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Abstract: The increase in the throughput of digital television and radio broadcasting (DVB) channels
can be achieved due to application of signals with a compact spectrum and a relatively small peak-to-
average power ratio (PAPR). The reason is the usage of traveling wave tubes (TWT) for amplifying
and transmitting signals from a satellite repeater in DVB-S2X systems. At the same time, given that
the bandwidth allocated for transmission should be used as efficiently as possible, a high reduction
rate of out-of-band emissions level is required. The most effective solution in this direction is the
transition to spectrum-economic signals, such as optimal Faster-Than-Nyquist (FTN) signals, which
can provide a certain reduction rate of the out-of-band emissions level and minimum acceptable
PAPR. This article proposes a method for obtaining optimal FTN pulses, which have symmetry in
time domain, with specified PAPR and reduction rate of out-of-band emissions for the quadrature
phase shift keying (QPSK) and offset quadrature phase shift keying (OQPSK). The possibility of
synthesizing signals with OQPSK modulation is presented theoretically for the first time. Optimal
FTN signals can provide PAPR reduction by at most 3 dB and outperform known root raised cosine
(RRC) pulses. The simulation model adopts an architecture for quadrature generation of optimal FTN
signals with OQPSK modulation with blocks for adjustable pre-amplification, clipping, and power
amplification. The proposed signals can be used to increase the spectral and energy efficiencies of
satellite broadcasting systems, such as DVB-S2/S2X, as well as low-rate return channels of interactive
broadcasting systems with a frequency resource shortage.

Keywords: Faster-Than-Nyquist signaling; optimization methods; constraint; peak-to-average power
ratio; out-of-band emissions; spectral efficiency

1. Introduction

Both single-carrier signals with multilevel modulation and multi-carrier signals with
orthogonal frequency division multiplexing (OFDM) [1,2] have significant drawbacks.
Such random signals have a high peak-to-average power ratio (PAPR), reaching a value
of more than 10–15 dB. At the same time, in digital television and radio broadcasting
(DVB) transmission equipment, especially that used in DVB-S2X satellite applications,
traveling-wave tube (TWT) amplifiers with power of up to 1 kW and powerful transistors
having power of up to 100 W [3–6] are used. These devices have a nonlinear frequency
response with a relatively small linear region. Therefore, the developers of such equipment
tend to develop signals able to satisfy the requirements not only for transmitting the
maximum amount of information in the allocated frequency band but also for effective use
of amplifying devices. The second requirement can be met by the application of signals
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with a reduced PAPR compared to known cases. In such conditions, the use of signals with
a reduced PAPR increases the average power of the radiated oscillations while maintaining
the same total operating energy costs. Therefore, either the quality of information detection
may be improved or the distance between transmitting and receiving stations may be increased.

Recently, the option of using Faster-than-Nyquist (FTN) signals in DVB-S2X satellite
application systems have been actively considered [7–11]. Typically, FTN signals are formed
with the use of filtering method. It is based on the method of forming root raised cosine
(RRC) pulses with time and spectral characteristics determined by the type of frequency
response of the shaping filter with a roll-off factor 0 ≤ α ≤ 1. The energy efficiency is
determined by the correlation properties of random FTN signals based on RRC pulses. In
turn, the correlation properties of FTN signals depend on the frequency response of the
filter. Long pulse duration Ts significantly exceeds the symbol transmission time T and
therefore causes random intersymbol interference (ISI) in signal packet. As a result, ISI
leads to energy losses. Random signal packet based on RRC pulses has high PAPR. PAPR
value depends on several factors: the depth of random ISI influenced by the duration of
the applied pulses, the pulse shape, and the transmission rate of the channel symbols. For
instance, a bandpass signal packet with binary phase shift keying (BPSK), pulse duration
Ts = 10T and roll-off factor α = 1 transmitted at the rate R = 1/T has PAPR equal to 6
dB. Reducing roll-off factor to zero results into PAPR equal to 7 dB. An increase in pulse
duration to Ts = 16 T causes an increase in PAPR by about 0.5 dB.

To reduce the PAPR, as a rule, the amplitude limitation of the emitted oscillations
or clipping is used [12–14]. However, joint application of clipping and preamplifier can
increase the average power of oscillations emitted by the transmitter and cause significant
increases in the level of out-of-band emissions and correlation coefficient.

Another method for FTN signal generation assumes the synthesis of optimal pulse
shapes. Optimal FTN signals obtained as the mathematical solution to the optimization
problem [8,15–17] can provide high information transmission rates [18]. An integral part of
the optimization process includes requirements for signal spectrum compactness, detection
reliability, and technical and economic constraints. These requirements determine the time
and spectral parameters of optimal pulses and random signal sequences. The duration of
such signals exceeds the time interval of one information bit (for binary transmission with-
out coding). The emerging ISI in the signal sequence is not random but controllable. The
ISI level can be controlled at the stage of the optimization problem solving by introducing
the constraint on the cross-correlation coefficient. The low value of this coefficient provides
high energy efficiency of optimal FTN signals when coherent symbol-by-symbol detection
algorithms are used.

