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Abstract:

Introduction/purpose: The paper presents the theory and the design issues
of atransceiver for a discrete-time cosine pulse transmission. The operation
of the transceiver and all signals are analyzed in both time and frequency
domains.

Methods: The detailed theoretical models of the transmitter and the receiver
are presented based on their block schematics expressed in terms of
mathematical operators. The transceiver blocks are simulated and the
results of their simulation are presented and compared with the theoretical
results.

Results: Discrete-time signals at the input and the output of each
transceiver block are derived in the mathematical form and presented in the
time and frequency domain. A transceiver simulator is developed in Matlab.
The simulation results confirmed the theoretical findings.

Conclusion: The results of this work contribute to the theoretical modeling
and design of modern transceivers that can be used for discrete-time cosine
pulse transmission.

Keywords: transceiver design, discrete cosine pulse, pulse transceiver,
transceiver mathematical modeling, filtering, transceiver simulation.

Introduction

Designs of communication transmitters and receivers are based on
the presentation of signals in the continuous-time domain, i.e., in their
analysis and synthesis, signals are presented as continuous functions of
time. Related communication systems, composed of these devices, are
known under the name of digital communication systems (Haykin, 2014;
Proakis, 2001). Due to the development of advanced digital technology,
signals of modern communication systems are represented by discrete-

559

Berber, S., Design of a cosine pulse transceiver operating in the discrete-time domain, pp.559-587


http://orcid.org/

QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 3

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

Designs of modern transmitters and receivers are implemented in
digital technology, primarily on FPGA and DSP platforms. Using these
technologies, the signal processing operations inside both baseband and
intermediate frequency transceiver blocks are implemented using the
signal presentation in the discrete-time domain. These designs became
possible due to the advances in the mathematical theory of discrete-time
signal processing, and, in particular, due to the development of the
mathematical theory of discrete-time deterministic and stochastic
processes (Manolakis et al, 2005; Berber, 2009).

This paper presents the theoretical base of a discrete communication
system assuming that the modulating signal is a cosine discrete-time
pulse, including the issues of mathematical modeling and design of a
discrete communication system composed of a transmitter, a transmission
channel, and a receiver. The signals are expressed as functions of the
discrete-time variables. To distinguish discrete systems from digital
systems, we named systems operating in the continuous time domain
digital systems, and systems operating in the discrete-time domain we
named discrete systems (Miao, 2007; Benvenuto et al, 2007; Berber,
2021).

In particular, the structure and the operation of the receiver having a
low-pass filter at the receiver side are analyzed. The presented system
structures are expressed in terms of mathematical operators and their
operations are explained using exact mathematical expressions. The
designed transceiver is simulated to confirm the presented mathematical
model (Ingle & Proakis, 2012; Nguyen et al, 2015).

Based on the time and frequency domain presentation of the
transceiver signals, and the power and energy spectral densities
calculations, the power and the energies of the related signals are
calculated assuming the ideal transmission of the signals in the noiseless
channel. These calculations allowed a clear understanding of the
transceiver operation and the estimations of possible losses in signal
powers that were caused by the signal processing in the transceiver.

The presented theory of modern discrete communication systems
design is of vital importance for researchers, practicing engineers, and
designers of transceiver 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).
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Discrete-time communication system structure and
operation

A block schematic of a discrete communication system under
consideration, which includes its basic block presented in the form of
mathematical operators, is shown in Figure 1. The system consists of a
transmitter, a band-pass noise generator, and a receiver. At the input of
the transmitter there is a low frequency (LF) discrete rectangular pulse p(n)
that modulates an LF cosine signal sm(n) to produce an LF cosine pulse
m(n). This cosine pulse modulates the carrier s¢(n). The obtained band-
pass modulated signal s(n) is generated at the output of the transmitter.

BP Noise
Generator
Sn(n) =cos(42,n) s,(n) =cos(£2n) s,(n) =cos(42n) s (n)=cos(2,n)
WA VLR SN P N A N0 oo L)
P(Q) | Sm(©Q) M(Q) Se(Q) S(Q) Se(Q)  Sem(Q) Mu(Q)
Transmitter Receiver

Figure 1 — Block schematic of a communication system operating in the discrete-time
domain
Puc. 1 - CmpykmypHas cxema cucmembi ces3u, pabomaroweli 8 obriacmu
OUCKpemHo20 8pemMeHu
Cnuka 1 — briok-wema KOMyHUKayuoHo2 cucmema Koju padu y OomeHy QUCKpemHo2
epemeHa

The coherent receiver will demodulate the received band-pass (BP)
signal using a low-pass filter (LPF) and generate an estimate of the cosine
pulse or the rectangular pulse transmitted. Firstly, the modulated signal
s(n) is multiplied by the carrier s¢(n) to obtain the demodulated cosine
pulse scm(n). Then, the cosine pulse is multiplied by the LF cosine signal
Sm(n) to obtain a signal smm(n) that contains the rectangular pulse that can
be extracted by the low-pass filter (LPF). In the case of the system
simulation, a band-pass noise generator should be used to investigate the
operation of the system in real conditions. Because the system operates
with discrete-time signals, the noise generator needs to generate a BP
discrete-time noise that will be added to the modulated discrete-time
signal.
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Transmitter operation

We will generate the discrete-time cosine pulse and then modulate
the carrier with that cosine pulse. The block schematic of the transmitter is
presented in Figure 1. The generated pulse can be considered an LF
cosine pulse. However, our question is how to generate the band-pass
sinusoidal pulse with the modulating signal that is this LF cosine signal.
For that purpose, as we expect, the carrier frequency should be much
higher than the bandwidth of the LF cosine pulse. Let us assume, for the
sake of explanation and presentation, that the carrier frequency is 10 times
higher than the middle frequency of the LF cosine pulse.

