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An approach to the formation of single-sideband modulation signals based on quadra-
ture synthesis is considered. The relevance of the use of single-sideband modulation
signals for decameter radio communication systems is demonstrated. The analytical
generality of the signals of amplitude and single-sideband modulation is shown in the
transition to the analytical form of their representation. An analysis of the known
methods for generating signals of single-sideband modulation with a suppressed carri-
er has been carried out. Their advantages and disadvantages are shown. The structur-
al commonality of amplitude modulation signals and single-sideband modulation sig-
nals with a preserved carrier wave is demonstrated. The introduction of an additional
parameter is justified, which makes it possible to adjust the level of the stored pilot sig-
nal in single-sideband modulation signals. The developed analytical model of the single-
sideband modulation signal is presented, in which, unlike the known models, the pilot
signal level can be adjusted at the stage of its formation. The results obtained open up
new possibilities for redistributing the output power between the pilot signal and side-
band information components depending on the level of interference in the channel. It
is shown that the developed approach based on quadrature synthesis makes it possible
to form single-sideband modulation signals with a stored pilot signal without addition-
al filtering procedures. The gain in noise immunity of reception during the transition
from amplitude modulation to single-sideband is demonstrated. A block diagram of the
formation of single-sideband modulation signals with a given pilot signal level has been
developed. The results of analytical modeling are demonstrated.
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Introduction

Single-sideband modulation (SSB), in the English version sin-
gle-sideband modulation (SSB), was developed thanks to the work
of J.R. Carson, who received a patent for a signal transmission
method with efficient use of the channel spectrum [1]. In the gen-
eral case, the use of SSB signals allows minimizing the frequency
band while maintaining the information transfer rate with respect
to amplitude modulation (AM) signals [2, 3]. The theoretical foun-
dations for the synthesis and processing of SSB signals are well
developed, which made it possible to obtain their wide practical
approbation [4, 5].

Currently, OM signals are mainly used on shortwave commu-
nication lines [6, 7], as well as in frequency division multiplexing
(FDM) technology [8, 9], in optical and wired communication sys-
tems for voice traffic transmission [10, 11]. Since the mid-1950s,
single-sideband modulation has been used as the main standard
for communication with aircraft in the air.

At the same time, the analysis of publication activity related to
the study of SSB technology showed that SSB signals still arouse
a certain interest among a wide range of specialists in the field of
telecommunications and radio engineering, which indicates the
relevance of this direction [12-15].

Given this fact, this article presents the results of the develop-
ment of a modulator that allows you to adjust the level of the car-
rier wave. This technology is called single-sideband suppressed-
carrier modulation (SSB-SC).

Theoretical foundations of the synthesis of SSB signals

In analog systems, SSB signals were formed by filtering the
AM signal spectrum, which resulted in complete suppression of
the upper or lower sideband [16]. However, this approach is quite
difficult to physically implement, since it requires a filter with a
rather narrow transition band and a very low level of side lobes
[17, 18].

Currently, the synthesis of SSB signals is carried out in accord-
ance with the concept of transition to the analytical form of repre-
sentation of the processed signal [19, 20]. It should be noted that
the procedures for generating SSB signals are based on the tech-
nology of quadrature synthesis of amplitude modulation signals
(3, 4].

S, (D) =[1+m_s(t)]cos(w,t)+[1+m,s(t)]sin(wt) (1)

where m  —amplitude modulation index; s(t) —modulating sig-
nal; @ =2nxf ; f, — carrier frequency.

In the interests of substantiating this thesis, let us consider the
synthesis of an SSB signal modulated by a low-frequency har-
monic.

In the general case, they can be considered as a special case in
which, instead of addition, the quadrature components are sub-
tracted

S, () =s(t)cos(o,t) — s (t)sin(o,t), (2
where §(t) —modulating signal; " _ Hilbert complex conjugation
sign; @, = 2xf ; f, — carrier frequency.