Therefore, the possibility of obtaining optimal FTN pulse shapes with the constraint
on the PAPR of a random signal sequence should be considered. It should be mentioned
that it is not reasonable to expect revolutionary results in reducing PAPR because of the
physical and mathematical reasons for the optimization problem-solving. However, a
PAPR reduction of 2–3 dB can be expected. When optimizing the FTN pulse shape with
the constraint on the PAPR, it is necessary to establish quantitative relations between the
clipping level and the extension of the occupied frequency band, as well as the change in
the cross-correlation coefficient value.

The main aim of the work is to determine the possibilities of reducing PAPR of
oscillations by using finite-time optimal quadrature FTN signals with pulse duration
exceeding the transmission time T of one symbol and with the constraint on PAPR.

The paper considers the time and spectral characteristics of random sequences of
optimal FTN signals with offset quadrature modulation. The results of reducing the PAPR
of oscillations are also analyzed. The possibilities of increasing the average power of
radiated oscillations while maintaining the total operating energy cost unchanged are
introduced. The rest of the work is organized as follows. In the theoretical part of the
work (Section 2), the shape of FTN signals with offset quadrature modulation and the
method of obtaining the pulse shapes by the optimization problem-solving are presented.
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The optimization criterion ensuring the fixed reduction rate of the level of out-of-band
emissions outside the occupied frequency band is used. This section is divided into two
subsections. Section 2.1 describes the features of the optimization problem-solving and the
iterative procedure of minimizing the optimization functional. The forms of intermediate
three-dimensional surfaces, providing local minima of the optimization functional, are
shown. The examples of solutions to the optimization problem for different pulse duration
are given in Section 2.2. In the practical part of the work, a simulation model of information
transmission with the use of optimal FTN signals is presented. Section 3 contains the
algorithm of the simulation model and the possibilities of simulation modeling. This section
also includes the model of information transmission with the use of adjustable preamplifier
and amplitude limiter in the radio transmission path. The results of simulation modeling
for a channel with additive white Gaussian noise and for a frequency-flat Rayleigh fading
channel are given in Section 4. Finally, Section 5 concludes this work, summarizing the
results of applying offset quadrature optimal FTN signals with reduced PAPR of radiated oscillations.

2. Optimization Problem with Constraint on PAPR

Consider the representation of a random sequence of signals with offset quadrature
phase shift keying (OQPSK). The transmitted binary message consisting of N characters
with the symbol rate R = 1/T can be expressed as:

u(t) =
N−1

∑
k=0

ψT(t− kT)d(k)r , (1)

where d(k)r denotes a channel alphabet symbol and ψT(t) denotes a rectangular pulse shape:

d(k)r =

{
1, r = 1
−1, r = 2

, ψT(t) =

{
1, t ∈ [0, T]
0, t /∈ [0, T]

. (2)

A signal sequence with OQPSK having amplitude A0, carrier frequency f0, and an
arbitrary pulse shape a(t) can be expressed as:

y(t) = y1(t)− y2(t), (3)

y1(t) = (A0/
√

2)u1(t) cos(2π f0t + φ0), y2(t) = (A0/
√

2)u2(t) sin(2π f0t + φ0), (4)

u1(t) =
(N−1)/2

∑
k=0

a(t− 2kT)d(2k)
r , u2(t) =

(N−1)/2

∑
k=0

a(t− 2kT − T)d(2k+1)
r . (5)

To simplify calculations, the initial phase is set to φ0 = π/4. Note that the sequence (1)
can be divided into two quadrature streams consisting of even and odd symbols transmitted
at the rate of R = 1/2T.

The shape of function a(t) in time interval Ts = LT (L = 1,2,...) is determined as a
solution to the optimization problem [8,19]. The main requirement of the optimal signal
generation is the requirement for the maximum spectral filling of the allocated frequency
band. This requirement is met by using the optimization criterion of ensuring the specified
reduction rate of out-of-band emissions level. Solutions to this problem are considered
in [20] for signals with binary phase shift keying (BPSK). The natural requirement for the
cross-correlation coefficient (the condition of the guaranteed level of the BER performance),
the pulse duration, and signal energy represent the optimization problem constraints.
Consider the application of such signals with OQPSK and constraint on PAPR.