To generate this modulated pulse, we need to multiply the LF cosine
pulse with the carrier, as shown in Figure 1. The carrier frequency is 10
times higher than the frequency of the cosine pulse, i.e., fc = 10fm. Suppose
the minimum number of samples in one period of the carrier is N = 4.
Therefore, the number of samples N of the rectangular pulse p(n) (for 2
oscillations of the LF cosine pulse and 20 oscillations of the carrier and the
number of samples N in one period of the LF cosine signal) needs to be
calculated to accommodate the 10 times higher frequency of the carrier,
ie.,

N=10-2-N_,=20-4=80. 1)

The number of samples inside one period of the LF cosine pulse now
is calculated to be N, = N /2=40. Therefore, to perform the multiplication

of the rectangular pulse by the LF cosine signal and then modulate the
carrier, the number of their samples should be 80. The mathematical
expressions and related wave shapes of the transmitter signals will be
presented in the following analysis. For the calculated values of the
discrete signals, we can analyze their properties in the time and frequency
domain at each block of the transceiver.

The rectangular pulse presentation in the time and frequency domain.
Based on the calculated number of samples inside the processed signals,
the graphs of the discrete-time (dt) rectangular pulse p(n) in the discrete-
time domain are presented in Figure 2. The signal is expressed in terms
of the Kronecker delta functions as a convolution of the signal and the delta
functions. i.e.,

0 otherwise 0 otherwise

p(n):rz:im(k)é(n-k):{A 0<n<N —1}:{A osns79}. "
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p(n)

AR 1

0  2N:=8 10N:=40 20N.=80

Figure 2 - Discrete-time modulating signal for N =80 and A = 2
Puc. 2 — Modynupyrowuli cugHan ¢ duckpemHbim epemeHem npu N =80 u A = 2
Cnuka 2 — Modynuwyhu cueHan duckpemHoa gapemeHa 3a N=80u A =2

It is to note that the discrete-time 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 values do not exist in these intervals,
even though these intervals are used to process the discrete signal values.
The related magnitude and phase spectral densities can be obtained from
the DTFT of the dt rectangular pulse which is defined as

0 . n=(N-1) )
P(2)=> pne’™= > Ae'™
n=—o0 n=0
AN 0=+2kr,k=0,123,.. , (3)
T Ao —S'r_](QN /2) otherwise N =80
sin(«2/2)

and is to be calculated for N = 80. The magnitude spectral density can be
expressed as

| AN | Q=+2kr, k=0,123,..
P(02)= i
( ) —Slr_l(QN /2) otherwise ’ @)
sin(£2/2)

which is graphically presented in Figure 3 for the defined duration of the
pulse N = 80 and the amplitude A = 2. The zeros in the magnitude

spectrum occur for the condition expressed as Sin(.(%N /2) =0, ie., for
N/2 =kzork=1,2,...,N-1. For N = 80, we may have (% = +2kz/N =
+k440, and k = 1, 2, ..., 79. The phase discontinuities of x radians occur

at the same frequencies. The related magnitude spectral density is shown
in Figure 3.

563

Berber, S., Design of a cosine pulse transceiver operating in the discrete-time domain, pp.559-587



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 3

IP(Q)I|AN]
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140

Figure 3 — Magnitude spectral density of the rectangular pulse
Puc. 3 — CnekmpanbsHasi nnomHocme KonebaHul rpagoy20/1bHO20 UMybca
Cnuka 3 — CnekmparsiHa eycmuHa MazHuUmyoe rpasoyaaoHoe rnyrsica

The first zero crossing occurs at the frequency #/40. The magnitude
value for zero frequency is normalized by |AN| to be one. We can calculate
the power and energy of the pulse in the time domain for the values of the
signal that are different from zero as

P _lNZipz(n)—irfAz—LSOAz—Az 5

PN & 80 = 80 ’ ©
N-1 n=79

E,=P-N=) p’(n)=> A>=NA’=80A". (6)
n=0 n=0

On the other hand, the energy spectral density (ESD) of the pulse is
defined as the magnitude spectral density square and expressed as

2

AS"_](QN /2) | -
sin(2/2)

In the frequency domain, the energy of the pulse is calculated as an
integral of the ESD in this way (Integral calculator, 2023)

e, (@)-Pp(a)

1% 2 A? %|sin(2N /2)[ A’ o
E =— | |P(£2 Q=— | |———= Q=—1 = NA? =80A%.(8
d 2n£| (2 d 2n£ sin(€2/2) H 442=7 1007 80A°.(8)
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The ESD can be calculated also as the DTFT of the autocorrelation
function of the discrete rectangular pulse (Berber, 2019, 2021).

