AMnnumyOdHbIl u ¢ha3oebil criekmpbi: @) MOOynupyroweao cueHana, b)
Hecyueli 8071HbI
Cnuka 6 — Cnekmpu mazHumyOe u ¢hase: a) modynuwyhu cueHarn, 6) Hocunay,
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A simulated modulated signal in the time domain and the frequency
domain is presented in Figure 7. The presentations are equivalent to the
graphs obtained by calculations and shown in Figure 5.

Modulated signal
26— :

0 20 40 60 80
n
FT of modulated signal

0.57

|S{omg)|/8

0
-4 -2 0 2 4

OMEGA

Figure 7 = Magnitude spectral density of the modulated signal in the time domain and in
the frequency domain
Puc. 7 — CnekmparbHasi nomHocme KonebaHul Modyiupo8aHHO20 cugHasa 80
8peMeHHOU U YyacmomHou obracmsix
Cnuka 7 — CnekmparsiHa eycmuHa mazHumyde MoOynucaHo2 cugHasa y 8peMEHCKOj U
pekseHyujcKoj OoMeHU

Receiver operation with the implementation of a low-
pass filter

The demodulation of the discrete modulate signal results in the
discovery of a modulating signal that is in the form of a rectangular pulse.
The procedure of demodulation takes place inside the receiver as
presented in Figure 1. We will first analyze the case when a low-pass filter
is used to demodulate the modulated signal. We use a coherent receiver
in this case. Firstly, the received signal is multiplied by the carrier to get
the multiplied signal
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1
s (n) =m(n)cos? 2n = EA(l+cosZQn) 0<n<N-1 @

0 otherwise

The wave shape of this signal is shown in Figure 8. The signal is
represented by 4 discrete amplitude A values. The dashed graph notifies
what the shape of the corresponding continuous-time signal would look
like. The DC component of the signal having amplitude A/2 is also
presented in Figure 8. The double frequency term of the discrete time

signal is C0s202n=cos4zn/N_ =cos4zn/4=coszn.

sm(n)=m(n)-sc(n)

Figure 8 — The output of the signal multiplier
Puc. 8 — BbixoGHOU cueHar yMHOXUMess cuzHana
Cnuka 8 — M3na3 mHOXa4a cueHana

The DTFT of this signal gives its amplitude spectral density of the form

S, (£2)= % FT {m(n)(1+cos22n)} = % FT {m(n)+m(n)cos22n}

, (28)
:%M (.Q)+%[M (2-22)+M(2+20Q)]
where the amplitude spectral density of the low-frequency part is
1 AN /2 Q2=+2kr,k=0,12,3,...
—M(02)= i i : .
2 (2) Agrionr —S”,](“QN /2) otherwise (29)
2 sin(«2/2)
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The amplitude spectral density of the LF signal part is shown in Figure
9. This spectrum has the same waveshape as the spectrum of the
modulating signal in Figure 3, but all of its amplitudes are two times smaller
due to the processing inside the demodulator.

2IM(Q)[/AN
1

- -4 0 A4 2 344 T

Figure 9 — Magnitude spectral density of the demodulated pulse
Puc. 9 — AmMnnumyo0OHas criekmparsibHasi miomHocmbs 0eMoOYyIUupPO8aHHO20 UMMYIbCa
Cnuka 9 — CnekmparsHa 2ycmuHa MazHuUmyoe demodynucaHoa rnyrca

Also, the shifted components of the signal are

EM (.QiZ.Q): Ae—j(QiZQ)(N—l)IZ Sin((QiZ-(%)N /2)
4 4 sin((2+20)/2)
AN /4 Q+20 =+2kr,k=0,1,2,3,...| (30)
= ée—j(QiZQ)(N—l)IZ Sir_] ((.QiZ.(%)N /2) otherwise
4 sin((2+20)/2)

and the spectrum of the signal at the output of the multiplier is presented
in Figure 10.

