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Abstract—A new frequency-shift keying continuous phase (and only this shape) a pure single electron state is created
modulation (CPM) signal, directly inspired from quantum |eviton. The experimental demonstration of levitons and their
physics, is defined, and its attractive spectral property of sinig exploitation are given in [7, 8] setting the basis fogquantum

side-band is shown. The principle of the modulator and the levitoni When V(#) i L tzi | th lect
demodulator are discussed; and a simplified coherent detector, evtonics. en V(t) is a Lorentzian pulse, the electron

based on signal correlation using an orthogonal basis, is proposed €nergy distribution (equivalently frequency spectrungdrees
showing that this new modulation can operate using existing SSB. The SSB-PSK is then proposed as first immediate

digital communication technology. application of a classical levitonics for digital transsies
based on CPM [9].
This paper is organized as follows. In Section II, we first
Continuous phase modulation (CPM) [1] is known to comnbriefly introduce the system model. The fundamental modula-
bine constant signal envelope and good bandwidth efficiendgn principle is studied in Section Ill. Then, a low complgx
[2,3]. For these attractive properties, a significant ieris coherent receiver is described in Section IV. Numericalltes
then addressed to CPM since it was developed in the 8% reported in Section V. Finally, a conclusion and some
[1], and it has been widely used in digital communicatioperspectives are drawn in Section VI.
systems, e.g., in satellite communications, deep-spautiEab
fiber, etc. For instance, CPM has been introduced in the II. SysTEM MODEL
DVB-RCS2 standard [4]. The aim for the use of CPM in The CPM signal at carrier frequengy is defined as
these contexts of communication is twofold: first, to exploi B
their inner immunity against nonlinear distorsions, réagl s(t) = \/73@](2”“““"(’&))
from the constant envelope; second, to take advantage of 5
their recursive nature allowing their particular use iniagr
concatenated schemes [5]. Consequently, CPM is classified
as power efficient digital modulation, and is therefore wftewhere E, is the average symbol enerdy, is the duration
prefered to linear modulations. of symbol ax, h is an integer modulation index ensuring an
Further to the advantages mentioned above, in the presgrntphase incrementy(t) is phase function angy(t) is a
paper, we propose a totally new CPM scheme having thevitonic phase-shift function, given by
original feature of a single side-band (SSB) spectrum pitgpe ¢
providing a very compact frequency occupation. This SSB ©o(t) = 2parctan () . (2)
property can be exploited to perform high rate and low w
frequency bandwidths transmissions without taking care of The information symbols;, are assumed to be independent
the image frequency interference, typical of ordinary deuband identically distributed and take values in the alphabet
side-band signals. The new CPM is hereafter called Single,1}, i.e., no antipodal coding is performed in order to
Side-Band Phase Shift Keying (SSB-PSK), which uses psieserve the SSB propertyy(t) is the phase response and
generic phase derivative pulsk/dt with Lorentzian shape it is obtained by

I. INTRODUCTION
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and a2r7 phase increment. The Lorentzian pulse is a specific t
shape addressing fundamental quantum physics, in patjcul wo(t) = / g(7)dr, 3)
the on-demand injection of a single electron in a quantum oo

conductor. Following a theoretical proposal by Leviteival. where g(¢), the frequency pulse, is a truncated Lorentzian
[6], a short voltage pulsé/(t) is applied on a contact of pulse defined as

the conductor giving a current pulsét) = 2¢2V (t)/ho (e depo(t) 9w

is the electron charge antl, the Planck constant). Tuning g(t) = T utz pwE t € [0, LTs]

the pulse amplitude and duration such that the net charge ‘ (4)
Q = [I(t)dt = e, a single electron is injected from the / g(T)dr = po(LTs) = 2r, t > LT,

contact to the conductor. However, the voltage pulse gestur 0

all electrons of the conductor creating unwanted excitstio with w the pulse width, a tuning parameter impacting greatly
Levitov et al. in [6] showed that ifi’(¢) has a Lorentzian shapemodulation performance, particularly its spectral efficie



must have a zero value fgt < 0. Thereforez(t) must have
‘ jw‘g;g:gg no pole in the lower half-plane and at least one pole in the
7 WS =055 | upper half-plane. Furthermorey(t) has a constant complex
envelope. The simplest solution verifying the conditionsnm

tioned above is then given by

t—to+ jwo

z(t) = ede®) = 20T 20
t—to — jwo

)
For this solutiony:(t) has a pole at = to+jwg, which implies
the phase-shift functionp(t) = ¢o(t) = 2arctan (£12),
resulting in the Fourier transforty (f) = e~4wo/ for f > 0
and zero otherwise.
The generalization of this principle is to add poles exclu-
‘ ‘ ‘ sively in the upper half-plane, which allows(f) to maintain
@) ' ' this original SSB feature. Explicitly, this generalizaticon-
sists in generating more complex phases, suiv @lementary
Fig. 1. Length4Ts frequency pulse: the Lorentzian pulse for different Wldtfphasespl( ) of type o, occuring at timet; and of duration