The optimization criterion of ensuring the specified reduction rate of the level of
out-of-band emissions is adopted. The optimization function can be expressed as [19,20]:

arg{min
a(t)

J}, J =
∫ ∞

−∞
g( f )G( f )d f , G( f ) =

∣∣∣∣∫ ∞

−∞
a(t) exp(−j2π f t)dt

∣∣∣∣2. (6)
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In (6), the symmetrical weighting function g( f ) = f 2n (n = 1,2,3, ...), together with
the boundary conditions that are given below, determines the reduction rate of the energy
spectrum level of the synthesized signals. The shapes of function g( f ) are presented in
Figure 1, where it can be seen that, by adjusting the value of n, it is possible to achieve the
required reduction rate of the energy spectrum level.

-4 -3 -2 -1 0 1 2 3 4
f, 1/T 

0

5

10

15

20

n=10

n=4

n=3

n=2

n=1

g(f)

Figure 1. Weighting function shape.

With a proper choice of the energy spectrum parameters of synthesized signals, the
occupied frequency band ∆F can be determined based on the criterion of the energy
spectrum level G( f ) relative to the maximum value of the energy spectrum. For instance,
∆F−30 dB corresponds to the occupied bandwidth for the power spectrum level of −30 dB.

The analytical solution to the optimization problem (6) is possible only for the pa-
rameters n = 1 and the pulse duration equal to T [21]. In [22], the analytical solution to
more complex optimization cases with quadrature signals and Ts = 4T is brought to the
Lagrange equations, which can be solved numerically. When the number of optimization
constraints or the values of optimization parameters (i.e., n, Ts) increase, the analytical
closed-form solution cannot be obtained. To solve (6), numerical methods for solving the
Lagrange equations can be applied [23].

The desired pulse shape a(t) is represented as the expansion in a limited Fourier series,
where m denotes the number of expansion coefficients. Suppose that a(t) is an even and
symmetric function in the interval [−Ts/2, Ts/2]:

a(t) = a0 +
m−1

∑
k=1

ak cos(2πkt/T). (7)

The optimization problem (6) can be reduced to the problem of finding a set of
coefficients that correspond to the minimum of a function of many variables [19,20]:

J
(
{ak}m−1

k=1

)
= Ts/2

m−1

∑
k=1

a2
k(2πk/Ts)

2n. (8)

The value of m is determined based on the representation accuracy of sought function
a(t), and it is usually between 10 and 14 [20] for FTN signals with a duration of up to
Ts = 16–32 T.

The constraints on signal energy and boundary conditions that provide the energy
spectrum reduction rate of at least 1/ f 2(n+1) are as follows [24]:
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∫ Ts/2

−Ts/2
a2(t)dt = 1, a(k)(t)|t=±Ts/2 = 0, k = 1 . . . (n− 1), (9)

where a(k)(t) denotes the kth derivative of the function a(t).
The nonlinear inequality constraint on the ISI level can be expressed numerically

using the cross-correlation coefficient [20]:

max
k=1...(L−1)

{∫ Ts

−Ts
a(t)a(t± k/R)dt

}
< K0. (10)

The bit rate R of binary channel symbols is included in constraint (10) and affects the
cross-correlation coefficient. Introduce an additional constraint on the PAPR magnitude
of the jth realization of a random signal packet y(j)

opt(t). The maximum PAPR of signal
packet (3) with a packet length Np, an average power Paverage, and a peak power Pmax can
be calculated by:

max{PAPR} = max
Pmax

Paverage
, (11)

Pmax = max
j

∣∣∣y(j)
opt(t)

∣∣∣2, Paverage = 1/2Np
2Np

∑
j=1

∫ (Np−1)T+LT

0

∣∣∣y(j)
opt(t)

∣∣∣2dt. (12)

The nonlinear inequality constraint on the PAPR may be expressed as follows:

PAPRopt < PAPR0 − ∆maxPAPR, (13)

where PAPR0 denotes the PAPR value before optimization with constraint (13) and PAPRopt
denotes the PAPR value after optimization with (13). After optimization, the maximum
PAPR of a signal packet consisting of Np symbols is reduced by ∆maxPAPR dB.

A feature of solving the optimization problem (8) when using constraint (13) is that
the shape of the optimal function a(t) will depend on the packet length Np. Moreover, with
an increase in the pulse duration up to Ts = 16 T−32 T, the value Np needs to be increased
significantly even for binary signals. Consider the solution of the optimization problem in
such conditions in detail.

2.1. Optimization Problem-Solving Method

The procedure of numerical optimization problem solving was carried out in Matlab
environment with the help of Optimization Toolbox. The functional has a ravine shape due
to the presence of constraints (10) and (13). Functional (6) needs to be found for five opti-
mization parameters: pulse duration Ts, reduction rate of out-of-band emissions 1/ω2(n+1),
cross-correlation coefficient K0, maximum peak-to-average power ratio max{PAPR}, and
packet length Np. The packet length is taken into account in the constraint on PAPR. The
optimization problem-solving method is as follows. The optimization procedure is divided
into two parts. In the first part, only three parameters (Ts, n, and K0) are considered. In the
second part, their values are fixed, and the five-dimensional space is transformed into the
two-dimensional space with parameters max{PAPR} and Np.

