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FORMATION OF A SIGNAL WITH HARTLEY
AMPLITUDE-PHASE MODULATION AS THE SUM OF TWO
SIGNALS WITH HARTLEY AMPLITUDE MODULATION

O. Koxanos. ®opMyBaHHSI CHTHAIY 3 aMILUIITYaHO-(a30BoI0 Moy suicl0 XapTii fIK CyMH IBOX CHTHAJNIB 3 aMILTITY/IHOIO
MoayJsiiero Xapriai. Y po0oTi HaBOAWTBCSA PE3yJIbTaT MPOBEACHUX JIOCIIIKEHb, B PE3yJIbTaTi SIKOTO PO3pOOJIEHO TECOPETHYHE OOTPYHTYBaHHS
HOBOTO BHIy MOAYJSLIl — aMILTiTyaHO-(a3zoBoi Moxmymsuii Xaprmi. Lledl Tn momynsiii Mae JOTAaTKOBY HeCydy, SIKa € OPTOTOHAIBHOIO IO
BIIHOIIIGHHIO JI0 BiIOMOI aMILTITYHO-(ha30Boi Moy uimil. 3a Takoi yMOBH, cHH(}a3Ha Ta KBaJpaTypHa CKJIQJOBI aMILTITYIHO-(ha30BOi MOIyJILil
XapTii € aMIUITYJHUMA MOIYJBILisIMH XapTii, OpUYOMy, aMIUTITYZHA MOIYILis XapTii KBaJpaTypHOro KaHaly (KBagpaTypHa CKIaaoBa) €
OPTOTOHAJIEHOIO aMILTITYIHO MOYJISLEI0 XapTii BiTHOCHO cuH(pa3HOro kanaiy. Lle Takox 103Boiisie chopMyBaTH CUTHAT aMILTITyJHO-(ha30BOi
Monysinii Xapmii 3 KBapaTHHM Cy3ip'ssM — KBaapaTypHOIO MOAyJsiLicro Xapmi. B poOoTi po3rsiHyTo Takox CHOCIO DeMOIyJiuil CHTHATY 3
aAMILTITY THO-(ha30BOF0 MOJIYJISLIEI0 XapTili 3 BAKOPUCTAHHIM CHHXPOHHOI'O JieTeKTopa. IT0Ka3aHo, 10 CUIHAJ 3 aMILTITYIHO-(ha30BOK0 MOIYJISIIEO
Xapmii Mae MiIBUILEHY 3aBaf0CTIHKICT 0 HIyMy B KaHaJl 3B'S3KY y MOPIBHSAHHI 3 BiZIOMOIO aMILTITYIHO-(ha30BOIO MOAYJIALI€0. Y poOOTi Takoxk
HABEJICHO TIOPIBHSHHS BIIACTUBOCTEH CHIHAMIB 3 KBaIPaTyPHO MOIYJIALIEI0 XapTJli i BiIOMOrO CHTHAIY i3 KBaJ[paTypHOI MOIyJIsLier0. [TokazaHo,
I1I0 €HEPreTUYHMI BUIPAIl CHIHATY 3 KBAJPaTypPHOK MOIYJISILT XapTiii y MOPiBHSHHI 3 KBaIpaTypHOK MOAYJILiEr, CTaHoBUThL 6 ab. Kpim Toro,
KBaJ[paTypHa MOAYJIALis XapTili Mae Take ) caMe 3HAYECHHs CEpEeHbOrO 3HAYEHHs €HEprii, 10 MPHIIaiae Ha OJMH CUMBOI SIK 1 curHam 3 KAM
MoyIsiiiero. Y po0OTi HABEIEHO BHCHOBOK AHAMITHYHOTO BHpa3y sl PO3PAXyHKY BiIHOIICHHS CHTHAI-LIYM JUIS CHTHATY 3 KBaJpaTypHOI
Moayisiii  Xaprai. IlokasaHo, [0 OTpMMaHi TEOPETHYHI PEe3yJIbTaTH Ul OOYKMCIEHHS MOXHOKH IOMMJIKOBO TNPHUHHATOrO CHMBOJY J00pe
MOTO/DKYIOTBCSL 3 OTPUMAHMMHU pE3yJIbTaTaMM IMITALlIHOrO MOJeMIOBaHHS. HaBOOMTBCS TOPIBHSHHS OJIEPKAHUX PE3YJIbTATiB IMITALlIHOrO
MO/ICITIOBAHHSI TIPX OOYKCIICHH] 3HAYEHD JUIs OOUNCICHHS IIOXUOKM OMIJIKOBO NIPUHHSITOrO CUMBOJY Ul CUTHAIB 3 KBAJPAaTyPHOI0 MOYJILIEI0
XapTii 1 BITOMOIO KBaIpaTypHOIO MOJTYJISLIEIO.

