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A novel scheme for all-optical broadcast ultra-wideband (UWB) monocycle pulses generation based on cross-phase
modulation (XPM) in semiconductor fiber ring laser (SFRL) is proposed, in which three UWB positive or negative
monocycle pulses can be generated simultaneously. A comprehensive broad-band dynamic model for this kind of
all-optical broadcast UWB monocycle sources is established, which is further applied to numerically analyze the im-
pacts of injection current of semiconductor optical amplifier (SOA), the power and wavelength of the signal light on
the performance of the UWB positive monocycle pulses with higher power spectral density. The results show that the
spectra of the UWB positive and negative monocycle pulses generated by this scheme match the Federal Communica-
tions Commission (FCC) definition quite well. Three UWB positive monocycle pulses with better performance can be
obtained when the power of signal light is at a high level, and three other UWB positive monocycle pulses with good
tolerance to both the injection current of the SOA and the wavelength of the signal light can be obtained. In addition,
the powers of the lasing light coupled into the SFRL should not be strong to obtain three UWB positive monocycle
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pulses with better performance.
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Ultra-wideband (UWB) technology is considered as a
promising solution of short-range broadband wireless
communication and sensor network because of its supe-
rior advantages, such as lower power consumption,
higher bit rate, immunity to multipath fading, shorter
time duration, and lower duty cycle!"?. According to the
Federal Communications Commission (FCC), UWB
signal should have a 10dB bandwidth larger than
500 MHz or a fractional bandwidth greater than 20%,
and the power spectral density (PSD) of the frequency
range from 3.1 GHz to 10.6 GHz is restricted below
—41.3 dBm/MHZ"!. The UWB signal is limited to short
distances due to its low power density. In order to extend
the transmission distance of the UWB signal, UWB over
fiber has been proposed, and the methods of generating
UWRB signal in optical domain have been investigated.
Various approaches for generating the UWB signals in
optical domain have been proposed, such as using the
radio frequency signal to modulate the laser directly to
obtain the UWB signals'¥, using the frequency-to-time
mapping principle to generate the UWB monocycle and
doublet pulses™, based on phase modulation to intensity
modulation (PM-IM) conversion to produce the UWB
pulses'®®. and generating the UWB monocycle and dou-
blet pulses by combining a pair of polarity-reversed
Gaussian pulses with appropriate time delay”"*!. In ad-

dition, there are also some other methods for generating
UWRB signals, such as the UWB monocycle and doublet
pulses can be obtained through photon echo in rare
earth-doped optical crystal'*! and using up-conversion
based on stimulated Brillouin scattering effect!'”’.

The schemes of generating UWB signals in optical
domain are mainly for producing single signal. To the
best of our knowledge, there are three papers reported to
generate multiple UWB signals simultaneously!'®'®. In
this paper, we propose a novel scheme for all-optical
broadcast UWB monocycle pulses generation based on
cross-phase modulation (XPM) in semiconductor fiber
ring laser (SFRL), in which three UWB positive or nega-
tive monocycle pulses can be generated at the same time.
Since our scheme use semiconductor optical amplifier
(SOA) as non-linear medium, the structure is simpler
than the one proposed in Ref.[16]. Compared with
Refs.[17,18], our solution can generate two kinds of
UWB monocycle pulses just by adjusting the frequency
offset of the filters. We establish the comprehensive
broad-band dynamic model of this kind of all-optical
broadcast UWB signal sources. Using the comprehensive
broad-band dynamic model, we generate three UWB
positive and negative monocycle pulses and analyze the
impacts of the current of the SOA in the SFRL, the
power and wavelength of the signal light on the three
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UWRB positive monocycle pulses.