The LF cosine signal in the time and frequency domain. The LF cosine
signal has Nm = 40 samples per oscillation, which can be understood as a
subcarrier in  the system. Therefore, its frequency is
Q =2xf [ f,=27 /N, =x120. This signal in the time domain is

S, (n)=cos2n=cos2zn/ N, =coszn/20, (9)
which is shown in a graphical form in Figure 4a).

Sm(N)

20N.=80

$1(9Q)
b) T T T
20 ||| @u=120 307120
A2 g4 O a4 2 344 1z S 342 Tb 2r

Figure 4 - a) Waveshape of the LF sinusoid signal, b) related amplitude spectral density
Puc. 4 — a) ®opma 80s1HbI HU3KOYaCmOMmHO20 CUHycoudasibHO20 cuzHana, 6)
coomeemcmeyrowjasi amniumyoOHasi criekmparsibHasi nomHoCMb
Cnuka 4 — a) TanacHu obnuk H® cuHycoudarnHoe cuzHana, 6) 00HOCHa criekmparHa
2ycmuHa amnnumyode

The signal in the frequency domain can be directly found for any Nn
simply applying Euler’s formula on the time domain as follows

1 j j = 1 i jzl
Sm(n) — E[ejz;rn/Nm + eJZ;rn(Nm l)/Nm] — E(ej n/20 + ej n39/20) , (10)
or the amplitude spectral density expressed as

S,(2)= Y2

2”5(_Q+k-.q1):7r5(Q+Qn)+7z5(.Q—Qn), (11)
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which is a periodic function of the continuous frequency Q with the period
of 21, as presented in Figure 4b). This spectrum can be represented by a
periodic stream of the Dirac delta functions (Papoulis & Pillai, 2002)
weighting 1T at periodic frequencies and zeros everywhere else.

The power of the signal in the time domain is calculated as

39 l 1
=— > C0s“(£2.n)= cos“(zn/2)=— 12
m; 2(€2,n) = Z 2(anl2) mmzz (12)
This is a power signal (CaV|cch|, 2007; Berber, 2021). Therefore, its
average power is to be calculated in the infinite interval, according to this
expression

1 & l12a 1
P, _I|m— cos“(£2.n _Ilm— 1+coszn/ 2 _I|m——=— 3
Z (2N %Zg anl2)=lim=-===>.(13)

n —a n=-a
Because this signal in the frequency domain is a periodic functlon of
the continuous frequency Q with a period of 2, it can be represented by
a periodic stream of the Dirac delta functions, as presented in Figure 4b).
The energy of the signal is

:_j|s(g)|dg__j( —5(Q+k!2m)j2d!2

=3 j (6°(@+2,)+25(2+2,)5(2-0Q,)+6*(2-2,))d2. (14)

—>0+0+0 >

The infinite energy value can be confirmed by its calculation in the
time domain as

E,, =1im Y cos*(2,n) =lim > %(1+cos;m/2) = Iim‘2—2a =0, (15)

The LF cosine pulse in the time and frequency domain. The cosine
pulse m(n) is obtained by multiplying the sm(n) shown in Figure 1 by the
rectangular pulse p(n). This is again a cosine function. However, it is not a
periodic function as it was the LF cosine signal sm(n). Consequently, it will
not be expressed in the frequency domain in terms of the Dirac delta
functions. Instead of one spectral component, the spectrum of the cosine
pulse will have a bandwidth around the frequency of the periodic cosine
signal. The cosine pulse can be expressed in the time domain as
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Acos2n 0<n<N-1
m(n) = p(n)s,,(n) :{ OQn otherwise }

{Acos;zn/ZO 0< n£79} ’ (16)

0 otherwise
and, based on the modulation theorem, in the frequency domain as

M(2)=FT{p(meos =[P~ ) +P@+ )], 7

where its shifted components are expressed as

. AN /2 Q+0Q =72k k=0,1, ..
> P(RtQ)= ée—j(m%)(N—D/Z Sil’-]((.Qi.Qn)N 12) otherwise
2 sin((2+42,)/2)

The cosine pulse and the related magnitude spectral density are
presented in Figure 5.

m(n)

10N.=40

2IM(Q)J/AN
b) 1
. -d2 b OX A2 344 1 Sdb 342 7M4X2ﬂ 94 572
Qu=n20 2920

Figure 5 — a) Pulse in the time domain, b) Magnitude spectral density of the pulse
Puc. 5 —a) ®opma umnynbca 80 epemeHHoU obracmu 6) cnekmparbHasi NoMHOCMb
amnnumyOdbl uMmnynbca
Cnuka 5 — a) TanacHu obnuk rnyrnca y epemeHckoMm OoMeHy, 6) criekmparnHa 2ycmuHa
MaegHumyOde rnyrsnca

Q
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The power and the energy of the cosine LF pulse are

1 N-1 1 n=79 1 AZ n=79 1 A2
P =—>» A’cos’(2,n)==—» =~ A’(l+coszn)=—» —=—, (18
=N (@) =g5 2 5 A Uroosan) =g D 2=—-. (19
N-1
E, =NP, =) A’cos’(£2,n)=40A%. (19)
n=0

The amplitude spectral density is a periodic function of continuous
frequency with the period of 21T as presented in Figure 5b). The signal is
an energy signal, and its energy can be calculated from the energy spectral
density (Integral calculator, 2023) as

