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A scheme for photonic generation of ultra-wideband (UWB) pulses using a semiconductor optical amplifier
(SOA) and an electro-absorber (EA) in parallel is proposed and numerically demonstrated. By adjusting
the time delay between two pump signals incident into the SOA and the EA, we can obtain monocycle
pulses with reversed polarities and different bandwidths. The proposed method is flexible in pulse shaping

and easy in practical optimization.
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Ultra-wideband (UWB) impulse radio is considered to
be a promising solution to sensors and high-speed short-
distance wireless access networks(!l. It takes advantages
of low power consumption, immunity to multi-path fad-
ing, high security, and feasibility of sharing bandwidth
with existing radio systems. Recently, photonic gen-
eration of UWB signal attracts intensive discussions;
in particular, semiconductor optical amplifier (SOA)
based schemes>~7] and electro-absorber (EA) based

schemes!™®] have attracted considerable interest due to
their compactness, low-power consumption, and ease in-
tegration. Most of the previous schemes are limited to
single-polarity®%8 or fixed-bandwidth[>3:%8] monocy-
cle UWB pulse generation. Based on cross-polarization
modulation (XPolM), monocycle pulses with reversed
polarities can be obtained®’. However, it is sensitive
to polarization. In Ref. [7], a cascade scheme of SOA
and EA is used to generate UWB monocycle pulse, an
additional optical band-pass filter (OBPF) with 1-nm
bandwidth is inserted between the SOA and the EA to
block the forward and the backward propagating pump
signals. Since the power level of the pump signal after
passing though the SOA is high, it may affect nonlinear
interaction in the subsequent EA if the OBPF is not
perfect enough. Also, the wavelength range of the probe
signal is limited by the used OBPF. In this letter, an
approach to photonic generation of UWB pulses using a
SOA and an EA in parallel is proposed and numerically
demonstrated. By adjusting the time delay between two
pump signals incident into the SOA and the EA, we can
achieve monocycle pulses with reversed polarities. The
monocycle pulse shape and bandwidth can be flexibly
adjusted and easily optimized.

The principle of the proposed UWB generation ap-
proach is illustrated in Fig. 1. A continuous-wave (CW)
light at the wavelength of A; is modulated by a Mach-
Zehnder modulator (MZM) to produce positive Gaussian
pulse train in a fixed pattern. After amplification, the
signal is split into two beams to serve as pump signals
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in SOA and EA links, respectively. Two additional CW
lights at A2 and A3 act as probe signals of SOA and EA
links.

As shown in Fig. 1(b), in the SOA link, thanks to cross-
gain modulation (XGM) effect the CW probe signal at
A2 is modulated to negative Gaussian shape by the pump
signal. While opposite modulation property is behaved
by EA, and the CW probe signal at A3 is modulated to
positive Gaussian shape by cross-absorption modulation
(XAM) effect. Then the two polarity-reversed Gaussian
pulses are filtered out and combined to compose the
monocycle UWB pulse. The polarity and the shape of
the generated UWB pulse can be flexibly adjusted by
regulating the delay time between two pump signals.

Now we present the theoretical models for analyzing
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Fig. 1. (a) Setup for the proposed UWB pulse generation
scheme (LD: laser diode, PC: polarization controller; PPG:
pulse pattern generator; WDM: wavelength-division multi-
plexing; EDFA: erbium-doped fiber amplifier; OC: optical
coupler; ATT: attenuator); (b) schematic illustration of the
operational principle.
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optical wave propagation in SOA and EA, respectively.
Figure 2 presents the configuration considered in our
model. A pump signal at the wavelength of A\; and a
CW probe signal at the wavelength of A2 (A3) are in-
jected into the SOA (EA). Dividing the SOA and the EA
into a number of uniform sections, then the considered
information in each subsection i could be evaluated. The
backbone of our theoretical model includes two parts: the
wave propagation for all waves and the amplified sponta-
neous emission (ASE), and the material dynamic process.
The former part is solved by the coupled-mode equations,
while the latter part is described by the carrier rate equa-
tion.