Kniouosi crosa: aMIuiTy 1Ha MOy JIsiltist XapTii, aMILTITy 1HO-(ha3oBa MOTyJIsLisl XapTiii, MOIYJISLIS CUTHAY, AEMO/YJISLIS CUTHAITY,
MOMHUJIKU HPUIHITOTO CUTHAILY, CEPeIHE 3HAYCHHS SHEPril

A. Kokhanov. Formation of a signal with Hartley amplitude-phase modulation as the sum of two signals with Hartley
amplitude modulation. The paper presents the results of the research, which outcome in the development of a theoretical justification for a
new type of modulation — Hartley amplitude-phase modulation. This type of modulation has an additional carrier that is orthogonal to the
known amplitude-phase modulation. Moreover, the in-phase and quadrature components of the Hartley amplitude-phase modulation are
Hartley amplitude modulations, and the Hartley amplitude modulation of the quadrature channel (the quadrature component) is an orthogonal
Hartley amplitude modulation with respect to the in-phase channel. This also allows the formation of a Hartley amplitude-phase modulation
signal with a square constellation - quadrature Hartley modulation. The paper also considers a method of demodulating a signal with Hartley
amplitude-phase modulation using a synchronous detector. It is shown that a signal with Hartley amplitude-phase modulation has increased
immunity to noise in the communication channel compared to the known amplitude-phase modulation. The paper also compares the
properties of signals with quadrature Hartley modulation and a known signal with quadrature modulation. It is shown that the energy gain of
a signal with quadrature Hartley modulation compared to quadrature modulation is 6 dB. In addition, quadrature Hartley modulation has the
same average energy value per symbol as signals with QAM modulation. The paper presents the derivation of an analytical expression for
calculating the signal-to-noise ratio for a signal from quadrature Hartley modulation. It is shown that the obtained theoretical results for
calculating the error of a falsely received symbol agree well with the obtained results of simulation modeling. A comparison of the obtained
simulation results when calculating the values for calculating the error of an erroneously received symbol for signals with Hartley quadrature
modulation and known quadrature modulation is presented.

Keywords: Hartley amplitude modulation, Hartley amplitude-phase modulation, signal modulation, signal demodulation, errors of the
received signal, average energy value

1. Introduction

Amplitude modulation (AM) [1-6] was recommended by the International Telecommunication
Union (ITU) for limited use in radio communication systems due to its low efficiency. =1 It is
known that the efficiency of amplitude modulation is 33% at the maximum modulation index. B =1 In
[7], Hartley amplitude modulation (HAM) is described, which provides signal transmission similar to
the signal with amplitude modulation, but has an efficiency of 90% at the modulation index and with
half the carrier frequency amplitude, which allows automatic frequency and phase adjustment systems
to operate efficiently, as when using the well-known AM.

2. Literature review and problem statement

As shown in [8, p. 152], a signal with quadrature amplitude modulation (QAM) can be obtained
by simultaneously transmitting two separate k-bit information blocks on two orthogonal carriers that
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are in quadrature, that is, cos(2xf,t)and sin(2=ft) . In this case, the QAM signal can be represented
by the sum of two modulated signals with balanced amplitude modulation (BAM, Doubly Site Band —
DSB) [8, (4.3.19)] as:

S, (1) =Re [(A + iA,)g()e”™ 1= A g(t) cos(2nfyt) + jA, g (D)sin(2nf L), 1)
where m=12,...,M and 0<t<T, A, and A, are the information amplitudes of the signal for
quadrature carriers, and g (t) is the shaping pulse.