17 17
E, == [|M (Q)‘ZdﬂzgJ‘|P(Q—.(%1)+P(.Q+Qn)|2d[2
- (20)
A’ )
— ~2.1607 = 40A
87

The carrier in the time and frequency domain. For the defined
frequency, the carrier of a unit amplitude is expressed in the discrete-time
domain as

s.(n)=cos2n=cos2zn/ N, =coszn/2 (21)

as presented in Figure 6a). The carrier in the frequency domain can be
directly found, for the number of samples N¢ = 4 in one period of the carrier,
by simply applying Euler’s formula on the time domain expression of the
signal and we may have

S.(2)= 2277[5([2+k-[%):7r5(0+(%)+7r5(0—_(%), (22)

k=%1

which is a periodic function of frequency with the period of 2m, as
presented in Figure 6b). Because this signal is a periodic function of the
continuous frequency Q with a period of 217, it is represented by a periodic
stream of the Dirac delta functions (Papoulis & Pillai, 2002), as presented
in Figure 6b).

568




Se(Q)

b) I

-7 -2 -md4 0 A4 A2 344 x  544 342 TA4 2z

0

Figure 6 — a) Carrier in the time domain, b) Magnitude spectral density of the carrier
Puc. 6 — a) Hecywas sornHa 80 epemeHHoU obnacmu, 6) criekmparibHasi niaomHocmbe
KonebaHul Hecyuwieli 8071HbI
Cnuka 6 — a) Hocunay, y spemeHckom domeHy, 6) criekmparnHa eycmuHa amrumyoe
Hocuouya

The modulated signal in the time and frequency domain. The
modulated signal s(n) is obtained by multiplying the LF cosine pulse m(n)
by the carrier s¢(n). The LF signal m(n) is obtained by multiplying the
signals sm(n) by the rectangular pulse p(n), as shown in Figure 5a).
Therefore, the modulated signal in the time domain is expressed as

s(n) =m(n)-s.(n) = p(n)s,,(n)-cos£2n, (23)

and presented in Figure 7a). By applying the modulation property of DTFT,
we may get the amplitude spectral density of that signal as

S(£2) = FT{m(n)cos.n}= % FT {m(n)(ej“%n + e‘j‘%")}
(24)
—SIM(@-2)+M(2+Q)]

We can find its shifted components in (24) and express them as
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EM (Qig):ée—j(Q—Q)(N—l)/Z sir?((Qi.(%)N /2)
2 2 sin((2+£0Q)12)
AN /2 Q+0Q =T2kn,k=0,12,3,..) "
= ée—j(gi[%)(N—l)IZ Sir.'((-Qi-(%)N /2) otherwise
2 sin((22+0)/2)

where N = 80 for our case. Then, based on expression (17) for the
amplitude spectral density of m(n), the magnitude spectral density of the
modulated signal (24) finally is

S(2)= 4[P2-Q-Q)+P(2-Q+0))]
(25)

+2[PQ+2-Q)+P(2+Q+3)]

For the defined values of frequency {2, =7 /20 and 2 =712, the
magnitude spectral density of the modulated signal is presented in Figure 7b).

s(n)

2|S(Q)I/AN

1

-z A2 -mdd 0 4 ﬂ/zx T 372 27
-Q Qcﬂf +720
Figure 7 — a) Modulated signal in the time domain, and b) in the frequency domain
Puc. 7 — a) ModynuposaHHbIl cuzHarn 80 epeMeHHoU obriacmu u 6) 8 yacmommHouU
obnacmu

Cnuka 7 — a) MoOynucaHu cuaHan y epeMeHcKoM OoMeHy, U 6) y chpekeeHUUjCKoM
domeHy
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The magnitude spectrum is a periodic function with a period of 2.
The two-sided spectrum of the signal can be investigated inside the
bandwidth around the carrier frequency of /2.

The power of the modulated signal can be calculated in the time
domain as

N-1 N-1
P :%Zsz(n) :%Z p?(n)cos®(£2,n)-cos* £2n
n=0 n=0

AZ D9 A2 =19 A2 (26)
Z(1+0052.Q n)-(l+cos22n)=— Y 1=
" 320 04 4
The energy of the signal, based on solution (20), is
1 7 2
E,=RN =Z_f”\s(g)\ d
, (27)

T

A% 1 , 2
_ 2_I|M(Q—Q)+M(Q+Q)| dQ:T(40+4O):20A2
72.—72'

which can be calculated as shown before. From the energy expression, it
is easy to find the power of the signal and vice versa.

Simulation of the transmitter operation

We performed a simulation in Matlab of the transmitter presented in
Figure 1 (Ingle & Proakis, 2012). The signals are generated in the time and
frequency domain and presented in graphical forms. The modulating
signal obtained by simulation in the time and frequency domain is
presented in Figure 8. They are equivalent to the signals that have been
obtained by calculations and presented in Figures 2 and 3, respectively.

The pulse p(n) is presented by all 800 values of amplitude for the sake
of illustrating what the part of the signal where amplitudes greater than
zero looks like. A theoretically expected graph of this signal in the time
domain is shown in Figure 2.