The SOA is divided into M,,, subsections along the
longitudinal direction. The propagation and nonlinear
interaction between two signals in each subsection ¢ could

be expressed by the coupled-mode equation®19:
dAg; 1| Tgri .
s = | ——(1— — Ag.s, 1
dz 2|1+ Pi/PS( iap) = au | A, (1)

where Aj; denotes the slowly varying envelope of the
optical field inside subsection i, subscripts k=1, 2 stand
for the two input signals; I" is the mode confinement fac-
tor; «, is the linewidth enhancement factor; «; is the
internal loss; P, is saturation power of the SOA; and
P, = > | Ay ;|? is the total optical power inside i subsec-
tion. gg,; represents the material gain coefficient of the
SOA which is both carrier and wavelength dependent,
and can be approximated by!®!
G = b1(Ni = N, ) — ba[Ay — A

T

+ b3 — A

vet T b4(Nl - Nref)]2
+b4y(N; = N,,.)]%, (2)

where by, by, and b3 are gain constants; by is the gain
peak shift coefficient; IV, represents the referential car-
rier density; A _, denotes the referential peak-gain wave-
length; A\ is the wavelength of the optical wave in con-
sideration. NV; stands for the carrier density in subsection
i, and it can be expressed by the following carrier rate

equation(®:

ref
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where I refers to the bias current; e is the electron charge;
1, ¢2, and c3 are recombination coefficients; dLW repre-
sents the volume of the active region in the SOA; PXSE,C,J.

and Pjgp; ; represent the forward and the backward

propagating ASEsl?). Equation (3) reveals that the varia-
tion of carrier density is induced by additional carriers to
the active region from the bias current, radiative and non-
radiative carrier recombination rates, carrier consump-
tion induced by the stimulated emission of all considered
waves and the ASE.

The EA is divided into Mga subsections along the lon-
gitudinal direction. The propagation and nonlinear in-
teraction between the pump and the probe signals in

each subsection j could be described by the coupled-mode
equation1:12:

dAy,

1
. = gl +aldnm,, (4)
where A,, ; is the slowly varying envelope of the optical
field inside subsection j, subscripts m=1, 2 stand for two
optical signals; a; is the internal loss. The absorption
coefficient «; could be expressed asl11:12]

Qo
1+ 6supij

[1- fe(g(e)) - fh(eﬁ)], (5)

A

where «q represents the unsaturated absorption coeffi-
cient; egupp is the absorption suppression factor; P; =
> |Am.;|* is the total optical power inside j subsection;
fe and f, are the Fermi distributions characterized by
the temperatures and Fermi levels['!]. The temperatures
here are assumed to be constant, and equal to the lattice
temperature.

The dynamics of Fermi levels are related to the carrier
density N, ; (p = e, h refer to the electron in conduc-
tion band and hole in valence band, rerpectively), which
could be described as

S = et (S halan) -2 @

dt  hedW

where 7,(p = e, h) denotes the carrier sweep-out time.
The first term on the right-hand side of Eq. (6) describes
the pumping rate of carriers into the absorbing region,
and the second term represents interband carriers relax-
ation.

Therefore, the coupled-mode equation and carrier den-
sity rate equation are a comprehensive set of finalized
equations both in our SOA and EA models. After calcu-
lating the above equations, the slowly varying envelopes
for all waves and the carrier density distributions in the
SOA and the EA can be derived, respectively. Typi-
cal values of the parameters used in our SOA19 and
EAML12I models are summarized in Tables 1 and 2.
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Fig. 2. Schematic diagram for optical signals transmission in
a SOA or an EA.
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The lights from three LDs are emitted at A=
1556.0 nm, A\2=1559.2 nm, and A3=1560.0 nm, respec-
tively. The CW light with the wavelength of A; is mod-
ulated by a MZM to generate pump signals. The initial
electrical Gaussian pulse signal to drive MZM is in a
fixed pattern (one “1” per 16 bits) and at a bit rate
of 12.5 Gb/s, indicating that the repetition rate of the
generated pump Gaussian pulse train is 781.25 MHz.
Then based on the SOA and the EA models described

Table 1. Parameters of the SOA

Symbol Description Value
L Length of SOA Active Region 1.0x107% m
w Width of SOA Active Region 3.3x107 % m
d Thickness of SOA Active Region  0.15x107% m
I Bias Current 160 mA
Neq Equivalent Refractive Index 3.22
Ky Filter Factor 1
c1 Non-Radiative Recombination
Constant 2.5%x10% 571
c2 Bimolecular Recombination
Constant 1x10716 m3.57!
c3 Auger Recombination Constant 9.4x10™4 mb.s7!
b1 Gain Constant 2.5%x10720 m?
b Gain Constant 7.4x10"® m~3
bs Gain Constant 3.155%10%% m~*
by Gain Peak Shift Coeflicient 3.0x107%2 m*
r Mode Confinement Factor 0.3
oy Linewidth Enhancement Factor 6
o Internal Loss of SOA 4.0x10% m™!
Piat Saturation Power 1.0x1072 W
Aret  Referential Peak-Gain Wavelength 1605 nm
Nret Referential Carrier Density 0.9%10%* m—3