Another form of representation of the QAM signal [8, (4.3.20)] can be represented in the vector
form:

S, (1) = Re [(V, €™ g(t)e?™™] =V, e’ g(t)cos(2nf,t +6,), 2)

where V, =/A2 + A0, = arctg%. Here, it can be noted that the signal with quadrature amplitude

modulation (2) in this case can be generated using a combination of M;-level QAM signal and M-
positional phase modulation (PM), provided that the M = M,;M, points of the state space [8, p. 151].

In this case, it should be noted that m+n=1log,(M;M,) — is the number of binary symbols occurring
at arate of R/(m+n), where R — is the bit rate of the bit stream. An example of a signal constellation

for M = 8 amplitude-phase modulation (APM) is shown in Figure 1.

A signal with a square APM signal constellation is called quadrature amplitude modulation
(QAM). For the case of QAM modulation, the signal can be represented as the sum of two orthonor-
malised signals [8, p. 152]:

Sm (t) = Sml fl(t) + sz f2 (t) ' (3)

where f,(t) = }i g(t)cos(2nf,t), f,(t)=- fi g(t)sin(2nfit), €, is the energy of the signal on the
89 89

symbolic interval T, and:
/l fl
Sm = [Sml sz] = |:Anc Egg Ans Egg :| ' (4)

For rectangular signal constellations at M =25/M =22, where k is even, the QAM signal [8,

p. 236] can be formed as the sum of two AM signals on quadrature carriers at JM =2+ signal points
and half the power of these QAM signals. In this case:

_ A A i
S, ()= NG cos(2nf,t) + NG sin(2xf,t), (5)
or S, (t) = A, cos(2nf,t) + B,, sin(2xf,t) , (6)

where A, and B, are the in-phase and quadrature channel amplitudes, respectively, on the symbolic

interval m .

3. The purpose of this paper is to obtain a theoretical justifica-
tion of signal formation with Hartley amplitude-phase modulation
and to identify its properties and differences from the known ampli-
tude-phase modulation.

4. Amplitude-phase Hartley modulation

In [7], Hartley amplitude modulation is presented, which allows
to provide high efficiency (90%) in the transmission of information
compared to AM. There is also a description of Hartley Doubly Site
Band (HDSB), which is an amplitude modulation of Hartley, but
without a carrier frequency. The HBD signal can be represented by:

yis
S,(t)= A(t)ﬁcos(z — 0t - (Pj : (7)  Fig. 1. An example of an AFM
signal constellation for M = 8
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where A(t) = A, cos(Qt + ®) is a modulating signal with frequency Q, initial phase ®, B=A, /A,, A, is
the maximum value of the modulating signal amplitude, A, is the carrier (modulated signal) amplitude, and ¢

is the initial phase of the carrier frequency.
The Hilbert-coupled signal of signal (7) is of the form [7]:

S, (t) = A(t)BsinG—mot —(pj . (8)

Thus, by analogy with the QAM signal (5) and (6), using (7) and (8), the expression for the Hart-
ley Quadrature Amplitude Modulation (QAMH) signal can be written as:

Sm(t):%cos(%—mot—(pj+%sin(%—mot—(pj. (9)
The signal (9) can also be represented as:
S (t)= icos(w t+o) +isin(w t+o) +icos(c) t+o) —ﬁsin(m t+o)=
m \/E 0 \/E 0 \/E 0 \/E 0 (10)
= %cos(wot +0)+ A"\/_EB”‘ sin(o,t + ¢).
It can be seen from (10) that the QAMH signal can be generated in the same way as the well-known
A +B

AM signal, but with the amplitude ™ in the in-phase channel and the amplitude % in the