A simulated LF cosine signal is presented in the time and frequency
domain in Figure 9. The signal in the time domain has Nn = 40 samples
per oscillation. That signal in the time domain is presented in Figure 9. The
signal in the frequency domain contains only two components in the
bandwidth from — 1 to + . This is a periodic function of frequency.
Theoretically expected graphs of this signal are shown in Figure 4.
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Figure 9 — The LF cosine signal in the time and frequency domain

U cueHaJll 80 8peMeHHoUu U 4acmomHou

Puc. 9 — Huzko4acmomHsbIl KOCUHycoudarbHbl

obnacmsx
Cnuka 9 — H® KOCUHYCHU cuzgHas y 8peEMEHCKOM U (DPEKBEHUUJCKOM GOMEHY
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A simulated LF cosine pulse in the time and frequency domain is
shown in Figure 10. The cosine pulse m(n) has the amplitudes A = 2 in the
interval from n = 0 to n =80. It is not a periodic function, and its spectrum
is a shifted version of the spectrum of the rectangular pulse to the
frequency Qn. The graphs in Figure 10 correspond to the theoretical
graphs shown in Figure 5.

signal m(n)

PR . . .

0 100 200 300 400 500 600 700 800
n
signal M(om
100 T 9 : ( g)‘ . .

=
E 50 - ]
=

0

-4 -3 -2 -1 0 1 2 3 4

OMEGA

Figure 10 — LF cosine pulse in the time and frequency domain
Puc. 10 — Husko4acmomHsbili KOCUHycouOarbHbIl cugHan 80 8peMeHHOU U YacmomHoU
obnacmsx
Cnuka 10 — H® KOcuHYyCHU nyric y 8PeMEHCKOM U (OPEKBEHUUJCKOM OOMEHY

The simulated high-frequency carrier is shown in the time and
frequency domain in Figure 11. The processed carrier was in the interval
from n = 0 to n = 800. In Figure 11, only a part of the signal is shown for
the sake of understanding its shape. These graphs correspond to the
theoretically expected graphs presented in Figure 6.

The simulated modulated signal in the time and frequency domain is
presented in Figure 12. The same signal in the time domain is presented
in an extended form in Figure 13. These graphs correspond to the
theoretically expected graphs presented in Figure 7.
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carrier
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0 50 100 150
signal Sc(om
. gnal Sc(omg)
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S 0.2
0
-4 -2 0 2 4

OMEGA

Figure 11 — The carrier signal in the time and frequency domain
Puc. 11 — Hecywas 8onHa 80 8pemMeHHoU u YyacmomHouU obiacmsx
Cnuka 11 — Hocunay, y 8peMeHCKOM U (hpeK8EHUUJCKOM OOMEHY

SIGNAL MODULATED

0 50 100

FFT of the sighal modulated
= 0.5
£
S
w 0
-05 : : :
-4 -2 0 2 4

OMEGA
Figure 12 — Modulated signal in the time and frequency domain
Puc. 12 — ModynupoeaHHbIl cueHar 80 8peMeHHOU U YacmomHoU obracmsx
Cnuka 12 — ModynucaHu cueHas y 8peMEHCKOM U (hPEK8EHUUJCKOM GOMEHY
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To see the shape of the signal, the modulated signal s(n) is presented
in the whole interval from n = 0 to n = N-1 in Figure 13.

SIGNAL MODULATED

s(n}

0 100 200 300 400 500 600 700 800
n
Figure 13 — Modulated signal in the time domain
Puc. 13 — ModynuposaHHbIl cueHarn 80 epeMeHHoU obracmu
Cnuka 13 — ModynucaHu cugHarn y 8peMEeHCKOM OOMEHY

Pulse demodulator

The demodulation of the discrete modulated signal s(n) results in the
discovery of the modulating cosine and the rectangular pulse. The receiver
blocks involved in the procedure of received signal demodulation are
presented in Figure 1.

The output signal of the demodulator multiplier. Firstly, the received
discrete modulated signal is multiplied by the carrier to get the signal

Sen(N) =S(n)cos 2n = {m(n) cos’2n 0<n<N _1}

0 otherwise

%m(n)(1+ cos242n) 0<n<N-1 (28)

0 otherwise
The signal can be expressed in this form in the time domain

1 11 11

—Acos 2 n+==Acos(22 + n+==Acos(20 — n 0<n<N-1

Sem(N) =12 G52 (22 +43) 22 (2Q-4) (29)
0 otherwise

Therefore, the DTFT of this signal gives us its amplitude spectral
density expressed as

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

, (30)
:%M (_(2)+%[M (2-20Q)+M(2+20Q)]
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where the first component M(Q) is the LF component containing the
spectrum of the modulating cosine pulse and its shifted spectrum to the
doubled carrier frequency. The LF component can be expressed as

% M () = % FT{p(n)cos 2 n}= %[P(Q—Qn) +P(2+0)], 31)

where the shifted components are

AN Q-0 =+2kr,k=0,123,..
P(2-2,)= Ag (- 2n(N-D/2 S"_]((Q_Qm)N/Z) otherwise N =80

sin((2-22,)/2)

AN Q+0 =+2kr,k=0,123,..
P(2+2,)= Ag 1@+ 2n)N-D/2 Sir_]((QJer)N/Z) otherwise N =80

sin((2+22,)/2)

To obtain the multiplied signal S_,(£2) expressed by (30), we can
calculate the shifted spectral components as follows