Table 2. Parameters of the EA

Symbol Description Value
L Length of EA Active Region 150x107% m
w Width of EA Active Region 3.5x107% m
d Thickness of EA Active Region ~ 0.1x107% m
Neq Equivalent Refractive Index 3
r Mode Confinement Factor 0.285
oy Internal Loss of EA 4.0%x10°> m~?!

ap Unsaturated Absorption Coefficient 1.3%x10° m™*!

Esupp Absorption Suppression Factor  2.0x107%* m™3
Te Electron Sweep-Out Time 25%x10712 g
Th Hole Sweep-Out Time 100x107% s

Nret Referential Carrier Density 0.9%x10% m—3
Tr, Lattice Temperature 300 K
E, Bandgap Energy 1.48 eV
mo Electron Mass in Vacuum 9.1x1073! kg
Me Electron Mass in the

Conduction Band 0.067mo

Mh Hole Mass in the Valence Band 0.34mo

above, the proposed UWB generation scheme is nu-
merically demonstrated. The modulated negative and
positive Gaussian pulses after the SOA and the EA are
presented in Fig. 3. Due to the slow carrier recovery of
the SOA, the modulated negative Gaussian pulse holds
a long trail in the leading edge. While the trail of EA
output in the falling edge originates from the carrier
sweep-out time.

The simulation results are summarized in Fig. 4. The
radio frequency (RF) spectrum after attenuator ATT2
is discrete, and the envelope of which corresponds to the
spectrum of the generated UWB pulse. When adjust-
ing the time delay between two pump signals, we can
achieve monocycle UWB pulses with different shapes
and reversed polarities, as shown in Figs. 4(a) and (b).
Correspondingly, the center frequency, 10-dB bandwidth
and the fraction bandwidth are presented in Figs. 4(c)
and (d). Different bandwidth in Fig. 4(c) is caused by
the different time delay between the negative and pos-
itive Gaussian pulses. A small time delay leads to a
large pulse superposition in the time domain. Therefore,
narrower pulse duration in time domain corresponds to
wider bandwidth in RF spectrum. The center frequency
is calculated from the RF spectrum, it is the central
point within the frequency range corresponding to 10-dB
bandwidth. Therefore, center frequency, 10-dB band-
width, and fraction bandwidth are all dependent on the
variation of time delay.

To investigate the robustness of our scheme, the impact
of the duty-cycle of the pump signals on the generated
UWB pulse are studied. When the duty-cycle is set at
100%, 67%, 50%, and 33%, the output UWB pulses and
the corresponding RF spectra are shown in Fig. 5. When
the duty-cycle of the pump signal is 33%, the RF spec-
trum is 12.11 GHz, which is too broad to comply with
the Federal Communications Commision of USA (FCC)
definition. When the duty-cycle of the pump signal is
100%, 67%, and 50%, the 10-dB bandwidth is 6.8, 8.13,
and 9.38 GHz, respectively, all within the FCC regula-
tion. Therefore, it is feasible to generate a RF spectrum
conforming to the FCC regulations when the duty-cycle
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Fig. 4. Numerical results. (a) Positive monocycle pulse, (b)
negative monocycle pulse, (c) center frequency and 10-dB
bandwidth varying with different UWB pulse shapes, (d) frac-
tional bandwidth varying with different UWB pulse shapes.
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Fig. 5. Monocycle UWB pulses (left) and their RF spectra

(right) when the duty-cycle of the pump signal is (a) 100%,
(b) 67%, (c) 50%, and (d) 33%. FB: fraction bandwidth.

of the pump signal ranges from 50% to 100%.

In conclusion, an approach to photonic generation of
UWB pulses using a SOA and an EA in parallel is pro-
posed. Based on the theoretical SOA and EA models, the
monocycle pulses with reversed polarities and different
bandwidths are numerically demonstrated. The impact
of the duty-cycle of the pump signals on the generated
UWRB pulse is also studied.
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