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ITo CPaBHEHUIO C MYJIBTUIIJIEKCUPOBAHUEM C OPTOTOHAJIBHBIM YaCTOTHBIM pa3ae/IeHreM
KaHaJIOB Ilepe/jaua HAallKBUCTOBCKUX CUTHAJIOB 00JIaJjlaeT TAKMMU IPENMYIIleCTBaMu, KakK
MeHBIIAA CJIOKHOCTb IPUEMHUKOB, 0oJiee Y3KUe II0JIOCHI 3aHUMAaeMbIX YaCTOT U MEHBIIIee
OTHOIIIEHVEe IUKOBOI K CPeJHEN MOIIHOCTH, YTO 00€CIeYNBAET JYUIINe 9KCILIYaTallOH-
HBbIe XapaKTEePUCTUKHU B YCIIOBUAX HEeJIMHEeMHBIX NCKaYKeHUH Ipu 1mepemavdye CUIrHaJJIoOB IIO
BOJIOKHY. IIOCKOJIBKY CUTHaJ ¢ sinc-ormbaromieir BO BPeMeHH i 00JIACTH COOTBETCTBYET
IPAMOYTOJBLHOMY CIIEKTPY, HAaWKBHUCTOBCKME MMITYJIbCHI MOTYT OBITH IOJYYEHBI HAIP-
MYIO0 U3 IUJIOCKUX ONTUUYECKUX I'PDEOEHOK C IIOMOIIBIO 3JIEKTPOOITHYECKUX MOLYJIATODPOB.
BrinmosineH TeopeTmuecKuil aHaIM3 reHepaluy HAaNWKBUCTOBCKUX HMMITYJIBCOB C HCIIOJb-
30BaHUEM TpexX JUHUHA TIpe0eHOK U eIWHCTBEHHOTO MOJYJISATOpa WHTEeHCHUBHOCTH. Ilo-
KasaHO, UTO [IJId TeHepalluy HAaWKBUCTOBCUX WMIYJBCOB Ba’KHBI KaK aMILINTYIBI, TakK
u da3bl OOKOBBIX YACTOTHBHIX IIOJIOC B IPeGeHKAX ONTUUYECKUX YacTOT. TeopeTUUecKH IIo-
KasaHO, UTO IPU HaJMUMU 0oJiee UYeM TpeX JIMHUIN I'pebeHOK HEBO3MOXKHO I'eHEepHPOBATH
HaMKBUCTOBCKUE HMIIYJBbCBI €OUWHCTBEHHBIM MOAYJATOPOM HNHTEHCHUBHOCTH. HartikBu-
CTOBCKHE MMIIYJbBCBI MOT'YyT 6I)ITL IIOJIYy4Y€HbI MCIIOJIb30OBAHUEM AE€BATU JUHUHA C IIOMOIIBIO
IBYX IIOCJIeJJOBATEJbHBIX MOAYJIATOPOB MHTEHCUBHOCTHU, IIPUYEM CYMMAapHBIN (ha3oBBIH
cIBUT, O0eCIeUYMBAEMBIN IPUJIOKEHHEM IIOCTOAHHOTO HANPAMKEHUA K HUM, [JOJKEH
COCTaBJIATH T.

Knrouesvle cnoea: Hailk8UCMOBCKUE UMNYALCHL, ZPEOCHKL ONMUYECKUX 4acmom, ga-
308ble COOMHOULEHUSL.
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Compared with OFDM, Nyquist signal transmission has several unique advantages
such as lower receiver complexity, lower receiver bandwidths and lower peak-to-average
power ratios which give better performances under fiber nonlinear impairments. Since
the sinc-shaped waveforms in time domain corresponds to a rectangular spectrum in the
frequency domain, the Nyquist pulses can also be obtained directly from the generation
of flat frequency comb with electro-optic modulators. In this paper, a complete
theoretical analysis of Nyquist pulse generation with 3 comb lines generated with
a single intensity modulator is developed. It is proved that both the amplitude and phase
of the sidebands in the optical frequency comb are important for generation of Nyquist
pulses. Theoretically it is found that it is impossible to generate Nyquist pulses with
more than 3 comb lines using a single intensity modulator even if 5 flat comb lines are
realized. A Nyquist pulse can be generated with 9comb lines by two cascaded intensity
modulator, but the sum of the phase shift caused by the two DC voltages of the intensity
modulator must be .
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Introduction