The use of the complex conjugation procedure in expression
(1) provides a transition to the analytical form of the signal

representation § (t), according to which in the resulting spectrum

S,(f) only positive components are observed

2S(f), f>0;
S.(f)=15(f), f=0; @
0, f <0,

where S (f) and S(f) —respectively, the spectral representa-
tions of the signals S, ) and s(t)» obtained as a result of the

Fourier transform.

Considering that the spectrum of the analytical signal contains
only positive components, then, accordingly, the Fourier trans-
form of the shift function S_(f — f) will contain only one of the

frequency bands (components in the harmonic oscillation) of the
spectrum S ( f ) [21, 22].

S (D) + S5, () =7 {S,(f — )} =s (Dexp(j2nf ). (4)

In the formula (4) ®!' — inverse Fourier transform procedure;
j — imaginary unit sign [23].

For a detailed disclosure of the essence of the considered pro-
cedures, in fig. 1 shows a temporal representation of AM signals
(AM signal received at m =1) and SSB signal modulated by

low-frequency harmonics.
The legitimacy of the procedures defined by formula (4) is
confirmed by the following transformations.

Sy, (1) =Re{s, (t)exp(j2aft)} =
—Re{[s(t) + js' (t)][cos(2nf 1) + jsinnft)} = ()
=S(t)cos(2xf t) —s'(t)sin(2xf t).

Fig. 1. Time representation of AM sam(t) and SSB ssss(t) signals

And in figure 2 — modules of their spectral representations
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Fig. 2. Spectral representation of AM sam(t) and SSB sssg(t) signals

It should be noted that, with the initial energy being equal, the
AM and SSB signals, as well as their spectral representations,
have a rather different structure. Thus, the limits of change in the
amplitude of the AM signal are almost three times higher than
those for the SSB signal. At the same time, the energy of the
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spectral component of the SSB signal is twice the energy of one
of the side bands of the AM signal.

For a more detailed understanding of the features of the spec-
tral representation of the SSB signal, consider its synthesis when
using as a modulating signal s(t) a low-frequency harmonic oscil-
lation with a zero value of the initial phase s(t) = Acos(Qt).,

where A is the oscillation amplitude. Then, substituting this value
into formula (2), and assuming that the amplitude of the carrier
oscillation is equal to Uy, and s'(t)= Asin(Qt) , we obtain, tak-

ing into account the well-known trigonometric transformation
cos(a+P)=cosacosP —sinasinf

S, (1) =s(t)cos(mw,t) —s"(t)sin(ot) =
= Acos(Qt)U, cos(m,t) — Asin(Qt)U, sin(o t) = (6)
= AU, cos([m, +Q]t)-

According to expression (6), the resulting SSB signal contains
only one cosine component with a frequency equal to the sum of
the frequencies of the modulating and modulated oscillations, and
an amplitude equal to the product of the amplitudes of the modu-
lating and modulated oscillations, which is confirmed by the result
shown in figure 2.

It should be noted that the presented results are aimed at syn-
thesizing the OM signal with the upper sideband.

Synthesis of an OM signal with a lower sideband is possible
upon transition to a modulating oscillation of the form
s(t) = Asin(Qt) and correspondingly, s"(t) = Acos(Qt).
Then, using the trigonometric transformation of the form
cos(a —B+mn/2) =sinacosP —cosasinf-

Suppressed carrier signals

At the same time, despite the obvious simplicity of implement-
ing the considered approach, OM signals have not been widely
used due to the fact that the reception of such signals is associated
with certain difficulties. So, in order to ensure the transmission of
messages without distortion, the receiver must be accurately tuned
to the frequency of the transmitter. However, due to the instability
of reference oscillators and channel distortions, this is actually an
unsolvable problem [24, 25]. As a result, OM-based transmissions
can sound very unnatural with poor intelligibility.