%M (2-20Q) :%%[P(Q—ZQ +)+P(2-2Q-Q)], (32

and

1 11
aM2+2Q) =2 2[P(Q+20Q + Q)+ P(Q2+20 - Q)] @33)
Finally, the spectrum of the signal (30) is expressed as

1 1
Sen(€2) = [P(2-3) + P2+ )]+ £ [P(2-2Q + )+ P(2-2Q - Q)] (34

+%[P(Q+2_Q +0Q2)+P(Q2+20Q -0)]

and is presented in Figure 14. The power and energy of the signal in the
time domain can be calculated from (29) and expressed as

N-1
Ecm = I:3:m ‘N = Zsfm(n)
n=0

NZ %Acos(gnn)2 +§(1 Acos(242 + 2 )n)’ +Nj(%Acos(2.q -2)n)’ (35)

1 Z— —21A2=1A2N+iA2N+iA2N=i
=2 - 1652 8 32 32 16

A’N

4>I|—‘

and the power is Pcm = Ecn/N = 3A%/16. The energy can be calculated in
the frequency domain as
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17!
En = [ISm(2) [ d2
o =57 | 150D

1 1
1 (3PR-R) PR R P@-2212)+P(2-22-)] (5
27 —”+%[P(.Q+2.q £ 0Q)+P(Q2+20Q —)]F d

2 2
=2i12N7Z'+4il2N7Z'=£A2N
2716 27 64 16

ISen(Q)|/4

-7 -2 -4 0 4 2 344 r

20 20, T+m20

Figure 14 — Magnitude spectral density of the signal at the output of the receiver multiplier
Puc. 14 — BenuyuHa criekmparsbHOU MIOMHOCMU CU2Hasa Ha 8bixode rnpueMHo20
YMHoOXUmerns
Cnuka 14 — CnekmparnHa eycmuHa Ma2Humyoe cuzHara Ha usna3y MHoxa4a
npujeMHuUKa

Extraction of the baseband rectangular pulse. This extraction starts

with a multiplication of the demodulated signal by an LF cosine term as
follows

S..,(N)=s,,(n)cos2n. (37)

Using the modulation theorem, the amplitude spectral density of this
signal will be expressed as a shifted version of the spectrum in (34), which
gives
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S0 (@) =7 P() +£[P(2-20) +P(2+20)]

+%[p(g—2[%)+ P(22+202)]
, (38)
+%[P(Q—2Q —20)+P(2-202 +20)]

+S[P(2+20420)+ P(2+2Q -20)

ISmm(€Q)|/4

Figure 15 — Magnitude spectral density of smm(n)
Puc. 15 — CnekmparnbHasi nnomH+ocms amraumy0bl cugHana Smm(n)
Cnuka 15 — CnekmparsHa eycmuHa MmagHumyoe cueaHasa Smm(n)

The calculated spectrum contains an LF part around the zero
frequency, which contains the spectrum of the modulating rectangular
pulse. We can use an LP filter to extract this signal. This operation will be
approximate, meaning that a part of the spectrum of the neighboring
components to the pulse spectrum will be added to the signal causing
distortion. Also, the pulse spectrum will be reduced to its two arcades
which will reduce the power of the signal. We will take this reduction of the
power in the following considerations and calculations.

LPF operation in the time and frequency domain. An ideal LP filter
with the gain Hq is used to eliminate the HF components in this spectrum
and obtain the demodulated signal representing the rectangular pulse p(n)
that was sent by the transmitter. The filter eliminated all high-frequency
components and the result is the LF pulse
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51 (42) = Hy (2)-5,0(2) = Hy () 3P(), (39)

where the filter transfer characteristic is rectangular as shown in Figure 15
by a dotted graph of the amplitude Hq. If there is no attenuation of the filter,
i.e., Hq =1, an approximation of the output spectrum can be obtained as
shown in Figure 16. Due to the limitation of the spectrum of the
demodulated pulse p(n) at the receiver side, the received pulse at the
output of the LP filter will not be rectangular as the simulation will confirm.
In the time domain, the output signal of the filter, mq(n), will be a
convolution of the filter input signal smm(n) and the impulse response of the
filter hq(n), as will be shown in the simulation. The result of this convolution
is the pulse mg(n), which is a distorted version of the rectangular pulse.

Calculation of the system attenuation. The total value of the

demodulated rectangular pulse energy can be calculated from the pulse
spectrum in Figure 15, assuming an all-pass LF filter and ideal filtering, as

17 17 1
Ew=- IS d2="—||H,(2)-=P(Q)| d
w =5 ) 1Sm(DF d2=7- [1H,(2)-3P(2)

1 7 A2 1 40)
H=1BTI|F>(Q) & dQ=372N;z=EA2N
4= 72'77[ T
|Smd(2)|/4
1

] ]

T T

-2 -4 0 4 a2

Qe 7140 Qc

Figure 16 — Magnitude spectral density of the demodulated pulse md(n)
Puc. 16 — Benu4uHa criekmpansHol nnomHocmu 0emMoOynupoe8aHHO20 umryibca md(n)
Cnuka 16 — CnekmparnHa eycmuHa mazHumyoOe demolynucaHoa rnysca md(n)
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If we use an LP filter with the cut-off frequency of /20, the precise
value of the energy of the received pulse is

sin400 |2
sin(£2/2)|

AZ 7120
32 j

1 T
Ep—FiIter = E .[ ‘P(‘Q)‘Z d'Q -

A2
T

-7120 (41)

——477.5439727897149 = 4.75A° = 0.0594NA?