High capacity optical communication system
is becoming more and more important with the
ever-increasing bandwidth demand of emerging
network services, including high definition video
streaming, cloud computing and mobile data de-
livery [1-3]. Orthogonal multiplexing technolo-
gies, known as OFDM and Nyquist pulse multi-
plexing, are good solutions to form the data in the
minimum bandwidth. Compared with OFDM, Ny-
quist signal transmission has several unique ad-
vantages such as lower receiver complexity, lower
receiver bandwidths and lower peak-to-average
power ratios which give better performances un-
der fiber nonlinear impairments. Nyquist pulse
generation can be realized by either optical or
electrical schemes [4, 5] Optical Nyquist signals
can provide a much higher symbol rate utiliz-
ing time domain multiplexing technique, while
electrical Nyquist pulse generation is usually re-
stricted by limited sampling rate and processing
capacity of digital-to-analog convertor devices. In
most recent work [6], a novel all-optical method to
produce sinc-shaped Nyquist pulses of very high
quality has been proposed based on the direct syn-
thesis of a rectangular shaped and phase-locked
frequency comb. A simple scheme of generating
short optical pulses and flat frequency comb with
an integrated dual parallel Mach-Zehnder modu-
lator (DPMZM) driven by a single radio frequency
(RF) source is proposed in [7, 8]. Only limited and
specific number (3 for the intensity modulator
(IM) and 5 for the DPMZM) of frequency lines can
be generated in these schemes with single stage
[9, 10]. But in these papers, the phase relationship
between these sidebands in the generated fre-
quency comb is seldom analyzed. The conditions
for generating Nyquist pulse using a DPMZM is
proposed and demonstrated in publication [11].
The amplitude and phase of the sidebands in the
optical frequency comb are important for genera-
tion of Nyquist pulses. Theoretically it is found
that it is impossible to generate Nyquist pulses
with more than 5 comb lines using a single DP-
MZM even if 7 flat comb lines are realized.

In this paper, a complete theoretical analysis
of Nyquist pulse generation with 3 comb lines
generated with a single IM is developed. It is
proved that both the amplitude and phase of the
sidebands in the optical frequency comb are im-
portant for generation of Nyquist pulses. Theo-
retically it is found that it is impossible to gener-
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ate Nyquist pulses with more than 3 comb lines
using a single IM even if 5 flat comb lines are
realized.

Principle of analytical model

A general expression in the time domain for
the amplitude waveform of Nyquist pulses is

sin(2nt/rp) cos<2|37rt/‘tp)

r(t)= 5
(2nt/ty) 1 (4pt/ry)

1

where t, is the pulse duration between zero
crossings and P is known as a roll-off factor,
which is in the range 0 < § < 1. Among the class
of Nyquist pulses, the sinc-shaped pulse is of
particular interest owing to its rectangular
spectrum and zero roll-off. So Eq. (1) can be

rewritten as
sin (27tt/1:p )
(2nt/ Tp) ,

which is a sinc-shaped pulse. In this paper, a
method to generate a sequence of very high
quality sinc-shaped Nyquist pulses with an
almost ideal rectangular spectrum is proposed
and demonstrated.