The first part of the optimization procedure is presented in Figure 2. At the start, a
rectangular pulse with duration Ts = T is used. For this signal, it holds that n = 0, and the
cross-correlation coefficient is K0 = 0 at the symbol rate R = 1/T. At the first stage, the
optimal pulse shape with a duration Ts = 2T has to be found. An increase in the duration
leads to the appearance of ISI and to an increase in the correlation coefficient to a certain
value that does not exceed 0.5. The solution obtained at each stage is used as the initial
value at the next stage. At the second stage, the required reduction rate of the out-of-band
emissions is achieved, for example 1/ω6 at n = 2. At the third stage, a constraint on the
cross-correlation coefficient K0 < 0.1 is introduced. Thus, after the third stage, the optimal
pulse shape with a duration Ts = 2T, a reduction rate of 1/ω6 and correlation coefficient
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less than or equal to 0.1 is obtained. To obtain a pulse of a longer duration for a given
correlation coefficient, the first and third stages are repeated. After completing the first
part of the optimization, a pulse of duration Ts = 4 T with n = 2 and K0 = 0.1 is obtained.

Cross-correlation 

coefficient

K0

Pulse 

duration

Ts

Reduction rate of 

out-of-band 

emissions 1/ω
2(n+1)Initial 

approximation 

(Ts=T)

0.5

T

1/ω
2

1/ω
6

2T

Optimization problem 

solving (3D space)

0

0.1

4T

∆maxPAPR, dB

Np
2 5 8

0

1

5D space

Plane Ts=4T, n=2, K0=0.1

Figure 2. The optimization problem-solving procedure.

In the second part of the optimization procedure, the limiting parameters max{PAPR}
and Np are considered. By setting Ts = 4 T, n = 2, and K0 = 0.1, a plane is obtained. In
Figure 2, different arrows correspond to different packet lengths Np used in the constraint
on PAPR (13).

The iterative process of minimizing function (8) results in the expansion of coefficients
ak into a limited Fourier series, where k = 0 . . . M. The surfaces of function (8) for several
coefficients ak are presented in Figure 3.

In Figure 3, the signal parameters are set as follows: pulse duration Ts = 4 T, packet
length Np = 5, and the maximum value of PAPR reduction ∆maxPAPR = 0.5 dB. Figure 3
shows two-dimensional plots of the local minima of the function depending on the pair of
expansion coefficients: (a) a2, a3; (b) a5, a6.
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Figure 3. Surfaces of the optimization function for the optimal function.

Using the proposed technique for the optimization problem solving, we consider the
results of optimizing the shape of the function a(t) when using OQPSK in (3) with the
constraint (13).

2.2. Results of Optimization Problem Solving

Note that the shape of the optimal function a(t) depends on the packet length Np.
Start with the values Np = 5 and Np = 8 and estimate the dispersion of the parameters of
the obtained optimal functions.

Consider the solution to the optimization problem for a transmission rate R = 1/T, a
cross-correlation coefficient K0 = 0.1 (10), and a pulse duration Ts = 4 T. Next, analyze the
change in the shape of function a(t) and the corresponding spectral characteristics of the
signal sequences, taking into account the constraint on maximum PAPR (up to 2–3 dB) for
a different number of bits in the packet (Figures 4 and 5 for Ts = 4 T).

m
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(a) The shape of function a(t). (b) The spectral characteristics of the signal sequences.

Figure 4. Results of the optimization problem for Ts = 4 T with the constraint on the PAPR for the packet length Np = 5.
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Figure 5. Results of the optimization problem solving for Ts = 4T with the constraint on PAPR for the packet length Np = 8.

The analysis of time and spectral characteristics of optimal FTN signals with a fixed
pulse duration of Ts = 4T shows that the requirement for reducing the maximum PAPR of
a packet by 3 dB leads to the significant change in the function shape, which is the most
apparent for a small packet length, as shown in Figure 4. This change leads to the distortion
in the normalized energy spectrum shape. The main lobe of the spectrum expands (see
Figures 4 and 5) and the levels of the side lobes closest to the main one increase, although
the reduction rate of the level of out-of-band emissions remains unchanged.

Next, consider the solution to the optimization problem for optimal FTN signals with
a pulse duration Ts = 8 T. As shown in Figures 6 and 7, the change in the function shape
mainly concerns the side lobes, which leads to the distortion in the energy spectrum of a
random packet of signals.
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(a) The shape of function a(t). (b) The spectral characteristics of the signal sequences.