2IM(Q)VAN, 4ISsm(Q)I/AN

7z N
/ \
/ \
/ \
Ha ' \
== ¥ y "‘.A.}:\#I/‘\u \‘i,‘\‘r’\‘f’_ﬁ‘
- -2 -dd 0 o4 2 34 7 574 342 TA4 2n
-2 -Qc Qc 28

Figure 10 — The spectrum of the signal at the output of the multiplier
Puc. 10 — Cnekmp cuzHana Ha 8bixode yMHOXumerss
Cnuka 10 — Criekmap cuaHana Ha usnasy MHoxada
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The power and energy of the demodulated signal can be calculated
in both the time domain and the frequency domain. With expression (27),
the energy calculated in the time domain can be calculated as
n=7 1 n=7 1 1 n=7 1 1
E, = Z(E A(l+cos202n))? = ZZ A% + Zz A? (§+ Ecos4(%n)
n=0 n=0

n=0

n=7 n=7 (31)
=) ZAT+ ) AP =3A°
23" 52
and the power is
E 2
e ©

Using the magnitude spectral density (28), we can find the energy
spectral density. Then, the energy is calculated as the integral value of the
energy spectral density, i.e.,

171 1 1 ,
Sm=Z_j”|§|v|(Q)+ZM(Q—2Q)+ZM(Q+2Q)| do

1

: (33)
=(2+—4jA2 = 3A2
4

which also confirms the value of the signal power expressed in (32).

LPF operation in time and frequency domain. If the LP filter with the
cut-off frequency (2 =714 and the gain Hq is used to eliminate the HF

components at the double carrier frequency, as shown in Figure 10, the
demodulated pulse at the output of the LPF, as shown in Figure 1, can be
obtained and expressed in the frequency domain as

(34)

Md(Q)=sm(g)Hd(Q)z{Hd'M(Q)/Z IlerzF:M}

0 otherwise

We also assume that the double carrier frequency components in the
LP filter bandwidth are negligibly small. We intend to find the signal at the
output of the LPF in the time domain. For that purpose, we can perform a
convolution of the LPF input signal and the impulse response of the filter.
Therefore, we need to calculate first the impulse response of the filter h(n).
The LPF here is considered an LTI system. Then, the impulse response of
the filter is the DTFT of the filter impulse response, i.e.,
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T

V4 O
h(n) = — [ Hy(@ed 0 -1 [ Hed =MsianFn
2 * 27 o, @35

= msinc;m /4
O =rl4 4

for the assumed cut-off frequency of the LP filter of Qr = 11/4, as shown in
Figure 10. The zero crossings are calculated as: SIN(zn/2)=0,

(7n/2) =Kz and n = 2K . The demodulated pulse in the time domain

can be obtained as the convolution of the input signal sm(n) and the
impulse response h(n), i.e.,

1=n

| =00 |=00
m,(n)= > h(n-Ns, () =>_s,(n-Hh()= > s,(n-Hh(1). 36)
|=—00 |=—00 I=n—(N-1)
The procedure of doing the convolution is presented in Figure 11. For
a fixed position of the demodulated signal on the n-axis, the time-inverted
impulse response is shifted from minus infinity to plus infinity, and the
corresponding products are added for every n value, as notified in Figure

11.
sm(n), h(n)

Hd/4

Sm(n)

il i 1 A
() () O
e Al2

! 1

\
\

N

Figure 11 — Convolution of the signals
Puc. 11 — Ceepmka cueHasios
Cnuka 11 — KoHeonyuyuja cueHana

The energy of the received rectangular pulse is expressed as (34),

sin(@N/2)[" (37

H2 Hi
E,o(2) =M (2)f =|H, -M(2)/2] =Td|M(Q)|2 = A Sin(2/2)
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The energy is the integral of the energy spectral density calculated as

2

T 2 2 H 2
Eps =~ | Eyg (Q)d!hiij _Sind@ | o Hig _onzar, (38)
27 °. 4 21 °. Sln(_Q/Z) 4
and the power of the pulse is
2 2
p _Em HiE, Hi, (39)

Comparing relation (39) with expression (11), we can see that the
power of the modulating signal at the transmitter side is attenuated Hj /4

times. If we assume that the filter is defined by Hd = 1, the power will be
attenuated 4 times, or 6.02 dB as it can be seen from this simple
calculation.

a=10log,,(P,,/P,)=10log,,(4/HZ)=10log,, 4 = 6.02 dB. (40)

In a real system, we will have additional attenuation of the signal due
to the propagation and the influence of noise and fading, which will further
complicate the procedures of signal processing inside both the transmitter
and the receiver.