The scheme of all-optical broadcast UWB monocycle
pulses based on XPM in the SFRL is shown in Fig.I.
The SFRL is consisted of an SOA, two optical couplers
(OCs), two optical polarization controllers (PCs), an
optical isolator, and an optical comb filter. The SOA is
the gain medium of SFRL. The optical isolator is used
to prevent the reflection. Two PCs whose polarization
directions are perpendicular to each other were used to
set the polarization direction of lasing light and signal
light, avoiding the four-wave mixing (FWM) effect
between signal light and laser light in SOA. The optical
comb filter is used to select the wavelengths of lasing
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light. The signal light and lasing light are input to the
SOA through the OC1. The phase of a lasing light is
modulated by the signal light through the XPM in the
SOA. The chirp of a lasing light is the first order de-
rivative of the phase, which has a monocycle shape.
The monocycle pulse can be obtained by using a Gaus-
sian optical bandpass filter (OBF) to convert the chirp
into amplitude. Two polarity-reversed UWB monocycle
pulses can be obtained by setting the central wavelength
of the OBF to be red shifted or blue shifted. By setting
the number of the comb filter channels, multi-channels
of the UWB monocycle pulses can be generated.
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Fig.1 Scheme of all-optical broadcast monocycle signal sources based on XPM in SFRL

The SOA in the SFRL is not only the gain medium,
but also the nonlinear medium. In the simulation, the
SOA is divided into many small sections. The evolution
of the slowly varying amplitude 4 inside SOA obeys the
traveling-wave equation'”’

d4,; :1 1%,
& 2|1+R/P,

(kzs’p1>p2’p3)> (1)
where Ay; represents the slowly varying envelope of the
optical field inside subsection of the SOA, k represents
the input signal light and lasing light, |4,;* represents the
optical power, oy; is the chirp parameter which accounts
for carrier-induced index changes, I” is the mode con-
finement factor, o;, is the internal loss coefficient in
SOA, g;; is the material gain of the SOA, P; is the total
optical power of inside subsection, and Py, is the satura-
tion power of the SOA. The amplified spontaneous emis-
sion (ASE) noise is depicted by two statistically inde-
pendent Gaussian distributed random processes for
Hei(z,f) which satisfies the following correlation®”

(1 (0 (2,0)) = BIR S (=), E Ay,
(k=s, p1, p2, P3), (2)

(1_iak,i ) _amt Ak,i +luk,i (27 t)7

where f is the spontaneous coupling factor, Ry, is the
spontaneous emission rate, v, is the group velocity, £y is
the photo energy, and A is the cross-sectional area of
the active layer. The carrier density at each section obeys
the following equation.
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dt  ewdL
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where [ is the bias current of the SOA, ¢, ¢, and ¢; are
recombination constants, w, d and L are width, depth and
length of active region in SOA respectively, and Gy; is
the gain in each section.

g_k,i:F(gk,i_aa)_(l_r)ac_ascat’ (4)

Gii =exp(gl)s (%)
where / is the length of subsection. Due to the unidirec-
tional transmission function of the optical isolator, the
boundary condition of SFRL can be expressed as

A(0)=A(L)e1kik, (6)

8.

E



ZHAO et al.

where & represents the loss of SFRL, excepting the loss
of couplerl and coupler2, while &; and &, indicate the
proportion of coupler] and coupler2 coupling into SFRL
respectively. The evolution of phase @ inside the SOA
can be expressed as

0o, 1

> 2 Tag,. 7)

The total change of the phase @, can be calculated

through by Eq.(7). The chirp of the lasing light is the first
order derivative of the phase, which can be expressed as

Af =—— 1 (8)

The transfer function of the Gaussian OBF is ex-
pressed as

H()=T,, exp{—un(z)(ﬂf} 9)
BSdB
where T}, is the maximum transmittance of filter, Bsgs
represents the 3 dB bandwidth of filter, and A represents
the central wavelength of OBF.

Using the previously comprehensive broad-band dy-
namic model, we simulate all-optical broadcast UWB
monocycle pulses based on XPM in SFRL. The parame-
ters of the SOA are summarized in Tab.l of Ref.[18].
The input signal is 10G Baud return-to-zero Gaussian

pulse with full width at half-maximum (FWHM) of 48 ps.

