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The generation of periodic triangular waveform with variable symmetrical coefficient based on a dual-parallel

Mach-Zehnder modulator (DP-MZM) is demonstrated in this work. By properly setting the modulation index and bias

points of DP-MZM, desired symmetric/asymmetric triangular waveforms can be generated. Then applying the gener-

ated triangular waveform into an amplitude modulator (AM), a single-period signal can be extracted to explore the op-

tical wavelength conversion induced by the self-phase modulation (SPM) effect in a high nonlinear fiber (HNLF).
Wavelength shifts of triangular waveforms with different coefficients (10%, 20%, 30%, 40% and 50%) are calculated.
In addition, the influence of key parameters of HNLF on the wavelength conversion is analyzed in detail.
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The current communication network is in a stage of rapid
development with continuous demands for capacity and
increasingly tight frequency resources. The radio over
fiber (ROF) utilizes optical fiber as the signal transmitter,
which improves the capacity dramatically!™. Micro-
wave arbitrary waveforms are widely used in radar,
communications, medical imaging, and modern instru-
mentation systems™®!. Optical triangular waveform fea-
tured with linear rising-edge and falling-edge in intensity
can be used for various applications, such as optical sig-
nal access, wavelength conversion and optical pulse
compression, which are indispensable for future
all-optical networks!*. Thus the researches about gen-
eration of triangular waveform are more indispensable.
Recently, various approaches for the generation of tri-
angular waveforms have been proposed”'®. The pro-
posal based on the frequency-to-time mapping (FTTM)
technique could be used in arbitrary optical pulse gen-
erator'”). Ref.[11] put forwards a new method to gener-
ate microwave waveform by phase modulation and opti-
cal carrier phase processing based on gain-transparent
stimulated Brillouin scattering (SBS). However, the in-
adequacies of such schemes are the high cost and low
flexibility. Thus, approaches based on external modula-
tion, including Mach-Zehnder modulators (MZMs),
phase modulator (PM) and polarization modulator''*>",
are proposed. In Ref.[14], a photonic microwave wave-
form generator utilizing a dual-drive Mach-Zehnder
modulator (DD-MZM) is proposed and experimentally
demonstrated. Optoelectronic oscillators (OEOs) are also

widely used in waveform photonic generation. In
Ref.[15], a dual-parallel Mach-Zehnder modulator
(DP-MZM), with the assistance of OEO which provides
continuous oscillation at two orthogonal polarizations
frequencies, is employed to obtain triangular waveform.
Generation of triangular waveform with variable sym-
metry is presented, which provides more potential ad-
vantages on the applications of the triangular-shaped
pulses. In Ref.[21], a DP-MZM is used to generate an
optical triangular waveform with variable symmetry. In
Ref.[22], an approach for triangular waveform genera-
tion with an adjustable symmetrical coefficient is pro-
posed based on a single SD-MZM. In Ref.[23], the au-
thors utilize a DP-MZM and a balanced photodetector to
realize the generation of signals with a quadruple fre-
quency and a triangular waveform tunable in symmetry.

All-optical waveform conversion is likely to represent
a key function within future optical communication sys-
tems since it can be used to avoid wavelength blocking
and give flexibility in network design®*"). In Refs.[24]
and [25], a saw-tooth input signal pulse shape (asymmet-
ric triangular) is the key to improve the efficiency of the
wavelength conversion system is proved. The wave-
length conversion system is based on self-phase modula-
tion (SPM) or cross-phase modulation (XPM).

In this paper, we propose a periodic triangular wave-
form generator with variable symmetry based on a
DP-MZM and investigate its application in optical
wavelength conversion. Optical carrier suppression
(OCS) modulation is conducted in a DP-MZM to obtain
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the desired optical spectra corresponding to target trian-
gular waveforms. The feasibility has been proved in our
previous work?®!. To analyze the wavelength conversion
more intuitively, we extract a single triangular pulse from
the generated pulse train. This work mainly presents the
principles of variable symmetry triangular waveform
generation and its wavelength conversion caused by the
SPM effect in a high nonlinear fiber (HNLF). This work
gives a comprehensive analysis and discussion of the
generation and application of triangular pulses with var-
iable symmetry.