The schematic diagram of the proposed opti-
cal frequency comb generator with a rectangu-
lar shape is shown in Fig. 1. As shown in Fig. 1,
a continuous wave (CW) light is launched into an
IM. The output electrical field of IM can be ex-
pressed as

r(t)= ()]

EO exp(jmot) y

E =
outl 9 ( 3)

<32y (m)exp( o) [explo)+(~1)" exp(~fo)}

where E, and o, are the amplitude and the
angular frequency of the CW laser. M = nVgy/V,

—[OSA:‘

- 0S0

Bias 1V,

Bias 2V,

Fig. 1. The schematic diagram of Nyquist pulse.
IM - intensity modulator, LD — laser diode,
RF - radio frequency; DC — dc power supply;
OSO - optical sampling oscilloscope; OSA —
optical spectrum analyzer.
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and ¢ = nV,/V, are the RF modulation index and
the phase shift caused by the DC voltage. Based
on 2cos(x) = exp(jx) + exp(—jx), 2jsin(x) = exp(jx) +
+ exp(—jx) and J,(m) = (-1)"J,(m), the optical car-
rier, 1st-order and 2nd-order sidebands can be
expressed as

Eq =cos(9)Jq (m)E;, (t),
E,1=sin(@)J; (m)exp[(ja)RFt + %) Eqp (t),
E_y=sin(9)J1 (m)exp|—(jopt + )| Ein (1), @)

E_ 5 =cos(@)Jy(m)exp(j2orpt)Ey, (t),
E_5 =cos(¢)Jy(m)exp(—j20gpt) Ejy, (1)

According to equation (4), if |cos(p)/y(m)| =
= |sin(@)J;(m)| = A is true, then the optical car-
rier and the two 1st-order sidebands would
have the same amplitude and 3 comb lines
with the same amplitude are generated. When
tan(e) = +Jy(m)/J,(m) is true, the output signal of
IM can be expressed as

Eoutl = A[exp(—ja)RFt — ]%) +

(6
+1+ eXp(ijFt+j%) Ein (t),
which can be further rewritten as
Eout1 =
- A[exp(— joRgt — 1Y) +1+ exp| joppt+iT) | B (t) =
= A{exp(—jszlt —j%) +1+ exp(j21tf1t+j%) Ep(t)=
A i exp[ann(flt +%)}Ein (t)= ©)
n=-1
=3AE, (t)M,
3sin(7tf1t + %)

where f; is the frequency of the RF signal, and the
frequency spacing of the optical frequency comb
is f;. The frequency spacing Af between adjacent
spectral lines determines the pulse repetition
period T = 1/Af and the rectangular bandwidth
NAf (N being the number of lines) defines the
zero-crossing pulse duration 1, = 2/(NAf). The
envelope of the optical field from the IM is periodic
sinc-shape and it's a Nyquist pulse train in time
domain. And when tan(p) = —Jy(m)/J;(m) is true,
the output signal of IM can be expressed as

Eout = A[exp(_ijFt - ]3%) +

Ein (t)’

(1)

+1+exp(ijFt+j3%)
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which can be further rewritten as
1
Egip=A )" exp[2njn(f1t +%) Ep, (t)=

n=—1
\sin[S(nflt + 3%)} ®)
! 3sin(7tf1t+3%) )

If we let |[Ey| = |E. | = |E.,|, we can get

—BAE,, (t

Jo(m)=dJy(m), )
Jo (m)|expj¢ -+ exp(—jo)|=J1 (m)|exp jo — exp(—jo)).

For example, it can be easily calculated that
as m = 1.84 and ¢ = 0.5, and the optical carrier,
1st and 2nd order sidebands would have the same
amplitude and 5 flat comb lines can be generated.
However, it isn t a Nyquist pulse train in time do-
main. Equation (5) can be rewritten as

Ey (t)=
= A[exp(—jZmRFt) + exp(—ijFt — ]%) —1+

Ein (t):

+1 —+ exp(j(DRFt-i-j%) + eXp(jZ(DRFt)

(10)
—+ exp(jcoRFt + ]%) + exp(ijRFt) + 2

sin[3(nf1t +%)}
3sin(nf1t + %)

It can be seen that even the 5 frequency com-
ponents have the same amplitude, but the corre-
sponding waveforms are not sinc-shaped in the
time domain.