V2
quadrature channel. The maximum value of the length of the QAMH amplitude vector in the square signal
constellation will be at the equality of the values of the modules |A,|=|B,|, but /2 in the denominator in
(20) reduces the value of the length of the amplitude vector to the same value as in the signal constellation
of the known QAM signal, which allows us to assert the equality of the powers of the QAMH signal and
the QAM signal at the same value of M. Thus, the dynamic ranges in the formation of the QAMH signal
and the QAM signal will be equal, which makes it possible to use the same transmission systems for the
transmission of information using QAMH signals as for the transmission of information using QAM sig-
nals. It also follows that the minimum distance between the symbols of the QAMH signal will be described
by the same expression as for the QAM signal [9, p.119], i.e.:

dé =[(1, - Ikil)z +(Q, _Qkil)Z]Ts ' (11)
where I, and Q, are the values of the amplitudes of the in-phase and quadrature components at the
k-th symbolic interval with period T, . For adjacent states [9, p.119], one of the terms in (11) is always

zero, so that the distance between symbols is the difference of adjacent values of the quadrature or in-
phase components multiplied by a dimensional factor.
With the normalizing factor equal to U, the distance between adjacent symbols (for a square con-

stellation) will be equal to dZ =UT, /2 [9, p.119]. Figure 2 shows the structure of the signal constella-
tion for AM 16, where m=log, M, M , is the number of AM modulation levels. For M =16, m=4.
For the square signal constellation of the QAM 16 signal (Fig. 2), it is possible to determine the
average power value per symbol [9, p.119]. For the state diagram shown in Fig. 2 (at the scale of sym-
bol values A ={-1,-3,1, 3}, B, ={-1,-3,1, 3} there are three states
of symbol energy: P =(3+3%)=424; P, =(12+3)=3.16; B
P,=("+1%)=114.
Accordingly, in this case, the average energy per symbol can be ® * “/"

defined as [10, p.120]. N | 1 :
A
P = 4P +8P, +4P, 16.96+25.28+4.56 _ 20575, (12) e R .
16 16
As can be seen from Fig.2, it is possible to write the expression o e I e o

for calculating the average energy per symbol for the AM modulation

in general for an arbitrary value as M =2™" (m and n positive inte- Fig. 2. Signal constellation (state
gers): diagram) of the QAM 16 signal
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Eoan = ZZ(A +B; Dk (13)

4

Taking into account the values of the amplltudes in (10) and taking into account (13), we can
write the expression for determining the average energy per symbol for the QAMH modulation for an
arbitrary value M =2"" as

Eqoam —- ZZKA + B, J [AJEBjJ ] ZZ(A +B}). (14)

i=1l j i=l j

Comparing (13) and (14), it can be concluded that signals with QAMH have the same average
energy per symbol as the QAM signal.

Thus, in the transmitting part of the system, the same transmitting equipment can be used to gen-
erate the QAMH signal as for the formation of the QAM signals, as follows from (10).

Demodulation of the AMF signal

Signal (10) is transmitted to the communication channel and then enters the receiver input (de-
modulator). It should be borne in mind that the power of additive white Gaussian noise (AWGN) in

the communication channel N(t)=n?(t) is added to the AMF signal in the communication channel

and divided in half between the quadrature and in-phase channels of the synchronous detector (where
n(t) is the noise amplitude of a random process) [7,10]. In the case of the presence of AWGN in the
communication channel, the value of the noise amplitudes in the in-phase and quadrature channels can
be written:

N®© _n® (15)
2 2
The QAMH signal is demodulated using a synchronous quadrature demodulator. Since in syn-

chronous detectors the signal phase and the phase of the reference oscillator are equalised by a phase-
locked loop (PLL) system, you can set the value to ¢ =0. In the in-phase channel of the QAMH de-

modulator, the signal (9) is multiplied with the signal of the reference quadrature oscillator 2 cosw,t
and the output of the multiplier will be formed by the signal:

U, = {[%cos(%— mot] +%sin(%—motﬂ+n(t) / \/E}.Zc:oswot -
= (%)cos (% —o,t+ mot) + (%J cos (% —o,t - motj + (16)

B, ). (™ B, ). (™
+($j3m(z—mot + mot) + [Ejsm(z— @t cootj+ J2n(t) cosagt.