The signal symbol sequence is “1000000000” (the repe-
tition rate of the symbol “1” is 1 GHz). The bias current
of the SOA is 300 mA. The wavelengths of three lasing
light are set to 1544 nm, 1 546 nm and 1 548 nm, re-
spectively. The wavelength of the signal light /; is set to
1 550 nm, and power of signal light is set to 6 dBm. k;
and k, are set to 0.5 and 0.1. T},,.x and Bsgg are set to 0.95
and 0.32 nm.

We set the central wavelengths of OBF1, OBF2 and
OBF3 to 154422 nm, 1546.22 nm and 1 548.22 nm,
locating the wavelengths of the three lasing light in the
positive slope region of OBF transfer function. Three
UWRB positive monocycle pulses can be produced at the
output of the optical filters. The waveforms and corre-
sponding radio frequency (RF) spectra are shown in
Fig.2. It can be seen from Fig.2(a) that the shapes of
three UWB positive monocycle pulses are similar and
asymmetric. The widths of the positive pulses are 48 ps,
while the widths of the negative pulses are 105 ps.
Meanwhile, the amplitudes of the positive pulses are
larger than those of the negative pulses. This is because that
the carrier consumption in the SOA is faster than the reco-
very when the Gaussian pulse propagates in the SOA.

From Fig.2(b)—(d), we can see that the RF central
frequencies of three UWB positive monocycle pulses are
4.95 GHz, 5GHz and 4.95 GHz, with corresponding
10 dB bandwidths of 8.1 GHz, 8.2 GHz and 8.1 GHz.
Thus the fractional bandwidths of three UWB positive
monocycle pulses are 163.64%, 164% and 163.64%,
respectively. In addition, the PSDs of three UWB posi-
tive monocycle pulses are in line with the FCC indoor
spectrum mask. Therefore, the 10 dB bandwidths, frac-
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tional bandwidths and the PSDs of three UWB positive
monocycle pulses all satisfy the FCC definition.
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We set the central wavelengths of OBF1, OBF2 and
OBF3 to 1543.78 nm, 1545.78 nm and 1 547.78 nm,
locating the wavelengths of the three lasing light in the
negative slope region of OBF transfer function while
keeping the other parameters unchanged. Fig.3 shows the
waveforms and spectra of three UWB negative monocy-
cle pulses. Fig.3(a) shows that the shapes of three UWB
negative monocycle pulses are also similar and asym-
metric. The positive pulses of three UWB negative
monocycle pulses are wider than those of the negative
pulses (as shown in Fig.3(a), the widths of the positive
pulses are 113 ps, while the widths of the negative pulses
are 78 ps). This is also due to the faster carrier consump-
tion in the SOA than the recovery when the Gaussian
pulse propagates in the SOA. By comparing Fig.2 and
Fig.3, it can be observed that the positive and negative
monocycle pulses almost have the same average power
(=128 mW), and the shapes of three UWB negative
monocycle pulses are the opposite of three UWB posi-
tive monocycle pulses. This is because that blue shift and
red shift have the same offset (AA=0.22 nm), and the
transfer function of the OBF is symmetric about its cen-
tral wavelength.

Fig.3(b)—(d) show that the RF central frequencies of
three UWB negative monocycle pulses are 3.25 GHz,
3.3 GHz and 3.3 GHz and corresponding 10 dB band-
widths are 5.1 GHz, 5.2 GHz and 5.4 GHz, indicating
that the fractional bandwidths of three UWB negative
monocycle pulses are 156.92%, 157.58% and 163.64%,
respectively. The PSDs of all three UWB negative
monocycle pulses also comply with the FCC indoor
spectrum mask. Thus, the 10 dB bandwidths, the frac-
tional bandwidths and the PSDs of all three UWB nega-
tive monocycle pulses also match the FCC definition. In
addition, the UWB positive and negative monocycle
pulses have similar spectrum envelope while the positive
monocycle pulses have a higher PSD. Taking into ac-
count the FCC restrictions on the PSD of the UWB and
the symmetry of the OBF transfer function, we only
study the impact of system parameters on three UWB
positive monocycle pulses.