values,w/Ts = 0.28,0.37, 0.55. w; (w; > 0). The general expression eft) is then
N-1 .
; t—1; i
a(t) = e~ie® = J[ LBt ®)
Given that the Lorentzian pulse decreases very slowlys iso Tt~ Jwi

a correcting factor mtroduceq to keep2a phase increment Likewise, the SSB property is conserved if the phase shift
when the frequency pulsg(t) is truncated tol > 1 symbol o :
{uncnon is generalized to

durations. This factor is defined as the ratio between trad to
phase increment without any truncation and the one obtained

after Lorentzian truncation : e(t) = Z hiwi(t), ()]
2 ™ 5) '
W= fLLTT/iQ 2 dt " arctan (LLe)” whereh; are integers of same signs.Af > 0 Vi, X(f) has
zero value forf < 0; and if h; < 0 Vi, X(f) has zero value
For the non-truncated Lorentzian pulse £ oc), u = 1. for f > 0. This explains why no antipodal coding is applied in

In figure 1, we illustrate the Lorentzian pulse, for differenpit-to-symbol conversion before using this principle inaph
width valueSw/Ts = 0.28,0.37,0.55. As g(t), the frequency- modulation of information bits.
shift function, is partial-response, the SSB-PSK modaiati
exhibits inter-symbol interference (ISI) which is obvitus IV. SSB-PSKDEMODULATION SCHEME
expected and goes up whenis getting larger. It is therefore
imperative to choose a limited widtl for Lorentzian pulses
to reduce ISI effects on bit error rate (BER) performance.

For the signal given in (1), we perform a phase coding whe
the k™" bit of durationT), contributes to the total phase (t) of
the carrier by2ay, arctan (=21=). Equivalently, a Lorentzian
pulse with a phase increment equal2o is used to encode
bit 1 and no pulse is associated with bit O.

We consider a point-to-point communication system over
e_ld(_jltlve_ white _Gauss!an noise (AWGN) channel. Th_e poweg- Orthogonality Property
limited input signals is summed to the complex noise~

CN(0,02) resulting in the outpuy Let us denote by; (t), h = 0,1,2,..., N a set of orthogo-
nal functions having the following form

In this section, we propose a coherent demodulation scheme
based on symbol-by-symbol detection, i.e., the receivékasia

decision on one symbol only, based on the observation
gef\ one received symbol. The demodulation method relies on
the property of orthogonality between SSB-PSK modulated
signals with unique pulses of different amplitude levelseo
sponding to symbol values; for binary modulation, we exploi
é)ﬁthogonality between signals relative to bits 0 and 1.

y =s+z, (6)
. . . . 1 dpo(t
with o3 the Gaussian noise variance. uj (t) = \/Teih‘”(” %()
™
Ill. FUNDAMENTAL PRINCIPLE OF SSB-PSK 1 (tJrjw)pl (10)
MODULATION
V2 (t — jw)h

The spectrum of the complex signa(t) = e~ ¢ is de-
fined by its Fourier transfornX (f) = f+°° eIeMei2nftgy - whereyy(t) is a non-truncated Levitonic pulse defined in (2)
To obtain a single side-band spectrum, this Fourier transfowith u = 1. We can easily verify thaf ug (t)ug, (t)dt =



PSD of the modulated signal
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Fig. 2. Block diagram of the correlation-based demodulator. Fig. 3. Comparison of the power spectral densities: in bluafoSSB-PSK
signal, in red for a GMSK signal, for the same carrier freqyefic= 10/T.

5&,;?- In order to use this orthogonality property in demodu- _ o .
lation process of SSB-PSK modulated signal, we have rath@rorder to establish the likelihood ratio test

considered the set of signals r 0
g J— -0 > (15)
(t+ )ﬁ I'n <1
; w
5;,(t) = Mo = ﬁ (11)  The demodulator scheme is depicted in figure 2. After car-
_ jw

rier demodulation, correlation functions are computedetas
The correlation-based separation of signgl&) ands;,(t) on noisy inphase and quadrature phase componesi;(t))
using orthogonality is given then by the following integoat andsin(y(t)).

formula
V. NUMERICAL RESULTS AND COMPARISONS

1 o dpo(t

o(t)

s (t)sj, (t) b dt = &, j- (12) A. SSB Sectral Property
The power spectral density (PSD) of the SSB-PSK mod-

Whered%(t) is a weighting function in the integration func-ulated signal is represented by figure 3, averaged over 10
tion. spectra corresponding to 10 different 2048 bits lengtrastie
The extension of the definition of the set of orthogonaach, non truncated Lorentzian pulses of width= 0.377
functions defined over an interval no longer infinite but &nitare used, i.e.L. = oo (numerically, we choose a value large
T, is straightforward; and consequently, the orthogonali§nough to guarantee a phase increment equat tor ;= 1).
property is verified thanks to the following integration étion  The frequencies are in units dof/T,. The carrier frequency
is f. = 10/Ts. In this example, we choose = 1, a positive
1tz deo(t) : : :
— 57 ()53, (t) dt =6 ;.. (13) integer; as a resglt all the spectral components of the kigna
2m Jogp " dt ’ are located then in the band greater thfanFor comparison,
Moreower, we have to emphasise that the weighting funf/€ also present the PSD of the GMSK modulated signal.