To reduce the negative consequences of this effect, in practice,
OM signals with a partially retained (suppressed) carrier (SSB-
SC) are used [26]. The presence of a carrier oscillation provides at
the reception the possibility of frequency adjustment of the refer-
ence oscillator of the receiver. At its core, SSB-SC transmissions
are similar to AM transmissions, but use a frequency band that is
twice as narrow. Therefore, the mode of operation with a full or
partially suppressed carrier is called the amplitude modulation
equivalent (AME) mode [27].

Technologically, the AME mode is not efficient, although its
use just makes it possible to maintain the required quality and high
speech intelligibility, since its implementation leads to harmonic
distortions that can reach a value of the order of 25% [16], and the
resulting intermodulation distortions are much higher than in tra-
ditional modes with AM.

In theory and practice, two transmission methods are widely
used.
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The first method is based on the joint use of amplitude and
phase modulation, called compatible single sideband (CSSB) [27].
This approach provides for the presence of a phase converter with
a highly stable phase response at all passband frequencies. The
disadvantage of such a system is the high level of second-order
intermodulation components, which, with a modulation index
Mam < 100%, the fight against which leads to asymmetry of the
sideband structure. As a result of the resulting asymmetry, the sig-
nal is shifted and its spectrum occupies only about half of the usual
frequency band. This leads to the fact that during speech transmis-
sion, the high-frequency components of the spectrum in the 3 kHz
band are suppressed by almost 20 dB in relation to the low-fre-
quency ones.

Another feature of this method is that a logarithmic function is
used for phase modulation, the nature of which depends signifi-
cantly on the carrier level. Therefore, with a very small modula-
tion index, the CSSB signal becomes close in structure to the SSB
signals, which leads to loss of synchronization at the reception.

The second method was developed by Leonard R. Kahn [26],
who suggested using pre-distortion procedures in order to reduce
the level of second-order intermodulation components. To do this,
he proposed a modulator based on arcsin functions. But such an
implementation is quite technically complicated, since in order to
generate an accurate arcsin waveform, it is necessary to use mul-
tiple feedback loops in both the modulator when the signal is gen-
erated, and in the demodulator when it is received. Despite this,
this technology has been developed as the STR-84 method [27].

At the same time, the analysis of expression (1) suggests that
the change of sign, similarly in expression (2), will lead to the syn-
thesis of the signal

S (D) =[1+m_ s(t)]cos(w,t) +[1+m,,s (t)]sin(w,t) - (7)
On figure 3 shows diagrams of the AM signal and the SSBC

signal synthesized in accordance with formula (7), which we de-
fine as a single-sideband modulation signal with a carrier (CSSB).

Sa(®
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Fig. 3. Time representation of AM sam(t) and SSBC scsss(t) signals

Analysis of the results presented in fig. 3 shows that externally
the AM and CSSB signals have a similar structure. But if the AM
signal has a phase inversion when the modulating signal changes,
then the CSSB signals do not have a phase break. On figure 4 —
modules of their spectral representations SAM( f )u SCSSB( f ).

The signal Ssspc(t), judging by the results of Fig. 5 has a pro-
nounced unsuppressed carrier, which in its structure fully corre-
sponds to the carrier of the AM signal.
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Fig. 4. Spectral representation of AM sam(t) and SSBC scssa(t) signals

Obviously, the presence of a powerful carrier significantly re-
duces the noise immunity of reception. Therefore, it is necessary
to search for the possibility of controlling its energy parameters.
The conducted studies have shown that the desired effect can be
achieved by introducing an additional mssg parameter. As a result
of its introduction, expression (7) is transformed to the form

SSSBC (t) = [mSSB + mAMS(t)] COS(O)‘)t) + [mSSB + mAMS* (t)] Sin(w()t) . (8)

The control of the mgsg parameter allows, while maintaining
the energy allocated to the sideband, to control the level of the
carrier wave. Given that

m,, €[0;1] ©)

The signal synthesized by formula (8) is defined as a single-
sideband signal with an adjustable pilot signal level (SSBC). Car-
rier level control is provided from zero, at mgsg = 0, to its maxi-
mum value, at mssg= 1. As an example, in fig. 5 and 6 show the
temporal and spectral representations of the Ssspc(t) signal at
mssg = 0.5 against the background of Scssg(t) signal at mgsg= 1.