Simulation of the receiver
We performed a simulation of the receiver presented in Figure 1.
The signals are generated in the time domain and the frequency

domain. The demodulated signal obtained by simulation in the time
domain and the frequency domain is presented in Figure 12.

The waveshapes of this signal are equivalent to the signals obtained
by calculations and presented in Figure 8 and Figure 10.
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Figure 12 — a) The demodulated signal, b) the impulse response of the LP filter for N = 8,

Q =rld4dandHs=1
Puc. 12 — a) JemodynuposaHHsbIli cueHas, b) umnynscHas xapakmepucmuka LP-
unbmpa dnaN=8, Q =x/4 uHa=1
Cnuka 12 — a) [JemodynucaHu cueHars, 6) umrysicHU 003U HUCKOMPOIyCHoz ghurimepa
3aN=8, Q =7/4 uHi=1
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Figure 13 — a) Convolution procedure of the demodulated signal and the impulse
response, b) the output signal obtained by convolution
Puc. 13 — a) lNpouedypa ceepmxu deMoOynuposaHHO20 cueHana U UMMysibCHO20
omkiruka, b) ebIx0OHOU cueHar, Mosy4YeHHbIU nymem ceepmku
Cnuka 13 — a) lNocmynak KoH8onyyuje 0emModyriucaHoe cueHasa u umryscHoe od3usa, 6)
U3/1a3HU CU2Hasl HaKOH KOH8OoITyyuje

The impulse response of the LP filter is presented in Figure 12b). The

procedure of the correlation is presented in Figure 13a) while the
waveshape of the LP filter output is presented in Figure 13b).
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Correlation receiver implementation and operation

As we have seen, the demodulation of the discrete modulated signal
using the LPF results in the discovery of the modulating signal that is in a
form of a rectangular pulse. Based on the sign of the pulse received, the
Decision Circuit decides on the binary value of the transmitted signal. For
the positive pulse, it is said that 1 was transmitted and for the negative
pulse, it is said that 0 was transmitted.

For the same structure of the transmitter, the procedure of
demodulation takes place inside the correlation receiver as presented in
Figure 1 (lower block on the right). The received signal is first multiplied by
the carrier to get the signal sm(n) as in (27). This signal in the frequency
domain is given by expression (28). The wave shape of this signal is shown
in Figure 8. The samples of the signal are accumulated inside the

correlator adder to get
N-1 N

m,(N) = NZ‘ism(n) = Z%A(H cos2.2n) =

n=0

1 1 N-1 1
EA+Zcos2@n=§AN . (41)

=0 n=0

>

The Decision Circuit decides on the mg(N) value and generates, at its
output, 1 or 0 according to this decision rule

o [T m=o
“ =10 m,(N)<0[ (42)

If we send a stream of bits 1 and 0 (by changing the sense of the
amplitude A inside m(n)) at the transmitter side, the receiver will generate
the same stream at its output. Each bit will be generated at the time
instants i-N, where i is a set of natural numbers and N is the number of
samplers in each discrete pulse m(n). This is the case when noise is not
present in the channel, i.e., the channel is noiseless. Therefore, in the
system with a noiseless channel, the decision will always be correct in the
Decision Circuit. Namely, if a positive pulse is transferred, meaning that
the amplitude A is positive, the product (41) will be positive and the
Decision Circuit will generate bit 1 (one) at the output. If a negative pulse
is transmitted, the product (41) will be negative and the Decision Circuit
will generate bit O (zero) at the output. We design transceiver blocks and
use the noiseless channel to investigate the operation of the transceiver
blocks only. When we are sure the blocks are operating properly, we add
the channel simulator to investigate the properties of the whole system in
real conditions. In the presence of noise, the sign of the product (41) can
be changed due to the noise level and the wrong decision can be made.
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Discrete communication system for the transmission
of a filtered pulse