The proposed variable symmetry triangular waveform
generator is shown in Fig.1. The continuous optical sig-
nal emitted by continuous wave (CW) light source is
defined as Ei,(t)=FE,cos(wot), where E, and w, represent
the amplitude and frequency, respectively. The DP-MZM
consists of two sub-MZMs (MZ-a and MZ-b) and a par-
ent-MZM (MZ-c), of which the bias voltage is Vi1,
Viiasz and Vi, respectively. A phase shifter (PS) is ap-
plied to introduce a phase shift @ between RF driving
signals of MZ-a and MZ-b, which are defined as V.
cos(Q,,t) and Vipcos(Q,t+®), where V1o and Q=2nf are
the amplitude and frequency.
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Fig.1 Schematic diagram of the proposed variable
symmetry triangular waveform generator

The optical field of the signal at DP-MZM output can
be expressed as

E (t)=E,_(t){cos[m cos(Qt)— ]exp(J )+

cos[mcos(Qt—@)— ]exp(J—+J(p3)}, (1)

where m=nVo/2V, denotes the modulatlon index of the
DP-MZM and ¢, 5 3=1tViias123/Vx 1s the phase shift intro-
duced by the bias voltage, where V, is the half-wave
switching voltage. Carrying out Jacobi-Anger expansion,
when ¢,—¢,=n and @;=kn, kEN’, the corresponding
photocurrent of E/(¢) can be written as

I(t)=E; + Zm: {a,, sin[2n-1)(Q2t-D /2)]+

n=1
a,, sin[2n(Q2t - @ /2)]}, 2)
where
a,, , =2(-1)"E;sing,-J,, ,(2m)-sin[2n-1)@ /2], (3)
a,, =2(-1)"E; cosg, - J,,(2m)-sin[2n- @/ 2], 4
where J(-) represents the Bessel function of the first
kind.

The expansion of triangular waveform with a symmet-
rical coefficient of J can be expressed as
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S@) = Zﬂc: B, sin(nowt),

oT

=2 5 S sin(nond. 5)
o

2
As triangular waveform is generated by harmonic fit-
ting of the first two components!'®!, I;(r) can be simpli-
fied as

. D . P
1, = o, sin(£t - E) +a, sin[2(£2t - 3)] +

a, sin[3(Q —%)]. (©)

Comparing Eq.(5) and Eq.(6), following equation should
be satisfied.

=ﬂ12ﬂ25ﬂ3' (7)

Substituting Eqs.(3—6) into Eq.(7), it can be calculated
as

o a,a,

BiJ,2m)+ B, J;(2m)
2B,J,(2m)

¢, =arctan J PET3 m)Jy@2m) — o, Q) T3 2)
ﬂzJ 2m)J,(2m)

From the above analysis, by properly setting the val-
ues of @ and ¢, and m, triangular waveform with desired
symmetrical coefficient J can be obtained.

As in Fig.1, when the obtained triangular waveform
signal transmitted in the HNLF, the SPM effect may in-
duce new frequency components generation. Thus, the
energy has been transferred to the new frequencies effi-
ciently and achieved the wavelength conversion in opti-
cal spectrum. We firstly extract a triangular pulse with a
single period by using an AM driven by an electrical
signal form an NRZPG as in Fig.1. Then the single tri-
angular pulse is amplified by an erbium-doped fiber am-
plifier (EDFA) and enters an HNLF for SPM effect.

Frequency shift ow(?) is defined to evaluate the spec-
tral broadening, and its mathematical calculation can be
described as'*”!