Sssae (D
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NANAAAA RN NAAANDEAAAA AN AN A AN
TRTRATAAAAVATAVAVI VAR AR VAVAVAT VAT AR AVATIHVATATAVA'AAR AT
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Fig. 5. Time representation of SSBC ssspc(t) and CSSB scsss(t) signals

An analysis of the time representation diagrams shows that a
decrease in the mssg value does not lead to a redistribution of the
total signal energy between the side component and the carrier
wave. Due to quadrature synthesis, the energy of the in-phase and
quadrature components is mutually compensated. And when
mssg = 0, the signal Ssspc(t) will degenerate into the signal Sssp(t).
On fig. 6 shows the spectra of the Ssspc(t) signals at mgsg= 1 and
mssg = 0.5, where a decrease in the energy of the carrier vibration
is demonstrated while the side component is retained.

Fig. 6. Spectral representation of SSB scssp(t) and SSBC sssac(t) signals
SSBC and SSB signals modulator
From the standpoint of the methodology of quadrature synthe-

sis, the modulator of SSB signals generated in accordance with
formula (2) can be represented as a block diagram in Figure 7.

&

HT /2

s(t)

cos(m,t)

6 ; Som ()

N

s"(t)

Fig. 7. Block diagram of the SSB signal modulator ssss(t)

In accordance with the presented structure, the basis of the
modulator is the Hilbert Transformer (HT), which provides the
formation of the complex conjugate form s°(t) of the modulating

signal s(t) . The quality of the SSB signal depends on the conver-

sion to HT. The OM modulator itself is built according to the clas-
sical technology of quadrature synthesis [28, 29].

Given that the structure of the SSB modulator is determined
by an analytical expression, it is proposed, taking formula (8) as a
basis, to represent the SSBC modulator in the following form, see
Figure 8.

©

cos(m,t)

GESOM-HH (t)

s*(t)

w/2
D
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Fig. 8. Block diagram of the SSBC signal modulator ssspc(t)
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A distinctive feature of the structure of the SSBC modulator is
the use of additional adders in the signal paths s(t) and s*(t) to the
second inputs of which the voltage of the DC voltage amplifier is
applied, which ensures the formation of a level corresponding to a
given value mgsg. Shown in Fig. 8, the modulator generates SSBC
signals at a value of mam = 1.

Noise immunity of SSBC signals reception

To assess the noise immunity of SSB signals, as a rule, a gen-
eralized gain indicator B is used, which characterizes the ratio of
signal power to interference power at the output and input of the
demodulator. Such an approach, in particular, was used in [16, 30]
when evaluating analog signals.

Thus, for AM signal receivers, the generalized gain is defined as

_ U/AF WV 1

VAR, (41T (1+1T7)

where v? and vo? are the interference power at the output and input
of the receiver; P is the crest factor of the signal; AFi, and AFqy
are the bandwidth at the input and output of the receiver; Uy is the
carrier frequency voltage amplitude.

Accordingly, for receivers of SSB signals, the generalized gain
will be equal to

J— AFOL\(,.L)2
VAR,

(11)

Since the ratio of the bandwidths at the input and output of the
receiver is preserved for the SSB signal, then with the Gaussian
nature of the noise, when the identity v> = v’ is satisfied, the gen-
eralized gain will be equal to 1.

At the same time, taking into account the fact that the peak
factor of speech is approximately equal to IT~ 3.3 ... 3.9 [30], we
get that Bssg ~ 0.084 ... 0.062. That is, the noise immunity of SSB
signal reception is 12 to 16 times higher in relation to the noise
immunity of AM signal reception.

Conclusion

The study showed that the further development of technologies
for generating SSB signals based on quadrature synthesis opens
up new opportunities for their application in software and hard-
ware systems and radio communication complexes.