To reduce interference between communication systems, we can use
filtering inside the transmitter. That filtering limits the spectrum of the
transmitted signal. We will analyze the case when the modulating signal is
filtered by an LPF and then transmitted through the transmitter circuits and
received by the receiver circuits in the same way as explained in the
previous sections. The block scheme of the transmitter with the LP filter is
presented in Figure 14.

h(n) s. () =cos(L2.n)

m(n)ﬂé me (") :é}»sF(n): m. (n) - cos(L2.n)

MQ) H©@) MeQ=ME@QH©Q) S{Q)  SHQ)

Figure 14 — Discrete-filtered pulse modulator
Puc. 14 — UmnynbcHbil Modynsmop ¢ OuckpemHoul ¢unbmpauyuel
Cnuka 14 — Modynamop duckpemHoa u ghunmpupaHoe ryrnca

At the input of the transmitter, there is a discrete rectangular pulse as
in the previously analyzed transmitter. The pulse is already presented in
the time domain and the frequency domain in the previous sections. At the
output of the transmitter, there is the modulated signal sg(n) that
corresponds to the modulated signal s(n) in Figure 1.

The LP Filter operation. To limit the bandwidth of the signal, we will
use an LPF of the gain H, which will filter out the first two arcades of the

rectangular pulse defined by the cut-off frequency {2, as shown in Figure

15. In this case, we will limit the power of the filtered pulse to 96.08 % of
the pulse total power as calculated in (13). The filter transfer characteristic
in the frequency domain is defined as

H(Q):{H |Q|S[%=7Z'/2}- 43)

0 otherwise
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IM(Q)/AN

1
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——— Ke;
- -2 -7dd 0 4 o2 34 Vs
QF QF

Figure 15 — Spectra of the rectangular pulse and the impulse response of the LP filter
Puc. 15 — Cnekmpbl NpsiMOy2071bHO20 UMIY/Ibca U UMMySibCHasi Xxapakmepucmuka LP-
¢unbmpa
Cnuka 15 — Cnekmap rnpagoyzaoHoe rnysica U UMyJICHOo2 003u8a HUCKOMNPOMYCHO2
¢unmepa

LPF output signal. The output of the filter is a bandlimited signal
having the spectrum defined as

ANH 02=0
2 SIN(2N 1 2) . (44)

M (2)=M(£2)-H(2)=
( ) ( ( ) sin(£2/2) 213

AHg 1™

as presented in Figure 15 between the cut-off frequencies -Qr and +Q¢.

Analysis of the filter operation in the time domain and the frequency
domain. The filtering process is presented in the frequency domain as the
multiplication of the amplitude spectral densities of the input signal m(n)
and the impulse response h(n). This multiplication in the frequency domain
corresponds to the convolution of the signals in the time domain.

Therefore, the filter output signal in the time domain meg(n) is the
convolution of the filter impulse response h(n), which is the sinc function
obtained as the discrete-time inverse Fourier transform (DTIFT) of the
spectrum H(¢2), and the input signal m(n). The impulse response of the LP
filter is calculated as
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7 ) 2 ) +jon |
h(n)=in(Q)e*lﬂ“dQ=i j He'id =1 &
2r <. 27 2 n |,

-0 -

+J2en _ A-jn
_He ° L sing2.n = ALE: sinc2:n | (45
n 2] N2 T ’

= ﬂsinc;zn /2
Qe=rl2 )

having the zero crossings calculated as: Sin(zn/2)=0,
(zn/2) =Kz, n=2K as shown in Figure 16.
h(n), m(n)

H/2 :_Q‘:

Figure 16 — Impulse response and the output of the ideal LP filter
Puc. 16 — UmnynscHas xapakmepucmuka u 8bIXx00HoU cuzHas udearnsHo2o LP-
¢unbmpa
Cnuka 16 — UmnyncHu 0d3ug u u3na3s udeasiHo2 HUCKOMPOMycHo2 ¢hunmepa