I, ®)

@ = arccos[—

)

olu(0,0)|’
a (10)

where L is the length, y=won,/cA.x is the nonlinear coef-
ficient and A is the mode area of HNLF. P, and u(0, ©)
represent the peak average power and normalized enve-
lope of the generated triangular waveform. Form Eq.(10),
it can be seen that for a certain input optical pulse, the
frequency shift is related to L, A, Py, and the rate of
change of optical intensity over time. Triangular wave-
form with different symmetrical coefficient ¢ has differ-
ent expression of u(0, ).

The proposed variable symmetry triangular waveform
generation is simulated in Optisystem. The CW optical
signal has a center wavelength of 1 550 nm, an optical
power of 10 dBm, and a linewidth of 0.8 MHz. The RF
driving signal is 10 GHz and the modulation index is

o) =~ —-1y,
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m=1.1. The detailed parameter setting is as shown in Tab.1.

Tab.1 Parameter setting

0 (%) ¢ (rad) P (rad) Voias1 (V) Viias2 (V)
10 0.71 2,615 4.89 0.89
20 0.9792 2.396 5.25 1.25
30 1.2 2.18 5.53 1.53
40 1.4 1.98 5.78 1.78
50 1.57 1.89 6.01 2.01

The simulation results of the output signal after the
DP-MZM are shown in Fig.2. It can be seen that the
full-duty-cycle triangular waveforms with adjustable
symmetrical coefficient ¢ (10%, 20%, 30%, 40% and
50%) are acquired. Comparing with Ref.[23], the desired
modulation index in this scheme is smaller.

1.0 T T T T T (a)
05} ;
0.0 L10%

10 T T T T T -
- (®
Zo0sf ]
< 0.0 /20%

E : : . . ——
=, 14 (©)
£05¢ 1
g 0.0 L30%

S -
< .

E os| ;
Z 0.0 40%

1.0 ; ; ; ; ~\©)

05f 1

0.0 £30%

0 100 200 300 400 500 600
Time (ps)
Fig.2 Temporal triangular waveforms with (a) =10%,
(b) 6=20%, (c) 6=30%, (d) =40%, and (e) 5=50%

To analyze the wavelength conversion of symmetrical
triangular waveform intuitively, we extract a one-period
pulse signal from the pulse train by using an AM for
secondary modulation. Fig.3(a) is temporal waveform
and optical spectrum of the one-period symmetrical tri-
angular waveform, of which the full-width is 100 ps and
the slopes of the rising and falling edges are linear and
symmetric. The corresponding optical spectrum of the
extracted signal is with a center wavelength of 1 550 nm,
and no new frequency component is generated.
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Fig.3 (a) Temporal waveform and (b) optical spectrum
of the one-period symmetrical triangular waveform
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Then the one-period triangular waveform is amplified
by an EDFA and enters the HNLF, in which wavelength
conversion can be induced due to the SPM effect. To
analyze the wavelength conversion, we introduce a con-
cept of wavelength shift (A1), which represents the cen-
ter wavelength difference between triangular waveform
before and after HNLF. It can be seen that fiber length L
and effective mode area 4. of the HNLF may influence
the value of AL. Results in Fig.4 show the relation be-
tween AL and A, when L is set as 0.1 km. It can be seen
that due to the SMP effect, the center wavelength of tri-
angular waveform shifts symmetrically to both sides.
With the increase of A.g, the value of AA turns out to be
declined, which agrees well with Eq.(10). Specifically,
when A is 2 pmz, 4 pmz, and 5 um2, the corresponding
AAis 0.594 3 nm, 0.238 8 nm and 0.181 3 nm.

2 3 4 5 6
A (um)
Fig.4 Relationship between A.# and AA for the

one-period symmetrical triangular waveform

Fig.5 illustrates the relationship between L and A1 when
A 1S set as Agp=2 umz. When the value of L increases
from 0.05 km to 0.1 km, A1 also increases. Specifically,
when L is 0.05 km, 0.08 km, and 0.1 km, the correspond-
ing AJis 0.263 2 nm, 0.472 3 nm and 0.594 3 nm.