Figure 6. Results of the optimization problem solving for Ts = 8 T with the constraint on PAPR for the packet length Np = 5.
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Figure 7. Results of the optimization problem solving for Ts = 8 T with the constraint on PAPR for the packet length Np = 8.

Based on the intermediate result of the synthesis of optimal FTN signals, it can be
concluded that the introduction of a PAPR limitation by at most 3 dB for each of the
quadrature components in (3) allows preserving the main spectral characteristics in a given
format, i.e., a given reduction rate of the out-of-band radiation level remains unchanged.
In this case, the occupied frequency band at the power spectral density level of −40 dB
is equal to ∆F−40 dB = (0.8–1)/T. If this value is compared to a similar characteristic of
the minimum shift keying (MSK) signals and Gaussian minimum shift keying (GMSK)
signals, which are widely used in mobile communications, it can be found that, for MSK,
the bandwidth is ∆F−40 dB = (3.5–4) /T, and, for GMSK signals, the bandwidth is ∆F−40 dB
= (1.2–1.3)/T [25,26]. Thus, the optimal shapes of function a(t) provide a significant
reduction in the occupied frequency band determined by the required level of out-of-band
emissions.

The ultimate goal of the optimization problem is to determine the time and spectral
characteristics of random sequences of optimal FTN signals with OQPSK. To achieve this,
consider the shape of a packet consisting of 100 bits (3), with 50 bits in each quadrature
channel. In Figure 8, the time diagrams of packets of optimal FTN signals with a pulse
duration Ts = 4 T (Figure 8a) and Ts = 8 T (Figure 8b) obtained without taking into account
the constraint (13) are shown.
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Figure 8. The shape of normalized signal sequence with OQPSK for: (a) Ts = 4 T; and (b) Ts = 8 T.

Figure 9 shows the timing diagrams of optimal FTN signal packets with a pulse
duration Ts = 4 T (Figure 9a) and Ts = 8 T (Figure 9b) with a constraint on maximum PAPR
∆maxPAPR = 3 dB. Comparing the view of the sequences in Figures 8 and 9, it can be
seen that the introduction of the parameter of limitation on the value of PAPR into the
optimization problem made it possible to obtain an increase in the average power of the
emitted signals while maintaining the spectral and correlation characteristics unchanged.
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An increase in the duration of the optimal pulses from Ts = 4 T to Ts = 8 T leads, as expected,
to an increase in the PAPR.
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0
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(t
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m
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|y
(t

)|
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Figure 9. Optimal FTN signal packet with OQPSK: (a) Ts = 4 T, Np = 5, ∆maxPAPR = 3 dB; and (b)
Ts = 8 T, Np = 8, ∆maxPAPR = 3 dB.

Next, consider the proposed method of optimizing function a(t) for quadrature phase
shift keying (QPSK) and binary phase shift keying (BPSK). The dependence of the PAPR of
oscillations on the value ∆maxPAPR is presented in Figure 10, where the symbol rate is
R = 1/T, the pulse duration is Ts = 4 T, and the packet length is Np = 5 bits in Figure 10a,
and Np = 8 bits in Figure 10b.
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Figure 10. Dependence of the PAPR value on ∆maxPAPR for pulse duraton of Ts = 4 T: (a) Np = 5;
and (b) Np = 8.

As presented in Figure 10, when QPSK and BPSK are used, increasing the constraint
on ∆maxPAPR can significantly reduce the absolute value of the PAPR of the radiated
oscillations, approximating its value to the PAPR value of the optimal FTN signals with
OQPSK.The changing trend is the same for signals with a longer duration Ts = 8 T, as
shown in Figure 11. However, the quantitative ratios of PAPR values change.
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Figure 11. Dependence of the PAPR value on ∆maxPAPR for pulse duraton of Ts = 8 T: (a) Np = 5;
and (b) Np = 8.

For the optimal FTN signals with OQPSK, the quantitatively achievable PAPR values
with the constraint on ∆maxPAPR = 2.5 dB and ∆maxPAPR=3 dB increase from 4 to
4.5–5 dB. At the same time, the difference in the absolute PAPR values at ∆maxPAPR of 2.5
and 3 dB for QPSK and BPSK modulations compared to the OQPSK modulation scheme is
more than 1 and 2 dB, respectively.

As noted at the beginning of Section 2 when discussing constraint (13), it is necessary
to estimate the minimum packet length Np which provides stable results in terms of PAPR.
According to Figure 11, Np = 8 is the closest value to this minimum packet length. For this
value of the packet length, the solutions to the optimization problem with the constraint on
PAPR give a more stable result. The local minimum of the PAPR function for OQPSK with
Np = 8 is less than for Np = 5.