This energy of the signal is much smaller than the energy of the pulse
at the transmitter side, which was NA?, as calculated in (6). The energy of
this pulse in its two arcades is

b 2 /20
E, - [[P(@) do=2 | | 2402 d.Q——ZN;r
2r * 2r ,20 sin(Q/2)
V4 - (42)
2
2A 477.5439727897149 = 76 A = 0.95NA?
T
The power attenuation of the received signal is
E,/N 0.95A
a.p =10 |0g10 =10 |0g10 p—/N =10 |Oglo m =1204 dB (43)

p—filter p—filter

To receive the pulse with the required power, we need to use
amplifiers in the receiver. These amplifiers will compensate for the loss of
power caused by the explained signal processing. However, due to the
propagation of the signal, there will exist additional attenuation that needs
to be compensated by the amplification inside the receiver. Finally, as
shown in Figure 1, there will be a noise present in the channel that is added
to the signal. The noise influence on the signal transmission needs to be
also considered, which is a separate problem in the analysis of the system.

If we are interested in the detection of the phase of the transmitted
cosine pulse, we can use a correlator on the receiver side. In that case,
the polarity of the correlator output will give us evidence about the phase
of the transmitted pulse.
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Simulation of the receiver

The receiver operation is simulated in Matlab. The simulated
operation of the first modulation multiplier is presented by the graphs of its
output discrete-time signal scm(n) in the time and frequency domain in
Figure 17, which was theoretically analyzed and presented in the
frequency domain in Figure 14.

_signal scm(n)

2@
€
£ 0
o
w
-2 3
0 50 100 150
n
) signal Scm(omg)
[=)
5
—= 1
&
N
0
-4 -2 0 2 4

OMEGA

Figure 17 — Magnitude spectral density of the simulated signal at the output of the
receiver multiplier
Puc. 17 — BenuyuHa cnekmparsnbHoU niomHocmu MoOesiupyemMo20 cuzHarsa Ha 8bixode
YMHOXUMessi npueMHUKa
Cnuka 17 — CnekmparsHa 2ycmuHa MagHumyoe cuMysucaHo2 cugHasa Ha usnasy
MHOXay4a npujeMHuUKa

This signal is multiplied by an LF signal sm(n) to get the signal smm(n)
that contains a low-frequency component that represents the modulating
signal. The simulated signal in the time and frequency domain is shown in
Figure 18. The corresponding signal, theoretically calculated, is presented
in Figure 15.
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signal smm(n)

0 100 200 300 400 500 600 700 800
n
signal SMM(omg)

0.5 1

SMM({omg)

0 L]
-4 -3 -2 -1 0 1 2 3 4
OMEGA)

Figure 18 — Magnitude spectral density of the simulated smm(n)
Puc. 18 — CnekmparnbHasi nomHocme ModenupyemMoul 8eslu4UHbl Smm(n)
Cnuka 18 — CnekmpariHa eycmuHa MagHumyoe cumynucaHoa Smm(n)

The LF signal smm(n) is processed in the LP filter to get the LF
modulating signal. For the filter transfer characteristic shown in Figure 14,
the impulse response hq(n) is calculated.
Then the convolution of this impulse response and the input signal
smm(n) is performed in the time domain as shown in Figure 19.

The LPF is a linear time-invariant discrete-time system, and this
convolution can be performed.
The result of the convolution is the positive pulse mg(n) that is
generated at the output of the receiver and corresponds to the rectangular
pulse sent at the transmitter side.

This pulse obtained by simulation is presented in Figure 20.
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1.57

smm(n} and hd(n}

0.5+

smm(n)
20*hd(n)

-50 0 50 100 150 200
n

Figure 19 — Procedure of convolution to get the demodulated pulse ma(n)
Puc. 19 — lNpouyedypa ceepmku 0nis1 nosnydeHusi demModynupo8aHHO20 UMMyibca Md(n)
Cnuka 19 — lNpouedypa koHsonyyuje 3a dobujar-e demodynucaHoez nyrnca md(n)

0.6

0.5

0.4 |

md(n)

0.1

0.3

027

signal md(n)

H

o ——

-0.1

-1000

-500 0 500 1000
n

Figure 20 — The demodulated pulse md(n) at the output of the LP filter
Puc. 20 — [emodynuposaHHsbili UMryibC Md(n) Ha 8bixode huribmpa HUXHUX Yacmom
Cnuka 20 — [emodynucaru rync md(n) Ha uznady H® ¢punmepa
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Conclusions

This paper presented the theoretical model and the simulation results
of a communication system analysis for a cosine pulse transmission. A
detailed 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 time and frequency domains using exact
mathematical expressions. To calculate the attenuation of the signals in
the system, the powers and the energies of the signals are calculated for
all signals processed in the system.