The energy of the impulse response in the time domain can be
calculated as

© © 2
E,= > h’(n)=>] [%sinwnlz} , (46)
and in the frequency domain
1 T ) H2 /2 H2
E.=— | H(Q2) dR2=— | dQ2=— 47
" 27zU () 2;;!,2 2 7
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The filtered signal in the time domain is the convolution of the
rectangular pulse m(n) and the impulse response h(n), i.e.,

=00 |=0
m:(n) = Z m(n—1Dh(l) = Z h(n—1)m(l) . (48)
|=—0 |=—o0
This convolution can be calculated if the values of the sinc function
are calculated and represented by a series of numbers (sufficiently long)
and then convolved with the values of m(n) represented by a finite series
of ones. Since the discrete-time Fourier transform of the filtered signal is

ANH £2=0
M. (2)= AHeij(N—l)/Zw | Q< |
sin(2/2) B

the energy of the signal can be very accurately calculated as it has been
already done in (13), i.e.,

(49)

2

17 2 A2 "2 llsin(2N /2) 2
Ee *— | M (2) d2="- | [>——| d@2==48.295. (50
M 2;:_{[‘ () 2;;_,!,2 sin(42/2) ~ (0)

Having in mind that the carrier is expressed as S,(N) =C€0sS£2N and

that it has 4 samples per oscillation, the spectrum of the modulated signal
is a shifted version of the spectrum of the filtered rectangular pulse, i.e.,

Se (2) = FT{m_(n)cos 2n} = % FT {mF (n)(e'?" +e—jqﬂ)}

1 (51)
:E[MF(Q_-(%)"'MF(-Q"'!%)]
where
. ANH /2 (2-2)=0
_MF('Q_'(%): ﬂ —j(Q—Q)(N—l)/ZSin((‘Q_‘(%)N/2) 3 , (52)
2 2 ¢ sn((@—qyiz) |CTRES
and
. ANH /2 (Q+2)=0
M (2+Q) =1 AH oo SIN((2+2)N/2) , (53)
2 2 ° sin((2+)/2) (2l Q

which is presented in Figure 17.
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Figure 17 — Magnitude spectral density of the modulated filtered pulse
Puc. 17 — CnekmparnbHasi nromHocme MO0y IUpO8aHHO20 0MguUIbMpPO8aHHO20
umnysnsca
Cnuka 17 — CnekmparHa 2ycmuHa mazHumyde bunmpupaHoa MooynucaHoe nysca

The spectrum of the modulated pulse, as a function of the angular
frequency, is shown in Figure 17. The filtered modulated pulse in the time
domain is a product of the filtered pulse and the carrier, i.e.,

|=c0
Se (N) =s,(n)-m.(n)=coszn/2- > h(n-m() (54)
I=—0
This is the modulated signal which has a limited bandwidth. This
signal is transmitted through the channel and processed in the receiver as
presented in the previous sections.

Conclusions

This paper presented a theoretical model and the simulation results
of a discrete-time communication system. The block schematic of the
system’s transmitter and receiver is presented in the form of mathematical
operators and all input-output signals are presented in both the time
domain and the frequency domain. The powers and energies of the signals
are calculated and the attenuation of the signals is analyzed.

Two types of transmitters are synthesized: one with an ideal
rectangular discrete time pulse and one with a filtered rectangular pulse. It
is shown that the application of a filter inside the transmitter reduces the
modulating signal spectrum thus causing the reduction of the modulated
signal bandwidth. Furthermore, two receivers are analyzed: a receiver that
uses a low-pass filter for demodulation and a receiver that uses a
correlator for received signal demodulation. All theoretical results are
confirmed by simulations.
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MaTtemaTtnyeckoe mMmoaenunposaHune n ntMMTauua nepegatymnka
NPAMOYTrOJibHbIX UMNYJbCOB B AUCKPETOM BpEMEHU

CmesaH M. Bepbep

YHusepcuteT OkneHaa,
Kadbenpa anekTpoTexHUKX, BbIYUCINTENBHOM TEXHWUKU U MPOrPaMMHOro
obecneyeHus, r. Okneng, Hosas 3enangus