tion “®) is a periodic Lorentzian sum and can be pre- The PSD of the SSB-PSK modulated signal is indeed

d . . . . .
calculatted off-line before performing the demodulatiom-pr unilateral when comparing it with the GMSK modulated signal

cess. which is symmetrical with respect to the carrier frequericy
Almost all of the power is concentrated inlaT; frequency
B. Binary Correlation-based Demodulator band and the power spectrum decreases steeply in ste}is of
For the binary case, the set of orthogonal functions uséB, spaced by frequential periods df7. This exponential
in the demodulation process consists of two different wsctodecrease is equal to 4™/ (see Section IlI), which is equiv-
given by s;, h = hay, wherea,, = 0, 1. Exploiting orthogo- alent to 1/100 in linear scale and20 dB in logarithmic scale
nality property, the detection of the transmitted symbsing for w/7T, = 0.37. Consequently, the power exponential decay
the received observatiogn(t), is based on the computation ofof the SSB-PSK modulated signal is shown to be proportional

2r ) o

the following correlation functions foh = 0, i to the Lorentzian widtho. A tradeoff on the value ofv has
t+Ts /2 to be found in order to combine the ISI reduction by limiting
T (t) = / y(t)s: (1) dpo(t) dt| (14) w (cf. section II) and ensuring a fast power decay outside the
t—T, /2 dt useful band by increasing.
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Fig. 4. Power spectral density of an SSB-PSK signal with 98%hephase  Fig. 5. BER performance for several truncation scenafics 100, 4, 2.
increment of a pure Lorentzian.

Spikes, also called spectral lines, are also observed drodff§ mmunity against ISI. It is a non-surprizing result that
the frequenciesf,, f. + 1/Ty, f. + 2/T., etc. They are SSB-PS_K modulgtlon with the _m'ost severe tr.uncat!on of the
due to the value of the phase increment which is equal lgrentzian pulse is the most efficient, since it is subjedht
or, what is well-known in conventional phase modulatiof'€ lowest ISI level. _ _ 3
techniques whose phase increment2is [10]. However, it F_urthqmore, atheoretlcal bound on.the bit error probgbili
remains important to emphasize that deviating a little froff§ 9ivén in order to illustrate the potential of this new mizdu
this critical value will reduce or even eliminate these smc 10N- This performance bound is described using error event
lines at the cost of a reappearance of very low amplitu@'d Minimum distance concepts [11]. The normalized squared
components in the lower band. The PSD of the SSB-pSRiclidian distance of a binary CPM is defined in [1] as
modulated signal, with a phase increment equal to 95 % of ) 1 9
27 is represented on figure 4. The configuration of the signals d” = 9., /|5(tvaTx) — s(t, ary)|" dt (16)
considered in figure 3 has been maintained for this illuistnat
The major difference is the clear reduction of the specimakl. For an error location arbirarily choosenas the error event
However, its spectral occupation has slightly increased. ~ consists in transmitting the symbol sequeaggand receiving

Table | provides the effect of the Lorentzian truncation ofe symbol sequencery, defined both as
the PSD of the SSB-PSK modulated signal. In this table, we
present the spectral occupation of the modulated signalfor )
several values of. = oo, 12,4,2. This spectral occupation, ARx = (s o1, e Get) -

denoted byBw, is expressed in terms af 7', frequency band The phases of SSB-PSK modulated signals relative to both
occupied by98% of the signal power transmitted for = 5. andag, information sequences diverges at positioand
0.37T;. For comparison, we also give the spectral occupatienyerges again due to the phase increment. Consequently,
of a GMSK modulated signal. For instance, 81" = 0.3, the minimum euclidian distanceéy, is then relative to a

Bw = 0.86. We can clearly note through these results thgjygje-symbol error event. The probability of bit error e
for non-truncated Lorentzian pulses, the spectral oc@upat o nded as

of the SSB-PSK modulation remains close to those reached 1 E,
by the GMSK modulation. However, the more truncated the P, < 5@ dﬁﬂnﬁ , (18)
waveform is, the more spectral occupation increases. 0

aTx = (-"aa6717aeaae+l)7 (17)

B. Bit Error Rate Performance

In this section, we investigate the performance of the SSB-
PSK modulation in terms of BER over an AWGN channel.
In particular, we plot in figure 5, BER curves of SSB- SSB-PSK
PSK modulation for several Lorentzian pulse length values
L = 100,4,2, as a function ofE,/N, the bit-energy-to- o0 12 4 2
noise ratio. This quantifies the effect of truncation on the s 1 104 113 129
performance of the proposed demodulation scheme and thus Bw 1 108 126 1.53

TABLE |
SPECTRAL OCCUPATION
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