In the quadrature channel of the QAMH demodulator, the signal (9) is multiplied with the signal
2 sino,t of the quadrature oscillator, and the output of the multiplier will be generated as follows:

1 A s Bogin[®_ sint =
US_{\/ECOS(Af motj+\/§sm(4 (Dotj:|+n(t)/\/§} 2sinm,t =

_[ A L A sin[ ot - &
_(\/EJ sin (oaot+4 wot)+(\/§Jsm(mot 4+motj+ (17)

B T B T ]
+| /= |coS| ot ——+ ot |[—| == |c0S| ot +——m.t |++2n(t) sihw,t.
(ﬁj ( 4 Nﬁj ( 4 ) e,

It is known that the AWGN is characterised by the fact that its “values” of amplitudes at any two
arbitrarily close moments of time n(t) and n(t) are uncorrelated [11, p. 110]. It is also known that

the noise components n(t)cosw,t and n(t)sinw,t are random stationary processes, since their ampli-

tudes are random variables, the average value of the processes themselves does not depend on time t,
and their correlation function depends on only one variable [11, p. 111].
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The quadrature channel, it should be noted, introduces into the noise amplitude n(t)cosw,t only

a phase shift % relative to the in-phase channel, which is equivalent to a time shift

n(t+ ) cos[m, (t + 1)] = n(t+r) sinfow, (t)] where (Dor:%, which does not change the nature of the

random process. In addition, it is shown in [8, pp. 138-139; 12, p. 81, p. 84] that the quadrature pro-
cesses n(t)cosm,t and n(t)sinw,t are normal and statistically independent.

After passing the signals (16) and (17) through low-pass filters with a cutoff frequency Q :Tl'

where: T is the value of the symbolic interval, we obtain the signal at the output of the in-phase chan-
nel of the synchronous demodulator in the form:

A o5 E) Boin[ :
Ul—\/gcos(4j+ﬁsm(4j+ﬁnc(t), (18)

and the signal at the output of the filter of the quadrature channel of the synchronous demodulator will
be in the form:

“ A gin[ T Bo cos[ 420
Uz_ﬁsmbj \/Ecos(4j+\/§ns(t), (19)

where: A (t) is the amplitude of the noise (process) n(t)cos,t, after filtering in the in — phase chan-
nel and A, (t) is the amplitude of the noise (process), n(t)sinw,t after filtering in the quadrature chan-

nel (which does not change the nature of random processes). It is assumed that the characteristics of
the low-pass filters of the in-phase and quadrature channels of the synchronous detector of the QAMH
signal are identical.

Summing the values of signals (18) and (19), we obtain the value of the output signal of the in-
phase channel of the detector:

Lo =Us U, =V2A, ++/2A, (1) +~/24, (1), (20)

and subtracting expression (19) from (18), we obtain the value of the output signal of the quadrature
channel of the detector:

QQAMH = U1 _Uz = \/EBm + \/Eﬁc (t) - \/Eﬁs (t) . (21)

Assuming that the power of the noise processes n’(t)/2 at the inputs of the in-phase and quad-
rature channels are equal, we can assume that A_(t) = A, (t)A(t) .

From (20) and (21), it is clear that \/Eﬁ(t) is the amplitude of the noise component of the
AWGN in both the in-phase and quadrature channels. It can also be noted that this amplitude is noth-
ing but the standard deviation G:ﬁﬁ(t) [13, p. 412] of the statistically independent processes f (t)
and n_(t), as mentioned above. In this case, we can write the sum for the noise component at the out-

put of the corresponding channel of the synchronous detector after passing the low-pass filters in co-
herent detection (coherent averaging) as [13, pp. 412-415]:

o+06=2n (1) + V2, (1) V200 gy 22)
2
as in coherent averaging, c+c=% where Z is the number of realizations of the noise process

(Z = 2 since there are two channels — in-phase and quadrature). In this case, the noise variance will
also decrease o® =[A(t)]*.