The performance of three UWB positive monocycle
pulses is investigated with different injection currents of
the SOA. Fig.4(a)—(c) show the waveforms of three
UWRB positive monocycle pulses when the injection cur-
rent of the SOA is set to 250 mA, 300 mA and 350 mA,
respectively. We can see that the positive pulse ampli-
tudes and average powers of three UWB positive mono-
cycle pulses increase with the injection current of the
SOA. It is because that the gain of the SOA increases as
its injection current increases. In addition, the negative
pulse amplitudes of three UWB monocycle pulses keep
unchanged as the injection current of the SOA increases
due to the carrier recovery characteristics of the SOA.
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Fig.3 (a) Waveforms of three UWB negative monocy-
cle pulses; Corresponding spectra of (b) monocycle1,
(c) monocycle2, and (d) monocycle3

Fig.5(a) shows the RF central frequencies and 10 dB
bandwidths of three UWB positive monocycle pulses in
the case of different injection current of the SOA. The
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RF central frequencies and the 10 dB bandwidths fluctu-
ate slightly around 4.85 GHz and 8.2 GHz, indicating
that the fractional bandwidths of three UWB positive
monocycle pulses fluctuate slightly around 169.07%.
Fig.5(b) shows that the PSDs of three UWB monocycle
pulses increase slightly as the injection current of the
SOA increases. The results show that when the injection
current of the SOA varies from 250 mA to 350 mA, the
PSDs of three UWB monocycle pulses all match the
FCC regulation. Therefore, three UWB positive mono-
cycle pulses generated by proposed scheme have a good
tolerance to the injection current of the SOA.
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Fig.5 (a) RF central frequencies and 10 dB bandwidths
and (b) RF spectrum envelopes of three UWB positive
monocycle pulses in the case of different injection
currents of the SOA

The waveforms of three UWB positive monocycle
pulses are shown in Fig.6(a)—(c), with the power of
signal light set to 2 dBm, 6 dBm and 10 dBm, respec-
tively. It can be seen from Fig.6(a)—(c) that when the
power of signal light is at a low level, the positive pulse
amplitudes of three UWB monocycle pulses are very
small, and the positive pulse amplitudes are smaller than
the negative pulse amplitudes. This is because that the
modulation strength of SOA is small when the power of
signal light is weak, meaning that the carriers can be
recovered quickly. More carriers will be consumed when
the power of signal light increases gradually, indicating
that the carrier consumption of the SOA is faster and the
recovery is slower. Hence, the positive pulse amplitudes
of three UWB monocycle pulses increase while the
negative amplitudes pulse decrease, resulting that the
positive pulse amplitudes of three UWB monocycle
pulses become larger than the negative pulse amplitudes.
Meanwhile, the average powers of three UWB monocy-
cle pulses will decrease when the power of signal light
increases, and the decrement becomes smaller as the
power of signal light increases. This is because that the
signal light will consume more carriers in the SOA as the
power of signal light increases, indicating that the ampli-
fication of the SOA on the lasing light is reduced, and the
effect of the power of signal light on the SOA gain will
no longer be significant when the SOA gain is close to
saturation.
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Fig.7(a) illustrates the RF central frequencies and
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10 dB bandwidths of three UWB positive monocycle
pulses in the case of different signal light powers. When
the power of signal light varies from 2 dBm to 10 dBm,
the central frequencies and 10 dB bandwidths have the
same trend of change. Both the RF central frequencies
and 10 dB bandwidths increase first, and then remain
unchanged. This is because that when the power of sig-
nal light reaches a certain value that makes the SOA gain
saturation, then the modulation depth of SOA will no
change significant. Fig.7(b) shows the RF spectrum en-
velope when the power of signal light is set to 2 dBm,
6 dBm and 10 dBm, respectively. The low frequency
component of the spectrum is lower when the input sig-
nal power is at a high level, which matches the FCC
mask better. Therefore, three UWB positive monocycle
pulses with better performance can be obtained when the
power of signal light is not less than 4 dBm.
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Fig.7 (a) RF central frequencies and 10 dB bandwidths
and (b) RF spectrum envelopes of three UWB positive
monocycle pulses in the case of different signal light
powers