Consequently, it is necessary to consider the emerging opportunity to increase the
BER performance by increasing the average power of the radiated oscillations at the output
of the nonlinear power amplifier of the radio transmitter; for instance, by 2–2.5 dB, as
shown in Figure 11b. It should be noted that, in this way, all spectral characteristics of
the transmitted signals are preserved, and the same energy cost is guaranteed as in the
case of using signals without constraint on the PAPR. The more detailed descriptions are
presented in the following section.

3. Simulation Model

The BER performance of the optimal FTN signal detection was analyzed in the trans-
mission channel without fading in the presence of additive white Gaussian noise (AWGN)
with an average power spectral density of N0/2 and in the channel with AWGN and
Rayleigh fading. The scheme of the simulation model with an amplitude limiter is pre-
sented in Figure 12. This scheme can be applied to the DVB-S2X satellite systems in the
presence of amplitude limitation. The symbols divided into two streams were fed to the
input of the modulator of optimal FTN signals. The in-phase and quadrature component
were offset by T.
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Figure 12. Simulation model scheme.

To transmit a packet of optimal FTN signals with a reduced PAPR value, a preamplifier,
an inertialess amplitude limiter, and a power amplifier were introduced. This part of the
transmission path determined the spectral characteristics of the radiated oscillations and
the signal-to-noise ratio (SNR), which further determined the BER performance.

The preamplifier has the ability to adjust the average power. The amplitude limiter in
the simplest case has the AM/AM characteristic shown in Figure 13.

A

A
Input

amplitude

Output

amplitude Without 

clipping

Classical 

clipping

Figure 13. Amplitude limiter AM/AM characteristic.

Based on the piecewise linear approximation of the AM/AM characteristic, it was
assumed that the frequency bands of the power amplifier, preamplifier, and amplitude
limiter were wider than the occupied frequency band of a random signal (Equation (3)).

In addition, the suppression of the spectrum components near frequencies that de-
noted multiples of the carrier frequency ω0 was considered sufficiently strong. Then,
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the real envelope of the signal packet at the output of the amplitude limiter Alim(t) was
expressed as:

Alim(t) =

{
A(t), A(t) ≤ A
A, A(t) > A

, (14)

where A(t) denotes the real envelope of a signal (Equation (3)) at the input of the amplitude
limiter and A denotes the threshold limiting the amplitude of the signal packet. The average
power level of the preamplifier output was determined so that it ensured the transmission
in the linear region of the characteristic of the amplitude limiter without limiting the
oscillation amplitude, as presented in Figure 13.

The joint application of amplitude limiter and power amplifier is common in satellite
digital broadcasting and television systems, and it is used under conditions of peak power
limitation. Peak power limitation leads to the expansion in the spectrum of radiated
oscillations and to the increase in the value of the cross-correlation coefficient of received
signals. As a consequence, BER performance degrades. In general, it is proposed to use
only the linear region of the signal characteristic, while PAPR reduction is ensured by the
use of optimal pulse shapes.

The increase in Paverage of the radiated oscillations (13) occurred in the preamplifier,
which provided linear amplification without going beyond the clipping level. Obviously,
taking into account (13), the voltage gain of the preamplifier was equal to:

Ku =
√

Pmax/A =

√
max

j

{∣∣∣y(j)
opt(t)

∣∣∣2}/A. (15)

Thus, taking into account (14), at the power amplifier input, there would be a signal
packet with a constant peak power Pmax but different Paverage level.

At the receiving device input, the frequency equalization of the channel frequency
response was performed, as shown in Figure 12. The frequency response of the channel was
evaluated using a known non-noisy signal passing through the Rayleigh-fading channel.
Based on this evaluation, equalization was performed in the frequency domain using the
obtained characteristic. After equalization, the mixture of the useful signal and noise,
taking into account the Rayleigh fading, was fed to the input of the optimal FTN signal
demodulator. The demodulator of optimal FTN signals employed an algorithm of symbol-
by-symbol coherent detection. To calculate the BER performance of the detection, at least
106 bits were transmitted.

4. Simulation Modeling Results

During the simulation, it was required to determine the PAPR value for a signal packet,
consisting of 1000 binary bits of transmitted messages, as well as the BER performance
when using optimal FTN signals with a reduced PAPR for channels with AWGN and
channels with Rayleigh fading. The simulation model is used to calculate the probability
of erroneous detection of channel symbols depending on the signal-to-noise ratio Eb/N0,
where Eb denotes the average bit energy. For each value of Eb/N0, the error probability
was calculated and averaged over 106 bits.