It is shown that the application of a low-pass filter inside the receiver
allows the detection of the modulating signal, despite its distortion due to
the processing in the system. The signals in the analyzed blocks of the
transceiver are processed in the discrete-time domain. All theoretical
results are confirmed by simulations.
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Paapa60TKa npunemMornepenatynka KocmHycomaanbHbIX UMNYIrbCOB B
AONCKPETHOM BpPEMEHN

CmesaH M. bepbep

YHueepcuteT OkneHaa,
Kadbenpa aneKkTpoTeXHMKU, BbIYUCTTUTENBHON TEXHUKM U MPOrpamMMHOro
obecneyerus, r. Oknena, Hosas 3enangus

PYBPUKA TPHTW: 50.07.03 Teopusi n MOAennpoBaHne BbIYUCIINTENBHbIX
cpeq, CUcTeM, KOMMIEKCOB U ceTen
BWO CTATbW: opuruHanbHas Hay4Has ctaTbsl

Pesrome:

BeedeHue/uens: B daHHOU cmambe obcyxdatomcsi 80rpoChl meopuu u
paspabomku npuemonepedamyuka 05151 nepedayvyu KOCUHycoudasibHbIX
uMnynbco8 8 QUCKPemMHOM speMeHU. Paboma npuemonepedamdyuka u
8Ce cuzHaJlbl aHanu3upyrmcs Kak 80 peMeHHOU, maK u 8 YacmomHoU
obracmsix.

Memodbi: B 0daHHOU cmambe npusedeH nodpobHbIli  0630p
meopemu4eckux moderneli rpuemoriepedamyuka Ha ocHoge e20 brloK-
cxeM, Komopble rpedcmasenieHbl C [OMOWbIO MamemMamu4ecKux
orepamopos. Pesynbmamei CMOOEsIUPOBaHHbIX 6r10K08
npuemoniepedamyuka ObiIu  corocmaerneHbl €  pe3ynbmamamu
meopemu4ecKo20 aHanu3a.
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Pesynbmamei: CuzHarbl QUCKPEMHO20 8peMeHU Ha exodax U ebixodax
Kaxx0o20 brioka rpuemoriepedamyuka 8bI800sIMCcsl 8 MamemMamu4eckoU
gopme u omobpaxkaromcsi 80 8pPEMeHHOU U YacmomHol obracmsix.
Cumynamop npuemoriepedam4yuka bbin  pa3pabomaH e Matlab.

Teopemuueckue 8b1800bI nodmeepx0eHbl pesynbmamamu
MoOenuposaHus.
Bbigo0kb: Pesynbmamai OaHHoU cmamsu criocobcmeyrom

meopemuyeckoMy MOOenuUposaHut0 U pa3pabomkKe COBPEMEHHbLIX
rnpumoepedamyukos, Komopble MOXHO 6ydem ucrionib3ogame Ofisi
rnepedayu OUCKPemHO20 KOCUHycoudaribHO20 UMIYIIbCa.

Kntouesnble criosa: paspabomka rnpuemoriepedamdyuka, OUCKpemHbIl
KocuHycoudasbHbIl  UMMAYSLC,  UMMAYNbCHBIL  npuemornepedamyux,
Mamemamu4eckoe molenuposaHue npuemornepedamyuka,
unbmpayusi, cumynsmop npuemonepedamyuka.

[lM3ajH npMMonpeaajHMKa KOCUHYCHOT Myrica y AMCKPETHOM BpPeEMEHY

CmesaH M. bepbep

YHuusepauteT y OknaHgy,
Katepnpa 3a eneKkTpoTeXHUKY, pavyyHapcKy 1 COPTBEPCKY TEXHUKY,
OknaHa, Hosu 3enaHa

OBJACT: enekTpoTexHuka, TenekoMmyHukauuje
KATEITOPWUJA (TWUM) YITAHKA: opyruHanHy Hay4Hu pag

Caxemak:

Yeod/yursb: [usajH npumonpedajHuka KOCUHYCHO2 rysica npukasaH je y
duckpemHom epemeHy. Pad npumonpedajHuka U ceu cuaHaniu
aHanuaupaHu cy y 8pEMEHCKOM U (hpeK8eHUUJCKOM OOMEHY.

Memode: [lpukasaHu cy OemarbHU meopujcku modenu npedajHuka u
npujemMHuka 6asupaHu Ha HUX08UM  bOJfiOK-wemama Koje cy
npedcmaerbeHe MoMoRy Mamemamuuykux onepamopa. brokosu
npumorpedajHuKa Cy CuMyrnupaHu, a pesynmamu cumynayuje yriopefjeHu
ca pesynmamuma meopujcke aHanuse.

Pesynmamu: CuzHanu OUCKpemHoz epeMeHa Ha ynasuma u usnasuma
ceakoz brioka y npumonpedajHUKy u3gedeHu cy y MameMamu4ykom ObuKy
U rpukasaHu y 8PeMeHCKOM U cbpekseHuujckom OomeHy. PassujeH je
cumynamop npumoripedajHuka y Mamnab-y. Pe3ynmamu cumynayuje cy
rnomspousiu meopujcke Hanase.

Sakrbyyak: Pesynmamu ogoe pada GornpuHoce meopujckoM Moleriogarsy
U dusajHy ModepHux rnpumopedajHuUKa Koju ce Mo2y Kopucmumu 3a rpeHoc
OuCKpemHoa KOCUHYCHOe rlyrica.

KrbyyHe peyu: dusajH npumornpedajHuka, QUCKPEMHU KOCUHYCHU r1yJIC,
npumorpedajHuK nynca, Mamemamu4ko modernosame
npumonpedajHuka, chunmpupare, cumyrnamop npumornpedajHuka.
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