To analyze the wavelength conversion of asymmetri-
cal triangular waveform, we taking a triangular wave-
form with symmetry coefficient 6=20% as an example
for analysis. A one-period triangular waveform is also
extracted, of which the temporal and optical spectra are
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as shown in Fig.6.
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Fig.5 Relationship between L and AA for the

one-period symmetrical triangular waveform
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Fig.6 (a) Temporal waveform and (b) optical spectrum
of the triangular waveform with 6=20%

We also analyze the wavelength conversion of the tri-
angular waveform with 0=20%. Results in Fig.7 and
Fig.8 give the wavelength conversion for different pa-
rameters of HNLF. From the illustrations we can see that
after SPM effect in HNLF, the center wavelength of tri-
angular waveform shift to one side, and the value of A4 is
related to parameters of HNLF according to Eq.(10). As
in Fig.7, when L is set as 0.1 km, A4 declines with the
increasement of A4 Specifically, when Ag is 1.5 umz,
3 um?, and 4.5 pm?, AX is 0.636 8 nm, 0.336 5 nm and
0.237 6 nm. In Fig.8, when A is set as 2 um”, A1 in-
creases with the increasement of L. When L is 0.12 km,
0.16 km, and 0.18 km, A1 is 0.763 2 nm, 1.010 8 nm and
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1.238 4 nm. These results are aligned with Eq.(10).

1.0 : : : . .
" 03365n 0237 6 nm
.
08\ , , 1
\‘ |
\ / A=3 um’ / \
Z06F N, N
£ \‘. A=4.5 um’
3 04} ~\’~._ 1
06368pm e
02t It O
o [\ A=1.5 pm’
0,0 Lumilial) . . . .
10 15 20 25 30 23.5 40 45 50

A (um)
Fig.7 Relationship between A+ and AA for the trian-
gular waveform with 6=20%

[=0.18 km
05 1 1 1 1
0.10 0.12 0.14 0.16 0.18 020
L (km)

Fig.8 Relationship between L and AA for the triangular
waveform with 6=20%

To further analyze the wavelength conversion of tri-
angular waveforms, we simulate the wavelength conver-
sion of triangular waveforms with different symmetry
coefficients ¢ (10%, 20%, 30%, 40% and 50%) as in
Fig.9(a). Taking HNLF with A.=2 pm® and L=0.1 km
for example, it can be seen from the spectrum evolution
that after SPM effect, the wavelength of triangular
waveform shifts to two new frequencies. Differently, the
optical spectrum of triangular waveform with J of 50% is
symmetrical after evolution, while the triangular wave-
forms with 6 of 10%, 20%, 30% and 40% are asymmet-
rical. Fig.9(b) reveals the wavelength shift A4 versus
different 0, from which we can see that for a larger J, the
wavelength shift is more obvious. However, results in
Fig.9(a) prove that when the spectrum on one side is
filtered out and used, there will exist more power loss for
a triangular waveform with larger 0. That is to say, there
is a trade-off between the power and the wavelength shift
after wavelength conversion.
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This work proposed a photonic approach to generate
triangular waveform with variable symmetry coefficients
based on harmonic fitting. As a 5-GHz RF driving signal
is applied, a full-duty-cycle triangular waveform with
adjustable symmetrical coefficient J of 10%, 20%, 30%,
40% and 50% is generated. In addition, we analyze the
wavelength conversion, which is induced by the SPM
effect in an HNLF, of triangular waveforms with differ-
ent 0. Particularly, we calculate the wavelength conver-
sion of triangular waveform with 6 of 50% and 20% and
analyze the influence of parameters of HNLF (L and A.)
on wavelength shift (A4). The merit of this work lies in
that not only the generation of triangular pulses with
variable symmetry is performed, but also the wavelength
conversion of symmetrical and asymmetrical triangular
pulses has been calculated quantitatively. The demon-
strated approach of generator for variable symmetry tri-
angular waveform is promising candidate for
wave-length conversion, which can be applicated in
all-optical access network.
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