According to the authors, the capabilities of the proposed
SSBC modulator will be revealed to the greatest extent when it is
used in decameter radio communication lines, which are charac-
terized by fading.

The authors associate further research with the evaluation of
the noise immunity of receiving SSBC signals.
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AHHOTauusA

PaccMoTpeH noaxog k hOpMUPOBaHMIO CUTHANIOB OAHOMOMOCHON MOZYINALMM, OCHOBaHHbIN Ha KBaApaTypHOM cuHTese. [MokasaHa aKTyanbHOCTb MCMOSb-
30BaHMA CUTHANIOB OAHOMOJIOCHOW MOZYNALUMM ANA [eKaMeTPOBbIX CUCTEM PaanoCBA3N. AHaNUTUYeCKan OBLIHOCTL CUTHANIOB aMMJIMTYAHOW W OAHOMONOC-
HOW MOAYNALMM NPOABNACTCA NPY NepexoAe K aHanuTM4eckoi dpopme ux npeacrasnequs. MNposeaeH aHanms M3BeCTHbIX cnocoboe GpOpMMpOBaHMA CUrHa-
JIOB OAHOMOJIOCHOW MOAYNALMM C NOZaBNeHHON Hecyweit. MokasaHbl Mx npenMyllecTsa U HegocTaTku. [MokasaHa CTpyKTypHaa OBLIHOCTL CUrHANOB aMn-
NNTYZHOM MOAYNALMW U CUTHAJIOB OAHOMOJNIOCHOM MOAYNALMK C COXpaHeHHoW Hecyleit. OB0CHOBaHO BBeAEHWE JOMOJHUTENILHOMO MapaMeTpa, NO3BosA-
IOLLEro perynMpoBath YpOBEHb COXPaHAEMOrO MUNOT-CUrHaNa B CUTHalaX OAHOMONOCHOM Moaynauun. MNpeacTasneHa paspaboTaHHas aHanUTUYeCKas Mo-
ZleNnb cUrHana oAHOMONOCHON MOAYNALMM, B KOTOPOM, B OTAIMYME OT U3BECTHLIX MOAENEN, yPOBEHb MUOT-CUrHAMIA MOXET PerysiMpoBaThCA Ha 3Tarne ero
¢opmuposaHus. MonyyeHHble pesynbTaTbl OTKPbIBAIOT HOBblE BO3MOXHOCTU AN NepepacrnpeAeneHmns BbIXOAHOM MOLHOCTY MeXy NUNOT-CUTHAJIOM U UH-
¢$OpPMaLIMOHHBIMM KOMMOHEHTaMU GOKOBOI MONOCkI B 3aBUCMMOCTY OT YPOBHA MoMeX B KaHane. [NokaszaHo, 4To pa3paboTaHHbIN NOAXOA Ha OCHOBE KBaj-
paTypHOro CuHTe3a Mo3BONAeT GOPMUPOBATL CUrHasbl OJHOMOJNIOCHOW MOAYNALMM C COXPaHEHHbIM MUIOT-CUrHaNoM 6e3 JOMONHUTENBHBLIX Npoleayp
¢uneTpauum. MNMpoAeMOHCTPUPOBAH BbIIPbILL B MOMEXOYCTOWYMBOCTM NpUeMa MpU Nepexoe OT aMMIUTYAHON MoAynAuMM K oaHononocHol. Paspabora-
Ha CTPYKTypHas cxeMa (pOpMUPOBaHUA CUFHASIOB OAHOMOJSIOCHOW MOAYNALMM C 3a/laHHbIM YPOBHEM MUNOT-cMrHana. [leMoHCTpUpytoTCA pesynbTaTbl aHanu-
TUHECKOrO MOAENMPOBaHMA.

Knioqeebie cnoea: 00HononocHas modynauus, pezynupyembiii ypo8eHb nuOM-cuzHasd, CUHMe3 cuzHana 00HON0I0CHOU ModyAuUU,
NOMexoycmol4ugocms NpUemMa CuzHaso8 00HON0I0CHOU MOOdyIAuUU.
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