4.1. Occupied frequency Band and PAPR of Oscillations

The change in the occupied frequency band depending on the additional constraint
on the maximum PAPR value of the signal packet with the length Np (8) was analyzed.
The frequency bands determined at the energy spectrum levels of −30 dB (∆F−30 dB) and
−60 dB (∆F−60 dB) and the energy concentration of 99% in the band for optimal FTN signals
(∆F99%) with the duration of Ts = 4 T are shown in Figure 14. The frequency bands for
packet lengths of Np = 5 and Np = 8 participating in the solution of the optimization
problem are presented in Figure 14a,b.
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Figure 14. Occupied frequency band dependence on ∆maxPAPR for pulse duration of Np = 8:
(a) Ts = 4 T; and (b) Ts = 8 T.

Based on the results in Figure 14, the following conclusions can be drawn. First,
the occupied frequency band ∆F99%, determined for the energy concentration of 99%,
was close to the value of ∆F99% = 1/T, which corresponds to the Nyquist barrier and
weakly depends on the constraint parameter in the optimization problem. Second, the
frequency band determined for the energy spectrum level of −60 dB (∆F−60 dB) changed
quite significantly and ranged from ∆F−60 dB = 1.5/T to 3.5/T for signals with the pulse
duration of Ts = 8T. With the decrease in the pulse duration to the value of Ts = 4T,
the fluctuations in the frequency band increased and reached the values ∆F−60 dB = 4/T–
6/T and 3/T–5.2/T, depending on the number of symbols taken into account during the
optimization problem-solving process.

For reference, the exact values of ∆F99% for various parameters of optimal FTN signals
are given in Table 1.

Table 1. Occupied frequency band ∆F99%.

∆F99%, 1/T

∆maxPAPR, dB Ts = 4T Ts = 8T

0 1.12 0.99
1 1.18 1.06
2 1.27 1.17
3 - 1.22

The values of the occupied frequency band containing 99% of signal energy (Figure 14)
were compared with similar characteristics of the quadrature signals based on the RRC
pulses. The occupied frequency band ∆F99% of the RRC pulses with a duration of Ts = 8T
was ∆F99% = 1.15/T with a roll-off factor of the shaping filter α = 0.3. Thus, the band
values for the optimal FTN signals and signals based on RRC pulses were practically the same.

Finally, the overall results of determining the PAPR of optimal FTN signal packet
depending on the value of ∆maxPAPR were analyzed. The PAPR values for a signal packet
consisting of 1000 binary symbols are shown in Figure 15. These values were obtained by
averaging over 1000 realizations of a random signal packet. As shown in Figure 15, with
the increase in the limiting parameter ∆maxPAPR, the PAPR value changed significantly.
In addition, for signals with the pulse duration of Ts = 8T, the PAPR value decreased from
approximately 9 dB to approximately 6 dB. The same proportion was achieved for signals
with the pulse duration of Ts = 4T. However, the absolute PAPR values increased by about
2 dB while the pulse duration increased by two times.
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Figure 15. PAPR values vs. the constraint on maximum PAPR of signal packet for BPSK.

4.2. BER Performance in AWGN channel

First, the BER performance of quadrature signals with optimal function a(t) without
offset (QPSK) was analyzed. Figure 16 shows the error probabilities from the signal-to-noise
ratio when using the coherent element-by-element detection algorithm for optimal FTN
signals with pulse duration Ts = 4T and Ts = 8T. In this case, it was assumed that there
was no Doppler frequency shift. When determining the SNR, the energy of the optimal
FTN signal was determined by taking into account (9). Therefore, when the oscillations in
the preamplifier (Figure 12) were amplified, the signal energy increased according to (15).
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Figure 16. BER performance of the optimal FTN signals with QPSK in the AWGN channel and pulse
duration of: (a) Ts = 4T; and (b) Ts = 8T.

Considering the dependencies presented in Figure 16, the following conclusions can
be drawn. First, by increasing the average power of the transmitted signal packet without
exceeding the clipping level, it is possible to obtain a certain energy gain. At the bit error
probability of p = 10−4, these gains for signals with a pulse duration of Ts = 4T were
about 2 dB. For the signals with a duration of Ts = 8T, these gains were also significant; for
Np = 8, the gain was 5 dB for p = 10−4.

The BER performance for the optimal FTN signals with OQPSK is shown in Figure 17.
The signal parameters were the same as those in Figure 16. As displayed in Figure 17, an
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upward trend in energy gain for QPSK modulation was not very obvious. The energy gains
did not exceed 1 dB for all the cases of the optimal FTN signals under study. However, as
shown in Figures 10 and 11, the absolute PAPR values of the signals with OQPSK were
significantly lower than those of the signals with QPSK modulation.
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Figure 17. BER performance of optimal FTN signals with OQPSK in AWGN channel and pulse
duration of: (a) Ts = 4 T; and (b) Ts = 8 T.

4.3. BER performance in Rayleigh-fading channel

The results of BER performance were also analyzed in the frequency-flat Rayleigh
fading channel. As the optimal FTN signals with QPSK and OQPSK modulation, the
signals formed on the basis of pulses with Ts = 4 T (Figure 5), Ts = 8 T (Figure 7), and
K0 = 0.1 were used.