Taking into account that in (20) and (21) there is a coherent summation of noise in accordance
with (22) , then in this case, (20) and (21) will take the form:
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IQAMH :\/EAT] +ﬁ(t) ) (23)

QQAMH Z\EBm +ﬁ(t) . (24)

If we bring the amplitudes of signals (23) and (24) to the scale of amplitudes of modulating digital
signals A, and B, then we can finally write the expression for the demodulated QAMH signals as:

A(t

loamn = Ay + r\]/%) ’ (25)
A(t

Quons =B, +72 (26)

Figure 3 shows the block diagram of the demodulator of the QAMH signal constructed in ac-
cordance with (16) — (21).

low-pass TN -
filter 0 &

{: ’ loamn
2 cos m,t
2
v QQAMH
low-pass b,
filter

Fig. 3. Block diagram of the demodulator of the QAMH signal (low-pass filter)

At the synchronous detection of a conventional QAM signal in the in-phase channel of the de-
modulator, there will be a signal of the form [12]:

U, =[A, cos(mt) + B, sin(wyt) + n(t) //2]-2c0s o,t = A_ €S (0t + w,t) +

(27)
+A,, cos(w,t — igt) + By, sin(w,t + mgt) + B, sin(w,t — ,t) ++/2n(t) coswyt,
and in the quadrature channel of the demodulator a signal of the form:
U, =[A, cos(m,t) + b, sin(w,t) +n(t) / ﬁ]-Zsin .t =A, sin (o,t + o,t) + (28)

+A, Sin(gt — o,t) + B, €0s(w,t — myt) — B, cos(agt + @t) + /2 n(t) sinwyt.

We will also assume that the characteristics of the low-pass filters of the synchronous detectors
of the QAM and QAMH signals are identical. As a consequence, it is also assumed that the powers of
the noise processes in the in-phase and quadrature channels after filtering will be equal, i.e.

A, (t) = A, (t) = A(t) , where \/Eﬁc (t) is the amplitude of the noise (process) \/En(t)cos%t after filter-
ing in the in-phase channel and \/Eﬁs (t) is the amplitude of the noise (process) \/En(t)sin o,t after

filtering in the quadrature channel.
After the low-pass filtering of signals (27) and (28), the low-pass filter with a cutoff frequency

1 . . ) . .
Q =? will select the signals in the in-phase and quadrature channels, respectively:

IQAM ZAn"‘\/E ﬁ(t) ' (29)
QQAM =B, +\/§ﬁ(t) . (30)

The energy gain of the QAMH modulation in comparison with the QAM modulation can be de-
fined as the ratio of signal-to-noise (S/N) values in the communication channel for the QAMH and
QAM signals (at equal amplitudes A, and B, . Taking into account the equality of the amplitudes of

the QAMH signals in (25) and (26) and the QAM signals in (29) and (30), the energy gain when using
QAMH signals can be defined as:
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an
i)
(S/ N)QAM a,
J21i(t)

5. Results of simulation modelling

The result obtained in (31) corresponds to the total energy gain when applying the QAMH modu-
lation by a factor of two (or 20lg2=6dB on a logarithmic scale) compared to the signal with the
QAM modulation. It should be noted that 3dB (out of 6dB) of the energy gain when using the QAM
signal is provided by coherent summation of signals in the formation of signals (25) and (26) (which is
not the case when performing demodulation of the QAMH signal).

Another 3dB is provided due to the increased amplitude at the output of the QAMH signal detec-

tor \/2 times compared to the QAMH signal, as can be seen from (23) and (24).

Figure 4 shows the dependence of BER (Bit Error Rate) on the signal-to-noise ratio (S/N) for sig-
nals with QAMH 256, which was obtained as a result of simulation modelling when this signal passes
through the communication channel with the AWGN.