PYBPUKA T'PHTW: 50.07.03 Teopus u MogennupoBaHne BblMUCINTENBHbIX
cpef, CUcTeMm, KOMIMIEKCOB U ceTel
BWO CTATbW: opurmHanbHasa Hay4yHas cTaTbs

Pe3swome:

Beederue/yenb: B daHHOU cmambe 0b6Cyx0aromcsi 80rpochi meopuu u
pa3pabomku cucmembi C853U 8 OUCKDEMHOM 8PEMEHU, UCMOIb3yemol
011 nepedayu umryribCco8 OUCKPEMHO20 8peMeHU ¢ hunbmpauvuet u bes
Hee. CueHaribl aHanu3upyrmces Kak 80 8PEMEHHOU, MakK U 8 4YacmomHoU
obriacmsix.

Memodsi: Cucmema meopemuyecku rnpoaHanu3upoeaHa Ha 0CHoge bI1oK-
cxembl, Komopasi bbina npedcmasnieHa 8 8ude MameMamu4ecKux
orliepamopos, o KoOmopbiM 8bINO/IHEHO ModenupogaHue cucmemsi Orist
nodmeepx0eHuUs1 meopemu4ecKuUx 8b180008.

Pesynbmamsi: CueHarbl OUCKPEMHO20 8peMeHU npedcmassieHbl 60
8peMeHHOU U YacmommHol obnacmsix, U rno0meepxoeHbl Memodom
UMumauyUoHHo20 ModenuposaHusi, paspabomarHHozo e Matlab.

Bbigodbi: Pesynbmambl OGaHHO20 uccriedogaHusi eHocsim eknad e
meopemuyveckoe  ModenuposaHue U  pas3pabomKy  CO8PEMEHHbIX
OUCKpPeMHbIX cucmem cesi3u.

Knwouesble crnosa: OdQuckpemHasi cucmema ces3u, pa3pabomka
cucmembl, nepedamyuk OUCKPEMHbIX UMMYIbCo8, ubmpayus,
KOppensayuoHHbIU MPUEMHUK.

MaTtemaTtuyko MmogenoBaxe U cumynauuja npumonpeaajHuka
npaBoyraoHMX UMmMynca 3a pag y AMCKPETHOM BpeMEHY
CmesaH M. Bepbep

YHuBep3auteT y OknaHay,
KaTeapa 3a enekTpoTeXHUKY, padyHapCcKy U coTBEPCKY TEXHMKY,
OknaHa, Hosu 3enaHa

OBJACT: TenekoMyHuKauuje
KATETOPWJA (TUIM) UNAHKA: opyruHanHu Hay4yHu pag

Caxemak:

Yeod/yurs: Y pady cy npuka3saHu meopuja u Ou3ajH mernekoMyHUKayUOHo2
cycmema Koju padu y duckpemHom epemeHy. OH ce Kopucmu 3a rpeHoc
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gunmpupaHoz U HegunmpupaHoz OuckpemHoz nyrnca. CueHanu cy
aHannu3upaHu y 8PEMEHCKOM U (hPEKBEHUUJCKOM OOMEHY.

Memode: Cucmem je meopujcKku aHanu3upaH Ha OCHo8y bJIOK-weMe Koja
Je npukasaHa y ¢bopmu MamemamudKux oriepamopa, fpema Kojoj je
u3spwieHa U cumMyrayuja cucmema Kako bu ce rnomepdusiu meopujcKu
Hanasu.

Pesynmamu: CueHanu OuCKpemHO2 epemeHa npe3eHmupaHu cy y
B8PEMEHCKOM U (bpekseHUujckomM OOMeHy U rnomepheHu cumyrnauyujom y
Mamrnaby.

Sakrbyuak: Pesynmamu ogoe pada GorpuHoce meopujcKkoM MoOesiogarsy
u Au3sajHy ModepHUX OUCKPEeMHUX KOMYHUKaUUOHUX cucmema.

KrbyyHe peyqu: QucKpemHu KOMyHUKayuoHU cucmem, Qu3ajH cucmema,
npumonpedajHuk duckpemHoe ryrnca, uampupare, KopesrauyuoHu

rPUjeMHUK.
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