As shown in Figure 18a, the use of optimal FTN signals with QPSK modulation
and regulation of the average power of the radiated oscillations provides a higher BER
performance in a channel with Rayleigh fading due to reduced PAPR. The energy gains
in the range of error probabilities p = 10−2 are about 0.5 dB when the cases with Ts = 4 T,
∆maxPAPR = 0.5 dB, and ∆maxPAPR = 2 dB are compared. The gain provided by optimal
signals with pulse duration Ts = 8 T and ∆maxPAPR = 3 dB compared to ∆maxPAPR = 0.5
dB reaches 2.5 dB. In the case of OQPSK (Figure 18b), optimal FTN signals with Ts = 8 T
can provide energy gain about 1.5 dB for error probability p = 10−2 due to reduced PAPR
(∆maxPAPR = 3 dB instead of ∆maxPAPR = 0.5 dB).
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Figure 18. BER performance of optimal FTN signals in frequency-flat Rayleigh channel: (a) QPSK;
and (b) OQPSK.

By summarizing the results of the optimal FTN signals with OQPSK modulation
based on the criterion of the specified reduction rate of the out-of-band emissions level,
the following conclusions can be drawn. In terms of spectral efficiency, application of
signals obtained through optimization allows reducing the occupied frequency band, and
the introduction of the constraint ∆maxPAPR, which limits the maximum PAPR value to
3 dB for each of the quadrature components in (3), allows maintaining the main spectral
characteristics, i.e., a specified reduction rate of the level of out-of-band emissions, in a
given format.

The found optimal shapes of function a(t) allow obtaining a significant decrease in
the occupied frequency band, which is determined by the required level of out-of-band
emissions. Thus, compared to the MSK and GMSK signals, the reduction in the occupied
frequency band is about 4 and 1.3 times, respectively. This allows reducing the frequency
plan of the data transmission network over digital television and radio broadcasting (DVB)
channels, especially in satellite DVB-S2X applications, or to increase the data transmission
rate when using the same frequency mask.

The energy costs in the channels with AWGN and channels with the Rayleigh fading
when the proposed optimal FTN signals with OQPSK modulation are used are close to
the energy costs of classical OQPSK signals with a rectangular pulse shape in quadrature
channels and a wide occupied frequency bandwidth, which exceeds the bandwidth of the
optimal FTN signals with OQPSK modulation by more than 20 times.

Therefore, the adjustment of the average power of the radiated oscillations while
reducing the PAPR value of the radiated signals is a powerful tool for improving the energy
efficiency of the optimal FTN signals with QPSK and OQPSK modulations. This also allows
obtaining energy gains of 2–3 dB for channels with the additive noise.

5. Conclusions

In this paper, it is shown that an increase in the throughput of DVB channels, especially
in satellite DVB-S2X applications, can be achieved by using optimal FTN signals with
compact OQPSK modulation. A method for optimizing the shape of signals having a
specified reduction rate of the out-of-band emission level, the minimum ISI level, and the
required PAPR of the radiated oscillations is developed. For the first time, the possibility of
synthesizing signals with OQPSK is shown, which provides not only high compactness of
the spectrum and the required correlation properties but also makes it possible to regulate
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PAPR. This further provides the possibility of introducing regulation of the average power
of a signal packet in the existing DVB-S2X systems, i.e., in devices amplifying oscillations
of a satellite repeater using traveling wave tubes or powerful transistors. At the same time,
using the proposed optimal FTN signals with OQPSK makes the frequency plan of the data
transmission network able to be reduced, and the data transmission rate can be increased
when the same frequency mask is used. Optimal FTN signals which can provide PAPR
reduction by at most 3 dB were found. These signals also allow obtaining the energy gain
up to 2 dB compared to known RRC pulses, while the occupied frequency bandwidth and
transmission rate remain constant.

The simulation results show that the proposed optimal FTN signals with QPSK and
OQPSK can be successfully used in channels when there is AWGN or Rayleigh fading
since they are analyzed separately. The energy consumption in these channels is close
to the energy consumption of classical OQPSK signals with a rectangular pulse shape in
quadrature channels and wide frequency bandwidth. In addition, the adjustment of the
average power of a signal packet makes it possible to obtain an energy gain of 2–3 dB while
reducing the PAPR of the emitted signals.

The proposed signal can be used not only in DVB-S2X systems but also in low-rate
return channels of interactive broadcasting systems with a frequency resource shortage. In
addition, the proposed method paves the way for constructing signals for certain spectral
and energy characteristics of transmission channels with a specific frequency mask, taking
into account both the requirements for PAPR and the correlation properties of signal packets.
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