Fig.8 depicts the RF central frequencies and 10 dB
bandwidths of three UWB positive monocycle pulses as
a function of the wavelength of signal light. From Fig.§,
we can observe that the RF central frequencies and
10 dB bandwidths change slightly as the wavelength of
signal light varies from 1 540 nm to 1 560 nm excluding
the wavelengths of lasing light. The central frequencies
and the 10 dB bandwidths of three UWB positive mono-
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cycle pulses fluctuate slightly around 4.75 GHz and
8.25 GHz, indicating that the fractional bandwidths of
three UWB monocycle pulses fluctuate slightly around
173.68%. Hence, three UWB positive monocycle pulses
also have a good tolerance to the wavelength of signal
light.
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Fig.8 RF central frequencies and 10 dB bandwidths of
three UWB positive monocycle pulses as a function of
the wavelength of signal light

Fig.9 shows the waveforms and corresponding RF
spectrum envelopes of three UWB positive monocycle
pulses when £k, is set to 0.1, 0.2 and 0.4, respectively.
Form Fig.9(a), it can be observed that three UWB posi-
tive monocycle pulses almost have the same average
power and shape when £, is set to 0.1 and 0.2. It is be-
cause that the power of lasing light coupled into SFRL is
weak when %, is set to a small scale, the carriers in SOA
are mainly consumed by the signal light resulting that the
gains of three UWB positive monocycle pulses are sup-
pressed. The interaction between signal light and three
lasing light in the SOA is mainly XPM, the phase change
of three lasing light all determined by the shape of the
signal light resulting three UWB positive monocycle
pulses with similar intensity shape after conversion. It
also can be seen form Fig.9(a) that the average power of
three UWB positive monocycle pulses with &, set to 0.2
is lower than 0.1. It is because that the proportion of
three UWB positive monocycle pulses power to the input
power of coupler2 has dropped (from 0.9 to 0.8). The
average powers of three UWB positive monocycle pulses
are significantly different when £, is set to 0.4. This is
because that the power of the lasing light coupled into
the SOA increases resulting that the lasing light starts to
consume carriers in the SOA and is amplified, but the
gains of the SOA for different wavelengths are different.
In addition, a positive Gaussian pulse generated on the
right side of positive monocycle pulse. This is because
the phases of a lasing light are also modulated by other
lasing light and itself when the powers of lasing light
coupled into the SOA are strong. From Fig.9(b), it can be
seen that the PSDs of all three UWB negative monocycle
pulses no longer comply with the FCC indoor spectrum
mask when £, is set to 0.4. Hence, in order to obtain three
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UWRB positive monocycle pulses with better performance,
the powers of the lasing light coupled to the SFRL
should not be strong, which can be achieved by adjusting
the ratio of k; or k. Reducing %, not only decrease the
powers of the lasing light coupled to the SFRL but also
increase the output power of three UWB monocycle
pulses improving the power conversion efficiency.
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Fig.9 (a) Waveforms and (b) corresponding RF spec-
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pulses in the case of different k;

A novel approach to all-optical generate broadcast
UWB monocycle pulses based on XPM in the SFRL is
proposed and a comprehensive broad-band dynamic
model of this kind of all-optical broadcast UWB mono-
cycle sources is established. Three UWB positive and
negative monocycle pulses which match the FCC defini-
tion can be obtained by setting the central frequencies of
OBFs. The impacts of injection current of SOA in the
SFRL, the power and wavelength of signal light, the
powers of lasing light coupled into SFRL on the per-
formance of the UWB positive monocycle pulses with
PSD are analyzed. The results show that three UWB
positive monocycle pulses with better performance can
be obtained when the power of signal light is larger than
4 dBm, and three UWB positive monocycle pulses have
a good tolerance to both the injection current of the SOA
and the wavelength of the signal light. The powers of
lasing light coupled into SFRL have a significant impact
on the output three UWB positive monocycle pulses, and
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they should not be strong.
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