QAM-256

10lg(BER)

-8 Experiment HQAM-256 | [==---=--~ e r- T
— —Theory HQAM-256 : :
—Qp-rmnes . . . AEREEEEEE R oonchee
o i i i i i |\
0 5 10 15 20 25 30 35

S/IN dB

Fig. 4. Dependence of the probability of an incorrectly received symbol for QAMH 256
on the signal-to-noise ratio

Figure 4 also shows the theoretical BER limit for the QAM256 signal in accordance with [8, p.
237], which shows a good agreement between theory and experiment.

The energy gain when using the QAMH signals is equal to two compared to the use of the QAM
signals, which follows from (31). In this case, we can write the relation for the noise power when us-

ing the QAMH signals in the form:
A~ 2
n(t N
N oam b :(_( )j =—t, (32)

2 4

where: N, is, in this case, the noise power at the output of the synchronous detector when demodulat-
ing the QAMH signal.
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The expression for determining the upper limit of the probability of an incorrectly received sym-
bol error for a QAM signal [8, p. 237] is:

/ 3-k-Eyp
Poamp < 4Q[ mj, (33)

where k is the number of bits in the symbol, E,_ is the average energy per 1 bit, M =2, N, is the

bep

N,

noise power. Substituting the value N, = in (32), we obtain the expression for calculating the

upper bound of the erroneously received symbol for the QAM signal:

M =4Q /M (34)
(|\/| _1)'2‘10 - (M _l)No .

Figure 5 shows a good match between the curve for the theoretical result according to (34) and
the curve of the result obtained from the simulation.

QAM-256

PQAMH b= 4Q

|
N
i
]
]
]
]
]
]
]
]
-l
]
]
]
]
]
]
]
]

10lg(BER)
|
ol
L

—8f--mm Experiment HQAM-256 [~=~=~="" "% """~ A
— —Theory HQAM-256 :

i i i i i
0 5 10 15 20 25 30 35
S/N dB

Fig. 5. Dependence of the probability of an incorrect symbol for HQAM 256 on the signal-to-noise ratio and the
calculated theoretical value for HQAM 256 according to (34)

A slight discrepancy between the curves in Figure 5 is explained by the fact that the modelling
uses pseudorandom sequences of finite length. Figure 6 shows the scatter diagrams for QAMH 256
and QAM 256 at different values of the signal-to-noise ratio (S/N).

These diagrams show that the signal from QAMH 256 is better separated than the signal from KAM
256, which confirms the better noise immunity of these signals. As can be seen from Figure 6, with a sig-
nal-to-noise ratio of 20 dB, it is possible to divide the QAMH 256 signal, at the same time, the BER value
is equal to 10 (Figure 4). Under the same conditions (signal-to-noise ratio of 20 dB), the QAM 256 sig-

nal cannot be separated, while the BER error value for the QAM signal will be within 107,
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Fig. 6. Signal scattering diagrams of QAMH 256 (left) and QAM 256 (right) at different values of signal-to-
noise ratio: a — 10dB for QAMH 256; b — 10dB for QAM 256; ¢ — 20dB for QAMH 256; d — 20dB for QAM 256

6. Conclusion

The use of signals with QAMH modulation allows to increase the signal resistance to noise in the
communication channel by 6 dB compared to the use of QAM signals and to reduce the value of the
average energy per bit by half. In modern communication systems, QAM signals are used mainly for
line-of-sight systems where the communication range is limited. In such systems, there is no need to
increase the communication range, which allows to reduce the power of the QAMH transmitter signal
by 6 dB (i.e., 3.98 times) while maintaining the distance, receiver parameters and communication

quality, as shown in [7].

The possibility of reducing the power of the QAMH signal transmitter leads, in turn, to a reduc-
tion in power consumption by the communication system, since the transmitter consumes approxi-
mately 90...95% of the total power consumed by the communication system. This is especially im-
portant when operating on battery power. The reduced power consumption of transmitters that gener-
ate the QAMH signal also makes it possible in many cases to significantly reduce the size of the
transmitter. If it is necessary to double the communication range (which is substantiated in [7]), the
power of the QAMH signal transmitter will be used the same as the power of the QAM signal trans-
mitter (while maintaining the receiver sensitivity), but the communication range will double.
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