As we know, the number of OFC can be en-
larged by cascading two stages. When cascad-
ing with another IM, the optical signal with
3 spectral lines is sent to IM2, which is driven
by a RF signal at f,. To generate 9 lines OFC,
the condition f; = 3fy or f, = 3f; has to be sat-
isfied without any carrier suppression, result-
ing in a frequency spacing between the lines of
Af = min(f;, f,). We found that in order to make
the phase of OFC is linear-locked, the phase
shift difference caused by the DC voltage of the
two IMs must be n. For example, when f, = 3f;,
the optical field at the output of the IM2 can be
expressed as

=3AE;, (t) +2AEy, (t).

1
Eouiz =41 eXp[J'm (“)RFlt + %)] X

n=-1
1

xAg Y exp[fnz (‘DRth + 3%)}15111 =

n=-—1
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ng=1 ny=1

=A1 Ay Z Z exp

ny=—1n;=-1

j21tAft(n1 +3ny ) +

o (3 1
+j2n an +Zn1 E, =

11

no=4

=A1 Ay Z exp{ann(Aft—&—%)

n=—4

sin[gn(Aft + %)}
QSin[n(Aft + %)}

The envelope of the optical field from cascaded
two IM is periodic sinc-shape and it’s a Nyquist
pulse train in time domain. In the experiment, we
can also adjust the phase difference of the two RF
signals to ensure that the generated lines have
the same phase.

Ein =

=94, 4,

Ein (t)

Simulation results and discussions

Computer simulations by Virtual Photonics
Inc. software package have been performed to
study the performance of our proposed inc-shaped
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Fig. 2. Simulated output spectrum. (a) Optical
spectrum and (b) time waveform of the
generated Nyquist pulses by a single IM.
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Nyquist pulse generation. A CW laser with a line
width of 10 MHz at a frequency of 193.1 THz is
sent to the cascaded intensity modulators. The
IMs are with a same half-voltage of 5 V and a
same extinction ratio of 30 dB. The frequency and
amplitude of RF1 are 30 GHz and the frequency
and amplitude of RF2 are 10 GHz, which satisfy
the condition f, = 3f;. The RF modulation index
m = 0.296. We choose a DC voltage of IM1 to sat-
isfy tan(p) = +J,(m)/J;(m). In order to make the
phase of optical frequency comb is linear-locked,
the DC voltage of IM2 which we choose must sat-
isfy tan(e) = —Jy(m)/J(m).

An OFC with three equal tones, and 30 GHz
frequency spacing can be generated as shown in
Fig. 2a. The power variation is within 0.1 dB and
the unwanted-mode suppression ratio is 40 dB,
demonstrating a quasi-rectangular spectral shape,
which can be utilized in the generation of Nyquist
pulses. Figure 2b presents the simulated wave-
form of the three-tone OFC. The sinc pulse has a
full-width at half maximum (FWHM) of 29.4 ps,
and a repetition rate of 100 ps. When cascaded
with another IM, 9 comb lines with nearly the
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Fig. 3. Simulated output spectrum. (a) Optical
spectrum and (b) time waveform of the
generated Nyquist pulses by two cascaded IMs.
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same amplitude are obtained and unwanted mode
suppression ratio of 29 dB is achieved, which is
shown in Fig. 3a. Figure 3b shows the waveforms
of the generated Nyquist pulses. The Nyquist
pulse has a FWHM duration of 9.8 ps and a rep-
etition period of 100 ps. The pulse width and rep-
etition rate can be changed by simply tuning the
frequency comb parameters.

Conclusion

In this paper, a complete theoretical analysis
of Nyquist pulse generation with 3 comb lines
generated with a single intensity modulator is de-
veloped. It is proved that both the amplitude and

phase of the sidebands in the optical frequency
comb are important for generation of Nyquist
pulses. Theoretically it is found that it is impos-
sible to generate Nyquist pulses with more than
3 comb lines using a single IM even if 5 flat comb
lines are realized. A Nyquist pulse can be gener-
ated with 9 comb lines by two cascaded intensity
modulator, but the sum of the phase shift caused
by the two DC voltages of the IM must be 7.
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